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This article shows practical rules which were developed for the adjustment of Numerical Overcurrent Functions (NOCF) of
microprocessor-based protective relays in order to avoid their maloperation due to Transformer Magnetizing Inrush Currents
(TMIC). The TMIC waveforms are decaying and nonsinusoidal, and their effects are different on instantaneous, definite-time, or
inverse-time NOCEF; thus, specific rules are necessary for each type of NOCF. Experimental methods, specifically developed to
perform tests of NOCF with TMIC, were applied to four commercial relays from different manufacturers. As each relay has
different types of curves, a total of 26 inverse-time curves were included in the set of tests. In practice, the specific behavior of a
relay cannot be assumed as known during the coordination of protection; therefore, the rules are based on the worst cases of
results (i.e., in order to avoid the incorrect trip of any of the analyzed relays). The input data for the developed rules are the
estimated cumulative RMS values of TMIC, assumed as known since there is a long tradition of their estimation. The estimated
cumulative RMS values of TMIC, at different time intervals, should be divided by the numerical factors which were specifically
proposed for each type of NOCF (to obtain suitable limits to avoid their inappropriate operation). In order to illustrate the
application of the proposed rules, the solutions to two cases related to a simple example are shown at the end of this article.

1. Introduction

The Transformer Magnetizing Inrush Currents (TMIC) has
been analyzed for many years, and it is well known that they
can reach very high values, with nonsinusoidal waveforms
that decay in time [1-4]. The TMIC must be considered
during the coordination of protections in electrical distri-
bution systems since the overcurrent devices should not
operate due to these currents despite their high magnitudes.
Thus, engineers should select the fuses and the overcurrent
settings in order to combine the need for selectivity, sen-
sitivity, and speed with the need to avoid protection
maloperation due to TMIC and other normal conditions [1,
5-7].

The IEEE Std. 242 [1] indicates some well-known values
that can be applied to select fuses for protection of distri-
bution transformers (e. g., 25 times the rated current Iy in

0.01 seconds and 12 Iy in 0.1 seconds). These time-current
values are also recommended by other documents about
distribution system protection (e. g., [6, 7]) and they rep-
resent the heating-integrated effect of TMIC on fuses;
herein, they are called the estimated cumulative RMS values
of TMIC (EC-RMS-TMIC). There is a long tradition related
to the EC-RMS-TMIC, but the Numerical Overcurrent
Functions (NOCF) of protective relays are not based on that
integrated effect of the currents. Thus, there is no evident
reason for the direct application of EC-RMS-TMIC to select
the adjustments of overcurrent relays. This article is spe-
cifically related to the effect of TMIC on the NOCEF, a topic
that has not been covered in the literature.

In the case of overcurrent relays, the IEEE Std. 242 [1]
only indicates that TMIC is usually assumed to be in the
range from 8 to 12 times Iy at 0.1 seconds, but without
specifying the technology of these relays (e. g,
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electromechanical, numerical). A rule to avoid the tripping
of electromechanical relays due to TMIC should not be
directly applied to NOCF because: (a) the DC component of
currents has a braking effect on induction disc relays [8],
without existing a similar effect on NOCF; (b) the rules for
induction disc relays should consider an overtravel [9] which
should not be considered in NOCF.

The dynamics of inverse-time overcurrent protection
have been described by equations [10-14], which are not
dependent on relay technology for the sake of simplicity.
These simplified descriptions can be considered valid for
coordination between overcurrent relays because additional
security margins are typically included to obtain selectivity.
Electromechanical and numerical relays are physical devices
whose dynamic behavior during the fast varying currents
(such as TMIC) can be influenced by different specific relay
details. For example, the IEEE Std. C37-112 [11] clearly
indicates that inertia has been neglected in the simplified
equations that describe relay dynamics; thus, the differences
between the behavior of electromechanical and numerical
relays during TMIC cannot be described by those simplified
equations.

Reference [2] shows curves of TMIC in multiples of Iy but
without specifying: (a) the time interval for their validity; (b) if
those values correspond to the heating effect on fuses or to the
net effect on specific types of overcurrent relays. Reference [2]
also shows approximate values of the expected time constants
for TMIC. Reference [6] shows time-current data of TMIC,
with a current in multiples of Iy but without mentioning any
difference in their application to fuses or to different relay
technologies. The information from [2, 6] to estimate TMIC
could be seen as an alternative way to compute EC-RMS-
TMIC. On the other hand, an approximate way to compute the
maximum EC-RMS-TMIC for different time intervals is
shown in [4], for a distribution transformer or for simulta-
neous energization of downstream transformers of a distri-
bution feeder. In general, the existing rules about TMIC can
be: (a) explicitly related to EC-RMS-TMIC, as those related to
fuses in IEEE Std. 242 [1, 6, 7] or those shown in [4], and such
rules are very specific about the considered time intervals; (b)
related to protective relays, and usually they are not very
specific about the considered time intervals [2] nor about the
considered relay technology [1, 2, 6].

In order to compute the magnitude of current (or
modulus of current, Iyiop) for protection algorithms, the
numerical relays can process the instantaneous sampled
values in different ways [15-18]. The NOCF typically com-
putes the fundamental component of the Discrete Fourier
Transform, or a value similar to that, in order to obtain I;op.
The true RMS value is rarely applied for the protection al-
gorithms, but some relays can offer the option of using it. On
the other hand, the TMIC typically has nonsinusoidal de-
creasing waveforms, and the specific behavior of a NOCF for
those currents depends on different design details related to
the hardware and software of these physical devices [19].
Thus, the option of computing the relay theoretical behavior
for the possible TMIC cases is not practical during the co-
ordination of protections because: (a) there are many pos-
sible TMIC waveforms [2, 3] and the knowledge of specific
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possible waveforms for one case is not obvious; (b) there are
many possible algorithms for NOCF and the knowledge of
their details for one specific analyzed relay is not obvious; (c)
the relay behavior also depends on specific hardware details
which are not easily available for relay users; (d) the need to
avoid relay misoperations for TMIC is only one small detail
of a project on coordination of overcurrent protections, and
the required time to finish those projects is often restricted.
From this perspective, the statement of practical limits re-
lated to the effect of TMIC on NOCEF is useful for the co-
ordination of overcurrent protection.

The research papers about the effect of TMIC on pro-
tective devices have been mainly focused on discrimination
between TMIC and fault currents for transformer differ-
ential protection (references [20, 21] are two recent samples
of the abundant literature about this topic). Only a few
previous papers are directly related to the effect of TMIC on
overcurrent functions [22-25], and these papers mention
that these functions could operate if their settings are very
sensitive and/or very fast. In fact, some relays (e. g., [26-28])
include the option of using harmonic-based blocking
functions to try to avoid the incorrect trip of NOCF due to
TMIC (this option has the benefit of needing less setting
studies, but it has the drawback of undesired blockings or
delays by possible nonsinusoidal currents during faults). The
harmonic-based blocking functions can be applied in dif-
ferent ways (e. g., with or without cross-blocking [4]), and
the selection among such options does not seem to be ev-
ident. Furthermore, some alternative methods have been
emerging in real differential relays because the harmonic-
based blocking functions can fail under some circumstances
[29]. Thus, the statement of practical rules about the effect of
TMIC on NOCEF is useful to facilitate the proper adjustment
of NOCF without the need to depend on harmonic-based
blocking functions.

This article recommends some practical rules to adjust
the NOCF in order to avoid maloperation due to TMIC.
Specific rules for instantaneous, definite-time, and inverse-
time NOCEF are herein proposed. The required input data are
the EC-RMS-TMIC (e. g., taken from [1, 2, 4] or [6]) since
there is a long tradition of using those estimated values. The
simple availability of data about EC-RMS-TMIC and the
relay’s NOCF was not enough for the proper adjustment of
NOCEF to avoid maloperation due to TMIC (because the
relays’ behavior is not based on cumulative effects of RMS
currents). That is, the proposed rules complement the
knowledge about EC-RMS-TMIC in order to solve a
problem that has not been previously solved (the limits for
the NOCEF settings to avoid inappropriate operation due to
TMIC); from this perspective, this article offers the necessary
link to solve this problem. The rules simply consist in di-
viding the EC-RMS-TMIC by the numerical factors shown
in this article, in order to obtain the limits for the NOCF
settings. The proposed numerical factors: (a) are based on
the results of experimental tests performed on four relay
models from different manufacturers; (b) were found in
order to obtain suitable limits to avoid the incorrect trip of
the NOCF. The proposed rules only indicate the limits to
avoid maloperation of NOCF due to TMIC and they must be
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obviously combined with the other constraints of the co-
ordination in order to obtain selectivity, speed, and sensi-
tivity (there is a large diversity of possible cases for such
constraints, depending on the analyzed electric distribution
system); in order to illustrate an application of the proposed
rules, two cases related to a simple example are included at
the end of this article.

2. Fundamentals about Transient
Behavior of NOCF

The transient behavior of numerical relays is affected by
hardware and software relay details. For example, in case of
NOCE: (a) the analog pre-processing of electrical inputs has
an effect on measured samples, which can be different for
each relay; (b) the hardware interface for trip signals needs
some time to execute the action, and sometimes the man-
ufacturer should consider this time in the delaying algo-
rithm; (c) each relay has its own algorithm to compute the
magnitude of currents from sampled signals; (d) each relay
has its own algorithm to build the inverse-time curves, which
can be performed by an integration in real-time in order to
obtain a predictable dynamic behavior [6-8]; (e) there are
different types of inverse-time curves, and the equivalent
current seen under transient conditions by one specific relay
depends on the type of curve [19].

A detailed discussion of all these topics, which are often
only well known by some specialized designers of com-
mercial relays, is not a goal of this paper. Two of these topics
are herein briefly described because they are useful to un-
derstand the transient behavior of NOCF.

The first topic is related to relay algorithms to compute
the magnitude of currents Iy;op from sampled signals. Only
two algorithms are herein described (both with a window-
length equal to one cycle): an algorithm is based on the
fundamental component of the Discrete Fourier Transform
(DFT) [13], and the other one is based on the RMS defi-
nition. The algorithm based on DFT is described by

%) 2 eo()
X = — x; cos| — |, (1)
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=(50) 2wl 5
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N is the number of samples by cycle; k is the index for each
sample; Xc and Xg are the rectangular components of the
resulting phasor; and Xpgr is the obtained result for Iyop.
The algorithm based on the RMS definition is described by
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X%sum is the sum of the squares of sampled values in a cycle,
and Xgps is the obtained result for Iyiop.

Both algorithms offer the same result for a sinusoidal
waveform in steady state. The dynamic behavior of these al-
gorithms is illustrated in Figure 1 for a waveform of TMIC.
This example is useful to show that the transient magnitudes of
Inop are dependent on the algorithm used to compute Iyiop.
That is, the instantaneous and time-delayed NOCF are highly
influenced by the relay algorithm to compute Iyop from
sampled signals.

Figure 1(b) (DFT) and Figure 1(c) (RMS) show that the
transient evolution of Iy;op has some horizontal parts for the
waveform of Figure 1(a). If the threshold of a given time-
delayed NOCEF is coincidentally very near to one of those
horizontal parts, then the experimental results of the relay
operation time for the same injected waveform could vary
between two different values. That is, the result of the al-
gorithm to compute Iyop can be slightly different for the
same injected waveform in a relay, and consequently, that
result could be above or below the threshold value in dif-
ferent trials with the same injected current. This type of
result is also obtained in other threshold-related tests of
protective relays, but it is seldom known by those persons
who are not related to protective relaying tests.

The second topic is related to the delay algorithm of in-
verse-time NOCF. The goal of the well-known simplified
equations to describe the dynamics of NOCF [10-14] is to
obtain of a predictable dynamic behavior [10, 14]. For in-
stance, consider an inverse-time NOCF whose algorithm to
compute Iy;op is based on DFT (Figure 1(b)), with a pickup
current equal to 2 A. The relay should perform a numerical
integration for the overcurrent condition (Iyiop >2 A), and
this integration depends on the selected curve-type for the
NOCEF [10-14]. If the Time Multiplier (TM) setting is relatively
low, the NOCF will trip because that numerical integration
will reach the required trip condition. A key point is that the
equivalent current seen by an inverse-time NOCEF for a given
operation time is dependent on the integration performed by
the relay for time-varying values of Iyjop. A more detailed
explanation of this point is given in the next section.

3. Experimental Methods

The understanding of basic fundamentals of NOCF is im-
portant, but the real dynamic behavior of commercial relays
for TMIC is determined by diverse details related to these
physical devices (which are not necessarily described by
relay manufacturers). Thus, the practical rules to recom-
mend the setting of NOCF to avoid maloperation due to
TMIC must consider the real dynamic behavior of com-
mercial relays. In order to reach this goal, the proposed rules
are based on experimental tests performed on commercial
relays from different manufacturers.

The required experimental methods are dependent on
the type of overcurrent function, and they were previously
shown in [19]. A brief description of them is herein included
for the sake of clarity. Programmable injectors, such as those
commonly applied to test protective relays, can be utilized to
generate the TMIC waveforms for the relays. Thus, the relay
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F1Gure 1: Illustrative example about the dynamics of NOCEF: (a) waveform of TMIC taken as an example; (b) result of Iy;op, computed by

DFT algorithm; (c) result of Iyjop, computed by RMS algorithm.
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FIGURE 2: Example of values to be determined during the tests of
the instantaneous and definite-time functions [19].

thresholds and operation times can be experimentally ob-
tained by the procedures traditionally applied in laboratories
for testing protective relays.

3.1. Instantaneous and Definite-Time Functions. A test is
performed for a given inrush current for each time delay
(TD) setting. The pickup current is varied to obtain the value
of the adjusted current (I;) which is the limit between
operation and no-operation for each TD setting, as shown in
Figure 2. The instantaneous functions can be seen as a
particular type of definite-time function (with TD =0).

3.2. Inverse-Time Functions

3.2.1. Fundamentals about the Static Equation for Traditional
Time-Current Graphs. The static equation of an adjusted

curve is the traditional equation to obtain the time-current
graph (e. g., the standardized ones, shown in IEEE Std. C37-
112 [11]). The general form for these equations is

t=[fc(M)]TM, (6)

T is the operation time of the NOCEF; f is the function that
defines the curve type; M is the current seen by the NOCE, in
multiples of the adjusted current (Ipy); and TM is the ad-
justed time multiplier. An example of a way of application of
this equation during the coordination of protective devices
is: for a constant value of current (I) seen by the relay, the
value of M can be first computed (M =1/Ipy), in order to
substitute the values in equation (6) to compute . This
procedure is herein called “static” because the value of I is
constant (i.e., the dynamic behavior of Iyjop has not been
considered).

3.2.2. Experimental Method to Test Inverse-Time NOCF.
The previous description of the static equation is useful for
the proper understanding of the experimental method to test
inverse-time NOCF with TMIC. For a given TMIC, a test is
performed for each TM setting. The pickup current (Ipy) is
varied to obtain the limit value of Ipy; between operation and
no-operation for each TM setting. Using the average op-
eration time (top) for this value of Ipy, the static equation of
the adjusted curve is solved to compute the equivalent
multiple (Mgq) of overcurrent. Thus, the equivalent current
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FiGURE 3: Example of tests for the inverse-time functions; the limit
points can be seen as points of tangency [19].

(Igq) is Mgq multiplied by Ipy. This procedure gives a pair of
results (top, Igq) for each TM, as shown in Figure 3.

For instance, consider the test current shown in
Figure 1(a) and an inverse-time NOCF whose algorithm to
compute Iyiop is based on DFT (Figure 1(b)). Furthermore,
assume that the limit value of Ipy between operations and
no-operations (for a given TM setting) is equal to 2 A. The
relay should perform a numerical integration for the
overcurrent condition (Ipjop >2 A), and the average oper-
ation time (top) can be simply measured. The equivalent
current (Igq) represents the net effect of the I;op transient
values for that specific curve-type. This value of Ixq is simply
computed from top and the NOCEF settings (TM, Ipy), using
the procedure described in the previous paragraph.

3.3. Repetitions of Each Test. Both described methods depend
on finding the limit between operation and no-operation, for
diverse delay settings. These limits were found using as
criterion that the relay should not operate for 20 consecutive
injections with the same current.

4. TMIC Waveforms and Relays
Taken as Examples

The waveform of current for the tests is shown in Figure 1(a),
it was obtained from a computer program which was verified
with measurements of TMIC [4], and it was injected into the
relays using a programmable injector (commonly applied to
test protective relays [30]). The software to reproduce
voltage and/or current signals for the injections, from
Comtrade datafiles of transient signals, is usually dependent
on the injector manufacturer; in this case, the name of the
applied software is Trans2 [30]. Only 0.2 seconds are shown
in Figure 1(a), for the sake of clarity, but the total duration of
the test current is 1 second.

Four models of protective relays with overcurrent
functions for distribution systems from different manu-
facturers were taken as examples. The detailed description of
each relay, as well as the equations of their inverse-time
overcurrent functions, can be found in the correspondent
relay manual [31-34]. Table 1 shows the tested inverse-time
curve types (following the manufacturer’s nomenclature for
each specific relay model), and the equations for these curves
are shown in Table 2.

5. Results

5.1. Instantaneous and Definite-Time Functions. The results
for the instantaneous and definite-time functions of the four
tested relays are shown in Figure 4. The cumulative RMS
values of the test current are also shown in order to facilitate
the analysis of the results. These cumulative RMS values were
computed using the traditional definition of RMS values for
different time intervals of the test current.

The obtained curves for the different relays are not
identical to each other. In order to propose practical limits,
regardless of any specific relay, it is necessary to use the worst
obtained cases. That is, with the proposed rules, none of the
tested relays should trip for the injected current.

The cumulative RMS value of the injected current at 0.01
seconds is 52.76 A. The required instantaneous pickup
settings to avoid the trip with this current are 29.1, 25.5 and
28.7 A for relays R1, R2, and R4, respectively (the relay R3
does not have instantaneous function). That is, the worst
case corresponds to a pickup setting of 29.1 A. This result
indicates that the estimated cumulative RMS value of the
inrush current at 0.01 seconds should be divided by 1.8, in
order to obtain a suitable limit for the instantaneous pickup
setting (the numerical factor 1.8 was simply obtained by
dividing 52.76 A by 29.1 A).

Figure 5 shows the results of the four relays in the same
graph, in conjunction with the dashed line that represents
the cumulative RMS value of the injected current, and two
additional lines that represent the dashed line shifted to the
left. A horizontal shift to the left in the logarithmic scale of
these graphs is equivalent to dividing the currents of the
original dashed line by a constant value (greater than 1). The
two shifted lines were simply drawn in order to obtain lines
tangent to the worst cases of the obtained curves from relays.
The shifted line with triangular markers was obtained by
dividing the currents of the cumulative RMS value of the
injected current by 1.45, whereas the shifted line with round
markers was obtained by dividing the currents of the cu-
mulative RMS value of the injected current by 2.5. The
suggested time limit to discriminate between both lines is
0.05 seconds. Thus, a practical rule has been obtained for the
definite-time functions. That is, in order to obtain the re-
quired limit to avoid incorrect operations of definite-time
NOCE: (a) for the points of cumulative RMS value of inrush
currents below 0.05 seconds, the values of current should be
divided by 1.45; (b) for the points of cumulative RMS value
of inrush currents above 0.05 seconds, the values of current
should be divided by 2.5.

5.2. Inverse-Time Functions. The results for the inverse-time
functions of the four tested relays are shown in Figure 6.
Again, the cumulative RMS value of the test current is also
shown in order to facilitate the analysis of the results.

The obtained curves for the four relays are different from
each other. The obtained curves from RI are the nearest ones
to the cumulative RMS value of the injected current.
Therefore, the case of R1 defines the limit to be proposed
since none of the tested relays should trip with the proposed



International Transactions on Electrical Energy Systems

TaBLE 1: Tested inverse-time curves for each relay.

Relay Tested inverse-time curves

-IEC (inverse, very inverse and extremely inverse)
R1 [31] (7 types) -ANSI (inverse, short inverse, moderately inverse and extremely inverse)
R2 [32] (7 types) -IEC (inverse, very inverse and extremely inverse)

-US (moderately inverse, inverse, very inverse and extremely Inverse)
-IEC (inverse, very inverse, extremely inverse and ultra inverse)
-IEC (inverse, very inverse and extremely inverse)

-IEEE (moderately inverse, very inverse and extremely Inverse)
R4 [34] (8 types) Y "Us A . Y
-UK long time inverse

R3 [33] (4 types)

TaBLE 2: Equations of tested inverse-time curves.

Relay Curve name Equation
IEC standard inverse t=TM [0.14/(M*%* -1)]
All, except R3 IEC very inverse t=TM [13.5/(M - 1)]
IEC extremely inverse t=TM [80/(M*-1)]
ANSI inverse t=TM [0.17966 + 8.9341/(M**?* —1)]
RI [31] ANSI short inverse t=TM [0.03393 +0.2663/(M'*°% - 1)]
ANSI moderately inverse t=TM [0.0228 +0.0103/(M"*** —1)]
ANSI extremely inverse t=TM [0.02434 + 5.64/(M> —1)]
US moderately inverse t=TM [0.0226 + 0.0104/(M*** - 1)]
R2 [32] US inverse t=TM [0.180 +5.95/(M*—1)]
US very inverse t=TM [0.0963 + 3.88/(M>—1)]
US extremely inverse t=TM [0.0352 +5.67/(M*—1)]
IEC standard inverse t=(TM/2.97) [0.14/(M*** -1)]
R3 [33] IEC very inverse t=(TM/1.5) [13.5/(M—1)]
IEC extremely inverse t=(TM/0.808) [80/(M>—1)]
IEC ultra inverse t=TM [315/(M?*° -1)]
IEEE moderately inverse t=TM [0.114 +0.0515/(M***—1)]
IEEE very inverse t=TM [0.491 + 19.61/(M> —1)]
R4 [34] IEEE extremely inverse t=TM [0.1217 +28.2/(M*-1)]
US inverse t=TM [0.18 +5.95/(M*-1)]
UK long time inverse t=TM [120/(M - 1)]
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FIGURE 4: Results for instantaneous and definite-time functions. The dashed line is the cumulative RMS value of test current.



International Transactions on Electrical Energy Systems

Time (seconds)

Current (A)

FI1GURE 5: Results of the four relays of Figure 4 in the same graph. The narrow lines with markers are two results of shifting the dashed line to
the left. The dashed line is the cumulative RMS value of test current.
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FIGURE 6: Results for inverse-time functions. The dashed line is the cumulative RMS value of test current.

rules. The obtained curves from RI are very close to the
cumulative RMS value of the injected current. Due to this
fact, the practical rule in this case is the direct use of the
cumulative RMS value of the inrush current.

On the other hand, the cumulative effect of injected
current on tested relays is nearer to the dashed curve for time
values between 0.1 and 0.2 seconds. Therefore, it is advisable
to check points in this range. For instance, if an engineer
only considers the EC-RMS-TMIC at 0.1 seconds (which is
not an unusual practice [1, 5]), then, it is advisable to es-
timate another point. The dashed curve is similar to a curve
with constant It for time values in the range between 0.1 and
0.2 seconds (because the currents after the first 0.1 seconds
are much lower than the currents during the first peaks).
Therefore, the point at 0.2 seconds can be easily estimated

from the value at 0.1 seconds (assuming that I’t is ap-
proximately constant for both cases).

In the range between 0.1 and 0.2 seconds, the rules
corresponding to definite-time and inverse-time curves are
considerably different from each other. The reason behind
this fact is that the inverse-time curves of NOCF are often
obtained from numerical integration of the effect of the
current, whereas the definite-time curves of NOCF are often
based on a simple level detector of magnitudes of current.

6. Summary of Proposed Rules

6.1. Instantaneous Overcurrent Functions. Divide the esti-
mated cumulative RMS value of the inrush current at 0.01
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FIGURE 7: One-line diagram of the illustrative example about application of developed rules.

seconds by 1.8, in order to obtain the suitable limit for the
instantaneous pickup setting.

6.2. Definite-Time Overcurrent Functions. Take the known
points of the estimated cumulative RMS value of inrush
currents and divide the values of current by: (a) 1.45, for
points of cumulative RMS value of inrush currents corre-
spondent to time values below 0.05 seconds; (b) 2.5, for
points of cumulative RMS value of inrush currents corre-
spondent to time values above 0.05 seconds. The resultant
computed values define the limit for these functions.

6.3. Inverse-Time Overcurrent Functions. Use the known
points of the estimated cumulative RMS value of inrush
currents as the limit values for these functions. If there are no
known points for times greater than 0.1 seconds, build an
approximate curve with constant I’t by the estimation of an
additional point at 0.2 seconds from the known value at 0.1
seconds.

7. Details to be Considered for Future Research

7.1. Benefits of Additional Experimental Tests. There are
many possible waveforms of TMIC, as well as there are many
possible commercial relays. Thus, additional experimental
tests can be performed in order to obtain more certainty on
the suitability of rules to avoid maloperation of NOCF by
TMIC. That is, the results from future research can be useful
to complement the herein proposed rules.

7.2. Specificity of Rules for Particular Relay Models. The use of
the worst obtained results from experimental tests with
diverse relay models is useful to propose rules which are not
dependent on the relay model. However, this procedure
implies that the obtained limits can be very conservative for
some relay models. The use of test results from specific relays
to obtain particular limits according to relay models could be
useful to avoid loss of protection speed in some cases. A
similar idea could be applied to the statement of specific
limits for each particular inverse-time curve of each par-
ticular relay model. That is, the procedure described in this
article can be applied in the future to obtain specific rules for
particular NOCF of different relay models.

7.3. Trade-Off between Simplicity and Specificity of the Rules.
The statement of specific rules according to waveforms of
TMIC and/or according to relay models could offer some

benefits, but it has the drawback of adding complexity to
their eventual application during real professional studies
about coordination of protection. Thus, there is a trade-off
between the simplicity and the specificity of the rules.

The rules herein proposed are not dependent on relay
models, for the sake of simplicity. Future research can be
useful to: (a) complement the proposed rules, as mentioned
in Section 7.1, (b) develop specific rules for particular relay
models, as mentioned in Section 7.2.

8. An Illustrative Example

8.1. Fundamentals about Coordination of Overcurrent
Protections. The coordination of Overcurrent Protections
(OCP) has many different possible cases, and a way to
summarize the most typical requirements for selecting the
OCP settings is: (a) the OCP must permit the circulation of
normal currents and normal overcurrents; (b) the OCP must
be fast enough to avoid the damage of protected equipment;
(c) the OCP must be selective to avoid unnecessary elec-
tricity outages; (d) the OCP must be sensitive enough to
detect faults through impedances. The selection of OCP
settings must consider all these factors simultaneously; from
this perspective, the avoiding of maloperations due to TMIC
is related to a part of point (a), which is only one of the
necessary considerations to coordinate OCP.

8.2. Description of the Illustrative Example. An illustrative
example, corresponding to an overhead distribution feeder,
is shown in Figure 7. There are 40 distribution transformers,
uniformly distributed, and each one is protected with 8T
fuses; d is the distance between adjacent transformers and
between the substation and the nearest transformer (T1).
Only three-phase faults are considered for the sake of
simplicity, and the conductor impedance is 0.6 +j0.4 Q/km
(positive-sequence).

For this type of system, it is often necessary to consider
that: (a) the short circuit levels at transformers nearest to the
substation are very near to the one at the substation; (b) the
current seen at 13.8kV for a fault at the low-voltage side of
distribution transformers is very low (0.2kA in this case,
assuming infinite bus at 13.8 kV); and (c) the probability of
faults in the overhead line is very high, in comparison with
the one in distribution transformers. In these cases, the
adjustment of the instantaneous overcurrent function of the
relay at the substation to be selective with the transformers’
fuses is illogical because if it is set over 8 kA to avoid loss of
selectivity with the fuse of T1, it would not never operate
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TaBLE 3: Estimated cumulative RMS values of inrush currents for the two numerical cases of this example.
t 0.01s (A) 0.05s (A) 0.1s (A) 0.5s (A) 1s (A)
d=0.4km 918 422 298 133 96
d=0.05km 2381 1315 989 454 319
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FiGgure 8: Example of solutions for d = 0.4 km; (a) with definite-time overcurrent function (pickup: 300 A; delay: 0.15s); (b) with inverse-
time overcurrent function (IEC standard inverse curve; pickup: 300 A; time multiplier: 0.01).

since the short circuit level at T1 is very similar to the one at
the substation. This instantaneous overcurrent function is
often set below the short circuit levels at transformers’ fuses
(even though these solutions are not selective) because the
probability of faults in the overhead line is very high in
comparison with the one in distribution transformers. These
solutions imply fast protection for faults in the transmission
line, and speed is one of the desired features of the protection
system. In order to avoid loss of selectivity with protection at
the low-voltage side of distribution transformers, this in-
stantaneous overcurrent function should be set at over
0.2kA (plus a safety margin). However, this instantaneous
overcurrent function should not be set very sensitive because
the TMIC could cause its maloperation.

There are other coordination constraints for these
problems, for example: (a) the OCP at the substation must
not trip for load currents, considering the worst cases (which
typically are after a long-duration outage); (b) the OCP at the
substation must avoid the damage of the line conductors, but
the damage curve of overhead conductors is typically located
very high in the time-current graphs for these short circuit
levels, and consequently, it will be considered that there is no
concern due to this point. For the sake of simplicity, no more

coordination constraints are considered. The minimum
threshold of this OCP is assumed to be 300 A in this ex-
ample, corresponding exclusively to residential load without
considerable motor starting current. Thus, the OCP at
substation could be extremely fast (including instantaneous
action) for fault currents greater than 300 A if the TMIC
were not considered; that is, the OCP adjustments will be
defined only by the TMIC in this example (except the
minimum threshold, which is 300 A).

8.3. Solutions for d= 0.4 km. In Table 3 shows the estimated
cumulative RMS values of inrush currents are computed
using the method described in [4]. The instantaneous
function should be set greater than 510 A, applying the rule
of Section 6.1; as the use of safety margins is usually rec-
ommended in the selection of these settings, it will be
considered that the instantaneous function will be set at
765 A. Figure 8(a) shows the result of the application of
Section 6.2 to obtain the points to be considered to set the
definite-time overcurrent functions; the shown solution was
selected by combining simplicity and the use of safety
margins (there are different possible solutions, according to
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FiGgure 9: Example of solutions for d = 0.05 km; (a) with definite-time overcurrent functions (first-stage pickup: 300 A; first-stage delay: 0.5 s;
second-stage pickup: 700 A; second-stage delay: 0.1 s); (b) with inverse-time overcurrent function (IEC extremely inverse curve; pickup:

300 A; time multiplier: 0.03).

the specific experience of each engineer). Figure 8(b) shows
the result of the application of Section 6.3 to obtain the
points to be considered to set the inverse-time overcurrent
functions; the shown solution was selected considering only
IEC standard inverse curves, for the sake of brevity and,
again, there are different possible solutions.

8.4. Solutions for d=0.05km. Applying the previous pro-
cedure, the instantaneous function should be set greater than
1323 A and it will be set at 2000 A. Figure 9(a) and 9(b) show
the result of the application of Sections 6.2 and 6.3 to obtain
the points to be considered to set the time-overcurrent
functions as well as the shown solutions (as usual, there are
different possible solutions and the engineer criterion de-
fines the final selections).

8.5. Comparison between Solutions for d=0.4km and
d=0.05km. The estimated cumulative RMS values of inrush
currents are quite different for both numerical examples, and
the difference is only due to the separation between adjacent
transformers (d). The selection of the overcurrent settings is
strongly dependent on the effect of inrush currents on
NOCEF. The NOCEF can be selected more sensitive and faster
in the case of d=0.4km because the estimated values of
inrush currents are lower in that case; if the settings selected
to the case of d=0.4km were erroneously applied for the

case of d=0.05km, the probability of maloperation of the
NOCF due to TMIC would be very high.

9. Conclusions

Practical limits to adjust Numerical Overcurrent Functions
(NOCEF) in order to avoid maloperation due to Transformer
Magnetizing Inrush Currents (TMIC) were proposed. These
limits are based on the knowledge of TMIC and NOCEF, as
well as on the results of experimental tests performed on four
commercial relays from different manufacturers.

The recommended rules were based on the worst cases of
experimental results (i. e., avoiding the maloperation of any
of the analyzed relays), since the specific behavior of the
required relay is probably not known during the coordi-
nation of protection. Specific rules for instantaneous, defi-
nite-time and inverse-time NOCF were developed because
the effect of decaying and nonsinusoidal waveforms of
TMIC is different on each type of NOCF.

In order to apply the recommended rules, the required
input data are the estimated cumulative RMS values of
TMIC (EC-RMS-TMIC). The EC-RMS-TMIC at different
time intervals should be divided by the recommended nu-
merical factors in order to obtain the suitable limits to avoid
the incorrect trip of the NOCF. In case of instantaneous
functions, the EC-RMS-TMIC at 0.01 seconds should be
divided by 1.8 to obtain the suitable limit for the
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instantaneous pickup setting. In the case of definite-time
functions, the EC-RMS-TMIC should be divided by 1.45 for
EC-RMS-TMIC correspondent to time values below 0.05
seconds, or should be divided by 2.5 for EC-RMS-TMIC
correspondents to time values above 0.05 seconds. In the
case of inverse-time functions, the EC-RMS-TMIC corre-
spondents to time values between 0.1 and 0.2 seconds should
be directly applied (i. e., the recommended numerical factor
is 1 in this case).
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