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Abstract: Common overcurrent criteria used to detect phase-to-phase short circuits in medium-
voltage (MV) networks in some cases do not bring the expected results. In particular, this applies to
instantaneous overcurrent protections in lines with variable ranges and lines leading to local power
plants (LPP), which generate a short-circuit current slightly greater than the rated current. When
using overcurrent protections, there are some problems with ensuring the appropriate sensitivity and
selectivity. This article proposes a protection based on impedance measurement against the effects
of phase-to-phase short circuits in MV lines. The protection can be used at switchgears and also
at protection points (PP) located deep in the network. The under-impedance criterion has a range
independent of the value of the short-circuit current, and it can be alternative or complement to
classic overcurrent protection. The introduction of these criteria allows the protection range to be
independent of the type of short circuit and the short-circuit power on the busbar, and to determine
this range more precisely. The under-impedance protection is particularly useful in conditions of
a growing number of energy sources deep inside the networks and its automation. The main idea
was to develop a uncomplicated characteristic that would ensure the possibility of setting the under-
impedance protection by people who are not specialists in the field of distance protections. The
characteristics have been optimally developed both in terms of the area of detected impedances and
easy implementation, operation, and configuration.

Keywords: under-impedance protection; phase-to-phase short circuits; medium-voltage networks;
overcurrent protection

1. Introduction

In MV (medium-voltage) lines, distance protection is currently not widely used, and
it is even considered unnecessary and inappropriate. The reason for such opinions is the
branched structure of these lines and the variability of the type of conductors. In addition,
distance protection is usually extensive and complicated to set up. Distance protection
does not work during earth faults in networks with ineffectively grounded neutral points,
because the impedance of the short-circuit loop measured at the protection point almost
does not depend on the distance of the earth fault from the protection point [1–3]. Due
to these complications, obtaining the effect of proper shutdown is complex and even
impossible.

For the reasons given above, distance protection in MV lines has probably not been
used. There have been no such regulatory requirements or operational needs so far. Al-
though it is worth recalling here that, in the 1970s, in MV lines, such solutions were used,
for example, protection produced by AEG type RD-10 was intended for compensated
networks and had an isolated neutral point. Currently, in the latest literature, but also
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in operational practice, there are more and more proposals concerning applying distance
protection criteria to MV lines [4–6]. This applies in particular to distribution networks [7]
with distributed generation (DG) [8–12] and to lines with switchboards and protections
deep in the network [13,14].

Currently, we are observing many changes in the structure of the MV line, which is
supplemented with elements of intelligent systems. This is related, among other things, to
the introduction of widespread distributed generation and network automation. This also
forces changes and updates to the previously applicable protections rules in MV lines. The
need is indicated both by the opinions of practitioners dealing with energy distribution [15]
and by numerous scientific publications on this subject [16,17]. They include proposals
for alternative solutions for commonly used protection in MV lines [18–21], including
overcurrent protection [22–25]. The article will present arguments for the introduction
of protection using the principle of impedance measurement in MV lines, which seem so
convincing that it is even advisable to introduce them as a standard in energy companies.
One of the leading ideas when constructing the protection described here to obtain such
properties was that it would be very easy to set up. The new under-impedance protection
presented in the article was designed for the detection of phase-to-phase short circuits, as
an alternative or complement to classic overcurrent protections.

The contributions of the paper are as follows: Section (1) is the introduction to the ap-
plication of the under-impedance criterion in MV lines; (2) provides the main characteristics
of the new protection; (3) describes the purposefulness of introducing under-impedance
protection in MV networks; (4) and (5) introduce all relevant formulas and relationships
used for the calculation of short-circuit currents; (6) indicates some of the problems that
may arise when selecting instantaneous protection settings; (7) and (8) detail the idea of the
under-impedance protection and the rules for selecting settings; (9) describes the interaction
of overcurrent and under-impedance protection; and (10) summarizes the entire article.
Additionally, Appendix A presents an example of the selection of settings for short-circuit
and under-impedance protection.

2. Name and Main Characteristics

Taking into account the aforementioned arguments the use of distance protections
in MV lines, the following question arises: What is the justification for introducing this
function? At the same time, it should be immediately emphasized that this protection will
not be called “distance”, but “under-impedance”.

Distance protection is a form of protection whose tripping time is a function of the
distance between the short-circuit point and the place where the protection is installed.
Before 1990, the literature [2,3] from this period described the use of electromechanical or
static analog relays. One could find the statement that the best measure of this distance
is the positive-sequence of impedance, which, today, is an incorrect statement regarding
protection in microprocessor technology. At that time, the characteristics of the coordinates
R, jX (where R-resistance, X-reactance) usually were shapes similar to circles or ellipses.
When microprocessor protection came into production, the characteristics could be given
any shape. These were arranged in such a way as to reduce the influence of the measured
line resistance and take into account the electric arc or the resistance of the transition
to earth. Therefore, it must now be considered that the best measure of this distance is
reactance of the short circuit for positive (sequence) components.

A typical time characteristic of distance protection is shown in Figure 1. It consists of
three “forward” zones and one “backward” zone.

The operating times in the individual “forward” zones are marked as t1, t2, and t3,
and in the backward zone as t4. The short-circuit loop reactance is currently assumed to be
the most appropriate measure of this distance. Hence, the ranges in individual “forward”
zones are marked as X1, X2, and X3, and those in “backward” zones as X4. Since, in MV
lines, there is no proportionality of reactance and short-circuit location distance due to
the frequent changes in line parameters, the word “under-impedance” and not “distance”
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was not used in the name of the developed criterion. Protections in the HV (high-voltage)
network should have their own times be as short as possible, usually less than 20 ms. In
MV lines, 50 ms is enough, and in most cases, even 100 ms is sufficient.
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This criterion will also not trip during short circuits with the ground, but only dur-
ing interfacial short circuits. It is possible to operate during double short circuits with
the ground, but it is difficult to precisely determine the range of protection due to the
complicated nature of the short circuit. The number of zones will become clear in further
discussions, but it is not expected that it will have a range for the primary purpose beyond
the next protection installed in the line (in the switchgear or recloser).

For the purposes of this paper, the following definition is introduced: PP—a place in
the network equipped with current and/or voltage transformers, protection, and a switch
or recloser. Current transformers are assumed to be the place determining the beginning of
the protection range; they should be in a full star system.

3. Purposefulness

Currently, two protections against the effects of phase-to-phase short circuits are used
in MV lines (in the line bays of switchgears, but also in reclosers):

• Time-delayed overcurrent protection I> (ANSI/IEEE Code 51), sometimes called
“low-set” protection or first-stage overcurrent protection;

• Instantaneous overcurrent protection I>> (ANSI/IEEE Code 50), sometimes called
“high-set” or second-stage overcurrent protection.

The terms “low-set” and “high-set” are related to the value of the current settings of
these protections. The average time settings of the first protection in the lines are of the
order of 0.5–1.5 s, and in the second, within 0.05–0.3 s.

There are currently no problems with time-delayed overcurrent protection, because
the selectivity in a series system is achieved by increasing the time settings towards the
switchgear, usually with a resolution of 0.3 s. There may be too few time steps between the
line bay in the substation and the protection points in the depth of the network. Hence, it is
believed that no more than two reclosers should be installed in the line in series, although
sometimes it is possible to coordinate protection even with three.

Instantaneous overcurrent protection is designed to protect the initial section of the
line against the heating effect of phase-to-phase short-circuit current and to shorten voltage
dips during short circuits. The aim is to cover parts of the line as large as possible—not only
the initial section, which is most exposed to the thermal impact of short-circuit currents. In
practice, however, these protections are also requested in reclosers deep in the network,
and the reason is the need to limit the failures of components such as bridges networks,
terminals, and splice. The instantaneous overcurrent criterion is also currently required at
every protection point by Distribution System Operators (DSO). It sometimes happens that,
due to the small distances between protection points, it is impossible to make a prediction
by calculations and thus set a standard instantaneous overcurrent criterion.

Instantaneous protection should have the shortest possible tripping time, preferably
within 0.1–0.2 s, and it is not possible to achieve selectivity between individual protections.
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It is obtained by appropriate selection of the current setting so that the range of the analyzed
protection ends before the next overcurrent protection. Currently, meeting this condition
is becoming more and more difficult due to the increasing saturation of the network with
these protections.

The worst feature of these protections is the fact that such an important range depends
on the value of short-circuit currents—and this depends on the type of short circuit (two- or
three-phase) and the value of short-circuit power at the line supply point. This short-circuit
power depends on, among other things, the power of the generating sources currently
supplying the busbars, and is variable, especially if these are wind farms or solar farms.

Under-impedance protection does not have this disadvantage—its range is indepen-
dent of the aforementioned parameters. Its introduction in line bays can enable easier
coordination with recloser settings and improve operating conditions. And above all, it
would allow the time setting to be shortened in order for the protection to operate. An
additional argument for the introduction of under-impedance protection in the MV network
is the increasingly frequent occurrence of heavily loaded lines, especially for local power
plants with many types of primary energy.

The introduction of under-impedance protection may also mean obtaining certain
benefits related to eliminating the effects of voltage dips. This protection is particularly
important in lines using synchronous motors, adjustable electric drives, or sensitive IT
equipment voltage dips, and accompanying a short circuit, it may lead to many negative
effects on the operation of such devices or the stability of their operation [26–29]. Micropro-
cessor circuits are the most sensitive to voltage dips [26,30]. These phenomena may result
in interruption of control for technological processes, lack of signal transmission, or errors
in their transmission. Under-impedance protection allows for the protection operation
time and, thus, the duration of the voltage dip to be shortened, which can reduce or even
eliminate its negative effects without the use of special devices, e.g., UPS (uninterruptible
power supply). In the case of synchronous motors, voltage reduction does not always
mean loss of synchronization. It can sometimes lead to the establishment of a new, stable
operating point of the motor. This can be achieved by selecting a current setting that
allows for higher overloads and for the excitation current to be regulated. This requires
the introduction of additional mechanisms or alternative protection criteria, such as the
gradation of under-impedance protection. Of course, this does not mean a reduction in the
number of short circuits, but only a mitigation of their effects. It also does not affect the
number or duration of the power outage, which depends only on the speed at which the
power supply is restored.

4. Calculation of Short-Circuit Currents

To calculate the overcurrent protection settings, it is required to determine two short-
circuit currents, i.e., the maximum and minimum short-circuit currents. The maximum
short-circuit current is the value of the three-phase short-circuit current at the highest
short-circuit power on the electric power system side. The minimum short-circuit current
value is calculated for a two-phase short-circuit with minimum short-circuit power.

The rules for calculating these values are regulated by the standard [31], and the
formulas given below result directly from it:

• Maximum short-circuit current Ikmax

Ikmax =
1.1·Un√
3·Zkmin

, (1)

where Zkmin—minimum short-circuit loop impedance, Un—nominal network voltage, and
“1.1”—a fixed factor (as defined in standard [31]).

• Minimum short-circuit current Ikmin

Ikmin =
Un

2·Zkmax
, (2)
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where Zkmax—maximum short-circuit loop impedance.
It should be emphasized that any calculation of the short-circuit current value contains

some simplifications or assumptions. For both of these values, the transfer impedance of
individual elements should be prepared.

If we assume that the short-circuit power on these MV busbar is constant (with a
careful analysis, such an assumption will always be a simplification) and is Sk (exact
marking is S′′

k , because the short-circuit power is calculated on the basis of the sub-transient
component), then there are the following dependencies:

(a)

Sk =
√

3·Un·I3F
k , (3)

where Un—nominal voltage of the network, I3F
k —three-phase short-circuit current on

busbar supplying the line.

(b) But also,

ZQ =
1.1·U2

n

S′′
k

=
1.1·U2

n√
3·Un·I3F

k
=

1.1·Un√
3·I3F

k
, (3a)

where ZQ—equivalent impedance of the power system (module).

(c) If the short-circuit power on the busbar is constant, then the minimum short-circuit
current on it results from the relationship between the two-phase short-circuit current
and the coefficient in the meter equal to 1.0:

I2F
k =

Un

2·ZQ
, (3b)

Substituting Formula (3a) into relationship (3b) gives:

I2F
k = Ikmin =

√
3

2.2
·I3F

k . (4)

On the other hand, for a more accurate assessment of the minimum short-circuit
current flowing to the busbar from the side of the power system, it is worth taking into
account the following facts:

(a) The short-circuit power of the power system is not constant, particularly if we take
into account the possibility of switching off one of the 110 kV lines supplying the
substation (most often there are two lines) from which the MV line is powered, for
which the protections and their settings are selected.

(b) The short-circuit current at the beginning of the analyzed MV line is influenced by
local sources installed in other lines or bays. When calculating the maximum short-
circuit current, their power should be taken into account, while when calculating the
minimum short-circuit current, it should be assumed that they are all switched off.

(c) The sources installed in the analyzed line may or may not affect the maximum short-
circuit current flowing through the protection point PP; the wiring system should
be carefully analyzed. Particular attention should be paid to the sources connected
between the PP.

A special situation is when MV busbar sections are powered from other switchgears.
Such a situation can occur mainly in the already-rare single-transformer stations. It signifi-
cantly reduces the short-circuit currents, reduce the sensitivity of the time-delay overcurrent
protections, and shortens the ranges (even to zero) of the short-circuit protections.

For local power plants, the transfer impedance can be calculated using the following
formula [1]:

Zk =
U2

n
kLR·Sr

(5)
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where Zk—impedance of any local power plant, including a photovoltaic power station
(PVS); Sr—rated power of the power station; and kLR—short-circuit coefficient, which
determines how many times the short-circuit current of a source at a short circuit’s terminals
is greater than the rated current.

The short-circuit coefficient kLR introduced here will allow us to better develop a
certain problem related to obtaining the correct setting for overcurrent protection, which
will guarantee the appropriate sensitivity of its operation. This problem is particularly
important in the case of photovoltaic power stations (PVS), especially connected to the
MV network, but also other local power plants with DC/AC converters. Table 1 provides
the values of the kLR coefficient, which determines how much higher the short-circuit
current at the source’s terminals during a short-circuit is than the rated current of the local
power station.

Table 1. Assumed short-circuit current multiplicity relative to source rated current in case of no
available data.

No. Type of Generating Source kLR

1. Biogas or biomass power plant in a block transformer 8.0

2. Biogas or biomass power plant connected directly to the MV network 12.0

3. Photovoltaic power plant 1–1.1

4. Hydroelectric power plant (synchronous generator) 6.0

5. Hydroelectric power station (asynchronous generator) 7.5

6. Wind farm (synchronous generator working with the network through a converter) 1.3

7. Wind farm (asynchronous generator powered on both sides) 3–5

According to the generally applicable requirements specified by DSOs [32,33], it is
recommended to use the following values of sensitivity factors for time-delay overcurrent
protection, which are taken into account in Formulas (8a) and (8b):

(1) 1.5 for basic protection;
(2) 1.2 for back-up protection.

The data quoted in Table 1 clearly show that for PVS, but also for other local power
plants, it is not possible to obtain the correct overcurrent protection setting with the required
value of the sensitivity factor.

It should be emphasized, however, that in such situations, the regulations allow for
the use of additional protection acting on shutdown or signaling [34–36] for individual
devices or bays.

5. Formulas Used for Line Overcurrent Protection

When selecting the current setting of the time-delay overcurrent protection (I>), the
following formulas are used [2]:

Iset ≥
kb·kr·Imax

kp·ϑi
, (6a)

ISET ≥ kb·kr·Imax

kp
, (6b)

where Iset—instantaneous protection setting on the secondary side of current transformers;
Iset—instantaneous protection setting on the primary side of current transformers; kb—a
safety factor that can be assumed to be equal to 1.1–1.2, with values closer to 1.2; kr—self-
starting coefficient of motors supplied from the protected section of the network, where,
depending on the share of the motor load in the total load, the range of its values is 1–4;
Imax—the current of the highest load in the protected section of the line.
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If Imax is poorly understood, relationships can be used.

Iset = (1.1 ÷ 1.2)·Ir2, (7a)

ISET = (1.1 ÷ 1.2)·Ir1, (7b)

in which Ir1/Ir2—rated primary/secondary current of current transformers cooperating
with protection.

Protection sensitivity I > is tested according to the following formulas:

Iset <
Ikmin
kc·ϑi

, (8a)

ISET <
Ikmin

kc
, (8b)

where Ikmin—minimum short-circuit current at the end of the primary or backup zone of
the protection operation; and kc—sensitivity factor, which should be 1.5 for basic protection
and 1.2 for reserve protection.

On the other hand, the time set of the protection is selected according to the rules of
grading. Average times in MPSs line bays are in the range of 0.7–1.5 s.

When selecting the current setting of the short-circuit protection (I>>), the following
rules apply:

• Selectivity condition with overcurrent protection on the next busbars or recloser:

Iset ≥
kb·Ikmax

ϑi
, (9a)

ISET ≥ kb·Ikmax, (9b)

where Ikmax—maximum short-circuit current on the busbar before the next overcurrent
protection; and kb—safety factor. The literature recommends the range of 1.2–1.6. Currently,
the most accepted value is 1.2, and at most 1.4, ϑi—for a current transformer gearbox.

• Sensitivity condition

Iset <
IS
kmin

kc·ϑi
(10a)

ISET <
IS
kmin
kc

(10b)

in which IS
kmin—minimum short-circuit current (for two-phase short circuit) at the point of

installation of the protection (in the case of a linear field, on the busbars of the switchboard);
kc—the sensitivity factor is within the range of 1.2–1.5, but in extreme cases, it can even be 1.1.

• Condition resulting from the protection of line conductors against the effects of heating
by short-circuit current:

Iset ≤
Ithdop

kbth·ϑi
(11a)

ISET ≤
Ithdop

kbth
(11b)

where kbth—safety factor for this criterion; Ithadm—admissible short-circuit current from
the point of view of conductor heating.

Ithdop =
s·jth√

tk
(12)
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jth—permissible current density in the line conductor in A/mm2; tk—short-circuit duration
taking into account the first cycle of the reclosing (the durations of the first and second
short circuit are added together); and s—conductor cross-section in mm2.

The exact values of jth and kbth, as well as the rules for calculating tk, are given in [1].
If there is no PP in the line outside the bay in the switchgears, then to achieve I>>

dependencies, (9) and (10) should be used, and

Iset≫ = (4 − 8)·Iset>, (13a)

ISET≫ = (4 − 8)·ISET>, (13b)

where Iset> selects the secondary current setting of the time-delay protection; ISET> selects
the primary current setting of the time-delay protection.

6. Examples of Selection of Instantaneous Overcurrent Protection Settings

The chapter presents two examples of selecting settings for I>> protection. Examples
show the main disadvantage of the protection I>>, which is the dependence of the pro-
tection range on the type of short circuit, and, more precisely, the value of short-circuit
current.

Figure 2 shows an example where the correct selection of the setting is difficult, but
one can still somehow escape the situation. The Lmax curve indicates the maximum range
of protection; the Ikmax curve denotes the graph of the maximum short-circuit current along
the line (i.e., during a three-phase short circuit and the highest short-circuit power on the
busbars); and the Ikmin curve denotes the graph of the minimum short-circuit current (i.e.,
for a two-phase short circuit and the lowest short-circuit power). With the Iset1 setting
selected according to dependence (9) for a two-phase short circuit, the protection will not
trip in any situation. The setting can be reduced to Iset2, and then the protection will have
good sensitivity during two-phase short circuits, but during three-phase short circuits, it
may range beyond the switchboard busbars, which would be incorrect and may yield a
non-selective result. It is difficult to indicate which formula or principle should be used
to select the ISET2 setting. Graphical analysis indicates that even a minimal error in the
short-circuit current calculations can result in non-selective activation.

Figure 3 shows a situation in which the I>> protection settings in the switching and
transformer substation cannot be coordinated with the protection settings in the pole-
mounted substation (or recloser).

With Iset1, which was calculated according to Formula (9), the protection will never
trip. When lowered to Iset2, it can work during two-phase short circuits, but its range
for three-phase circuits will extend far beyond the pole-mounted switchgear busbar. In
addition, any change in the current of a two-phase short circuit (e.g., due to a different
short-circuit power value on the busbar supplying the line) may result in a change in the
range—even for two-phase short circuits—behind the pole-mounted substation busbar. It is
also worth noting that connecting a local power station to the busbars deepens the difficulty.
Power stations should not be included as a short-circuit current sources when calculating
Ikmin, especially if they are wind stations. Condition (9) results in an even greater value,
Ikmax, than in a system without a power station.
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7. Under-Impedance Protection Parameters

The under-impedance protection has the symbol Z< and operates if the impedance
phasor lies within the characteristic for the time specified by the setting. The basic assump-
tion in shaping the characteristics of this protection was to ensure maximum transparency
and simplicity in its setting and implementation.

The distance protection characteristics provided by Power System Protection Automa-
tion (PPA) manufacturers are quite complicated and require detailed knowledge of their
formation. For MV lines, distance protection (under-impedance) does not need to have
such complicated characteristics as those for HV lines. They are also not required to be
shaped for earth faults, because these lines have specialized protection against the effects of
such short circuits. Apart from that, in lines supplied from a network with an ineffectively
grounded neutral point, distance protection does not operate during earth faults.

The impedance of a short-circuit loop measured in PP hardly depends on the earth–
fault distance. Due to these complications, obtaining a correct breaking effect for earth
faults would be complex, or even impossible. Moreover, by analyzing the characteristics of
contemporary distance protections in R, jX coordinates, it can be concluded that they are
quite similar, and certain common features can certainly be found within them. Taking into
account the above arguments for the purposes of the article, a certain generalized form of
under-impedance protection characteristics was proposed and is presented in Figure 4.
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Figure 4. Characteristics of under-impedance protection.

Area A and the reactance ranges are shaped by straight lines intersecting the X axis
at points marking the distance protection grading zones, which is characteristic of most
solutions currently found in PPA. In some cases, they can lean at a negative angle in
the settings; it may also turn out to be necessary to introduce more straight lines, e.g., 6.
However, area B, which varies from manufacturer to manufacturer, is shaped mainly due
to the elimination of the influence of resistance, especially the arc or transition at the point
of the short circuit.

Table 2 lists the parameters needed when setting the under-impedance protection and
their proposed values or estimated setting ranges. The criteria parameters, in particular
the number of zones, direction of operation, and reactance and resistance ranges, are
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ultimately selected individually by PPA manufacturers. It should be remembered that,
when estimating the setting ranges for R and X, it is not possible to use the standards
for distance protection for lines with voltages of 110 kV and higher, because there are
completely different current and voltage transformer ratios and usually longer line lengths.

Table 2. Summary of required under-impedance protection settings.

Parameter Value

Starting module current setting 0.1–100 A (default 5 A)

Zone numbers 1 (optional 2 or 3)

Characteristic type front (optional back or non-directional)

α and β angles constant value

Resistance: R1, R2, R3 0.01–40 Ω

Reactance: X1, X2, X3 0.01–8 Ω

Time: t1, t2, t3 0.05–6 s

The introduction of possible zones does not result from the need for grading protection
and graded time characteristics t = f(Z), as is the case with typical distance protection.
In order to perform the basic function, i.e., to complement or uniquely replace the I>>
protection, one zone is needed with characteristics located mainly in the first quadrant of the
coordinate system R, jX, with minimal coverage of quadrants II and IV. When constructing
the characteristics, the properties of the MV line are taken into account. The resistance
value is close to the reactance value and the short-circuit impedance angle, which is usually
not greater than 60◦. Great attention is paid to a simple method of setting up the protection,
which does not require much skill; thus, these calculations can be made by people who do
not specialize in distance protection.

It is not planned to introduce undercuts on the characteristic curve or its skewness.
The analyses do not indicate the need for such complications in the case of the MV line.

8. Setting Method

At this point, it is advised that, to determine the location of the short circuit, the
reactance is primarily important because the measured resistance may include the transition
resistance, and in the case of phase-to-phase short circuits, the electric arc may be mainly
included. In the basic application (replacement or supplementation of protection I>>), it is
proposed to use only zone 1 and the following setting:

X1 =
kz·XAB

ϑZ
, (14)

R1 = kRX·X1, (15)

where XAB—reactance of a line section to the next protection point (switchboard or recloser);
ϑZ—impedance ratio equal to the ratio of voltage and current transformer ratios (ϑu/ϑi),
usually 150 for 15 kV networks and 200 for 20 kV networks; kRX—proportionality factor,
the value of which should not be less than 1.2 and the recommended value for which is 2–5;
and kZ—range factor, which is a factor very close to the factor of safety used in distance
protection.

The method was named differently because, in MV lines, there is often no need to
provide Z< protection to almost the entire AB section (i.e., to the next protection point). The
shorter this section is, the higher the coefficient should be. It is proposed to take values in
the range of 0.65–0.85. As a guide, the selection can be made in such a way that the shorter
the line, the more of it is protected. However, there is no obstacle to using the value of 0.85
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everywhere. Only exploitation will show the usefulness of differentiating this coefficient.
The following values are proposed, regardless of the line type (AFL, PAS or cable):

<1 km − 0.85;

1 ÷ 2 km − 0.80;

2 ÷ 3 km − 0.75;

3 ÷ 4 km − 0.70;

>4 km − 0.65.

As stated, XAB should be taken as the line reactance to the nearest protection point. If
the line branches before this protection point, but there is no recloser in it, then relationships
(9) and (10) are still valid. However, if the line branches and there is a protection point in
each branch, then XAB should be the smaller of the two (sometimes even three) reactance
values. A more detailed analysis will need to be carried out if there is a local power plant
in such a side branch, i.e., the so-called impedance measurement falsification [37,38].

Above 5 km, it will rarely be necessary to activate the under-impedance module, and
protection I>> will be sufficient. However, this does not preclude the application of both
criteria.

It is recommended to assume a time delay of 0.1 s, but other values in the range of 0.05
to 0.3 s are possible. When selecting this setting, there is no need to take into account time
delays at protection points. When selecting this setting there is no need to take into account
time delays at protection points. This provides an incredible opportunity to remove the
defects of overcurrent protection, the time settings of which must be increased towards the
busbars. In addition, it is possible to use zone II as a reserve protection for I>.

It is very important to follow the principle that the characteristics of the protection
must be safely separated from the characteristics of the load. Therefore, the characteristics
of the protection should be shaped in such a way that they are not at risk of overlapping
with the characteristics of the reception.

The smallest load impedance in the 15 kV line results from the following formula:

ZOBC|min =
1.05·Un√

3Imax
(16)

where Imax—maximum line load.
If the maximum line load is not known, it may be assumed to be as follows:

Imax = 1.2·In1 (17)

where In1—the rated current of the current transformer cooperating with the relay.
The dependency must be fulfilled:

Rnast ≤
ZOBC|min

kb··ϑz
, (18)

in which kb—safety factor with a recommended value is 1.5; exceptionally, 1.2 can be
assumed for heavily loaded lines.

In practice, the higher the value of X1, the smaller the value of kRX. This is due to
the fact that the arc resistance during phase-to-phase short circuits has an approximately
constant value, and the higher the line resistance, the lower its ratio to the line reactance.

9. Interaction of Overcurrent and Under-Impedance Protection

The under-impedance criterion can be activated in any MV line, but in only some
of them does it provide measurable benefits for line protection. On the other hand, the
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impedance and time settings have no effect on the time-delay overcurrent protection. There
is no need to run Z< protection if the following condition is true:

kb·Ikmax ≤ min(
Ithdop

kbth
;

Is
kmin
kc

) (19)

that is, selectiveness and protection of the initial section of the line with I>> protection is
easily achieved.

In critical situations, a section of the line can be exposed to overheating, and only
during three-phase short circuits, by analyzing only the inequality:

kb·Ikmax ≤
Is
kmin
kc

. (20)

Assuming the lowest possible sensitivity factor, kc = 1.2, and the lowest permissible
safety factor, kb = 1.2, the condition is obtained when overcurrent short-circuit protection is
sufficient.

kb·kc·Ikmax ≥ Is
kmin. (21)

By changing the sides of the inequality and entering the values of the coefficients, one
can obtain a condition when there is no need to activate the under-impedance term:

Is
kmin ≥ 1.44·Ikmax, (22)

However, it is better to assume kc = 1.5, as it is for overcurrent protections, and apply
the requirement

Is
kmin ≥ 1.8·Ikmax (23)

If the conditions given in (22) or (23) are not met, there are two cases:

1. When one requests to maintain the selectivity of the protection during a short circuit
with a maximum current, the sensitivity is less than 1.2, and only the under-impedance
protection should be activated. This is included in the following formula:

kb··Ikmax >
Is
kmax
kc

(24)

where Is
kmax—maximum short-circuit current on the line switchgear busbar.

After inserting the values of the coefficients, a condition is obtained when there is no
justification for introducing short-circuit overcurrent protection:

Ikmax >
Is
kmax
1.44

2. When selectivity is achieved, the protection range is too small; there is no appropriate
sensitivity, but at least a small part of the line is covered. Then, it is worth activating
both protections. This happens if

Is
kmin < 1.8 ·Ikmax

kb·Ikmax ≤
Is
kmax
kc

.

where kc = 1.2 and kb = 1.2.
The introduction of criterion Z< is intended to complement the I>> protection and

does not affect the rules for setting the I> protection at the place of installation and in
subsequent parts of the line.

The use of under-impedance protection and the selection of settings will always
depend on the specific case and the layout of connections in the network. Appendix A
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describes an example in which calculations were carried out for the selection of settings
and justification for the use of under-impedance protection.

10. Conclusions

Currently, in Poland, distance protection is not used in MV networks, but it should be
emphasized that there has been no need for such protection so far. Changes in the structure
of the distribution network, its saturation with automation, and its distributed generation
connections force the need to update or supplement the existing protection criteria. Due
to the many disadvantages of overcurrent protection, especially short-circuit I>>, and the
general introduction of a circuit switch deep in the network, there is currently such a need.
The following reasons can be given for the introduction of under-impedance protection
into the MV network protection system:

– Introducing reclosers into the network, as a result of which there is a need to achieve
selectivity between short-circuit protections, and line sections between PP are shorten-
ing;

– Increasing differentiation between the maximum and minimum values of short-circuit
currents due to the connection of local power plants to the MV grid;

– Introduction of local power plants with DC/AC converters in which the short-circuit
current is only 10% higher than the rated current;

– Mitigating the effects of voltage dips on main devices by complaining about the
duration of the dip or alternatively adjusting the current setting.

The article proposes under-impedance protection. It detects only phase-to-phase
faults, and has very uncomplicated characteristics so that it can be set by people who are
not specialists in the bay. It should also be added that this protection has already been
implemented in the extCZIP-PRO® series relay manufactured by Lumel S.A. [39]. This
research received no external funding. The usefulness of this protection must be checked
and confirmed by a longer-operating practice, but the high optimism about its properties
results from the problems with obtaining selectivity via short-circuit overcurrent protection.
Some formal verification methods applied to power electronics systems [40,41] could also
be used to check the proposed concept. Computer simulations of various variants and
models of networks, including those with local powerplants and reclosers, are also planned.

On the basis of the under-impedance criteria, further work related to the development
of the algorithm is planned, providing data for the optimization of the time-delay overcur-
rent protection setting. The mechanism is to allow for blocking of the measurement during
a short circuit, and the criterion condition will be the impedance value, especially the speed
of its changes. The algorithm will be designed to detect whether the fault is a short circuit
or a temporary overload and to optimize the protection performance. The authors also
assume that this criterion will be applied for future needs and requirements that may only
be identified in the future after full recognition of the properties of networks with larger
numbers of PVSs and reclosers.
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Nomenclature
The following abbreviations are used in this manuscript:

MV medium-voltage
LPP local power plants
PP protection point
I> time-delayed overcurrent protection
I>> short-circuit overcurrent protection
DSO distribution system operators
DG distributed generation
PVS photovoltaic power station
PPA power protection automatics
HV high voltage
LV low voltage
AR automatic reclosing

Appendix A

Calculation example: a low-impedance line (branched or not) without an MV/LV
(medium/low voltage) station consisting of two different sections upstream of the recloser.

The case presented in Figure A1 is very typical. The recloser is installed relatively
close to the switchgears, the beginning of the line is made of cable, and then the line goes
into overhead. The problem of the range of the first zone of under-impedance protection
has to be resolved up to 0.85 of the length of the AB section or 0.85 of the impedance of the
AB section or its components. The calculations concern the selection of the overcurrent and
under-impedance protection settings for the bay. A 15 kV line is supplied from busbars,
where the short-circuit power from the power system side is 160 MVA. There are 300/5 A/A
transformers in the line bay, and the reception parameters are unknown. The length of the
line to the R1 recloser is 6.2 km, of which the first 4.2 km is made of a XRUHKXS cable with
a cross-section of 120 mm2 and 2 km is made of an AFL-6 70 mm2 cable. In the line bay,
there is active automatic reclosing (AR). The length of the line after the R1 recloser to the
next R2 recloser is 10 km, and is also made with an AFL 70 mm2 cable. In the R1 recloser,
the I> with a time of 0.7 s and the I>> with a time of 0.1 s are activated. In the R2 recloser,
there are I> protections with a time of 0.5 s and I>> with a time of 0.1 s. Everywhere, there
is active AR one-time automation without reductions in time delays.

Energies 2024, 17, x FOR PEER REVIEW 15 of 21 
 

 

Nomenclature 
The following abbreviations are used in this manuscript: 

MV medium-voltage 
LPP local power plants 
PP protection point 
I> time-delayed overcurrent protection 
I>> short-circuit overcurrent protection 
DSO distribution system operators 
DG distributed generation 
PVS photovoltaic power station 
PPA power protection automatics 
HV high voltage 
LV low voltage 
AR automatic reclosing 

Appendix A 
Calculation example: a low-impedance line (branched or not) without an MV/LV 

(medium/low voltage) station consisting of two different sections upstream of the recloser. 
The case presented in Figure A1 is very typical. The recloser is installed relatively 

close to the switchgears, the beginning of the line is made of cable, and then the line goes 
into overhead. The problem of the range of the first zone of under-impedance protection 
has to be resolved up to 0.85 of the length of the AB section or 0.85 of the impedance of 
the AB section or its components. The calculations concern the selection of the overcurrent 
and under-impedance protection settings for the bay. A 15 kV line is supplied from bus-
bars, where the short-circuit power from the power system side is 160 MVA. There are 
300/5 A/A transformers in the line bay, and the reception parameters are unknown. The 
length of the line to the R1 recloser is 6.2 km, of which the first 4.2 km is made of a XRUH-
KXS cable with a cross-section of 120 mm2 and 2 km is made of an AFL-6 70 mm2 cable. In 
the line bay, there is active automatic reclosing (AR). The length of the line after the R1 
recloser to the next R2 recloser is 10 km, and is also made with an AFL 70 mm2 cable. In 
the R1 recloser, the I> with a time of 0.7 s and the I>> with a time of 0.1 s are activated. In 
the R2 recloser, there are I> protections with a time of 0.5 s and I>> with a time of 0.1 s. 
Everywhere, there is active AR one-time automation without reductions in time delays. 

 
Figure A1. Connection diagram for the network. 

Short-circuit calculations are grouped at the beginning of the example, and then they 
are used in the example. Markings are given on the right side of the calculations in the 
bracket, e.g., {3} indicates the pattern that has been used, in this case pattern (3). The cal-
culations and selection of settings given in the example are for reference only; they contain 
some simplifications and can be modified depending on the specific requirements of the 

Figure A1. Connection diagram for the network.

Short-circuit calculations are grouped at the beginning of the example, and then they
are used in the example. Markings are given on the right side of the calculations in the
bracket, e.g., {3} indicates the pattern that has been used, in this case pattern (3). The
calculations and selection of settings given in the example are for reference only; they
contain some simplifications and can be modified depending on the specific requirements
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of the network. They are an example of the selection and cooperation of overcurrent and
under-impedance protection in MV lines.

(a) Short-circuit calculations

The minimum short-circuit current on the busbar A supplying the line is

I3F
kA =

160 MVA√
3·15 kV

= 6158 A ({3 converted})

I2F
kA = IkAmin =

√
3

2.2
· 6158 A = 4.848 A ({4})

Power system impedance:

ZQ =
1.1·(15 kV)2

160 MVA
= 1.55 Ω. ({3a})

The reactance of the system is

XQ = 0.995 ZQ = 0.995·1.55 = 1.54 Ω.

The resistance of the system is

RQ = 0.1 ZQ = 0.1·1.55 = 0.15 Ω.

The reactance of the line:

XAP = 4.2 km·0.119 Ω
km = 0.50 Ω, XPB = 2.0 km·0.369 Ω

km = 0.738 Ω,
XBC = 10 km·0.369 Ω

km = 3.69 Ω.

Minimum resistance of the line (at 20 ◦C):

RAPmin = 4.2 km·0.153 Ω
km = 0.643 Ω, RPBmin = 2.0 km·0.434 Ω

km = 0.868 Ω,
RBCmin = 10 km·0.588 Ω

km = 5.88 Ω.

Maximum resistance of the line (w temp. 90 ◦C):

RAPmax = 4.2 km·0.198 Ω
km = 0.832 Ω, RPBmax = 1.28·0.868 Ω = 1.111 Ω,

RBCmax = 1.28 RBCmin = 1.28· 5.88 Ω = 7.53 Ω.

Minimum short-circuit impedance to point P:

ZkQ−Pmin = 0.15 + j1.54 + 0.634 + j0.50 = (0.784 + j2.04)Ω,
ZkQ−Pmin = 2.18 Ω.

Minimum short-circuit impedance to point B:

ZkQ−Bmax = 0.784 + j2.04 + 0.868 + j0.738 = (1.652 + j2.778)Ω
ZkQ−Bmin = 3.232 Ω

Maximum short-circuit impedance to point B:

ZkQ−Bmax = 0.15 + j1.54 + 0.832 + j0.50 + 1.111 + j0.738 = (2.09 + j2.778)Ω,
ZkQ−Bmax = 3.476 Ω.

Maximum short-circuit impedance to C busbar:

ZkQ−Cmax = (2.09 + j2.778 + 7.53 + j3.69)Ω = (9.62 + j6.468) Ω,
ZkQ−Cmax = 11.59 Ω
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Maximum short-circuit current at point P:

IkPmax =
1.1Un√

3ZkQ−Pmax
=

1.1·15 000 V√
3·2.18 Ω

= 4369 A.

Minimum short-circuit current on B busbar:

IkBmin =
Un

2·ZkQ−Bmax
=

15 000 V
2·3.476 Ω

= 2157 A.

Maximum short-circuit current on B busbar:

IkBmax =
1.1Un√

3ZkQ−Bmin
=

1.1·15 000 V√
3· 3.232 Ω

= 2947 A.

Minimum short-circuit current on C busbar:

IkCmin =
Un

2·ZkQ−Cmax
=

15 000 V
2·11.59 Ω

= 647 A.

(b) Time-delay overcurrent protection:

Iset = (1.1 ÷ 1.2)·5 A = 5.5 A. ({7a})

Short-circuit sensitivity check on B busbar (as basic protection with kc = 1.5):

Iset <
2157 A
1.5·60

= 24.0 A.

Short-circuit sensitivity check on C busbar (as back-up protection with kc = 1.2):

Iset <
647 A
1.2·60

= 8.99 A.

It is possible to accept
Iset = 5.5 A

and time
tset = 0.7 s + 0.3 s = 1.0 s,

tset = 1.0 s

(c) Short-circuit overcurrent protection

The conditions (22) and (23) are pre-checked in the form of a quotient calculation:

IkAmin
IkBmin

=
4848 A
2947 A

= 1.65 < 1.8.

From the value of the above quotient, it follows that it is not possible to use selective
and sufficiently sensitive short-circuit protection. It is worth using under-impedance
protection. However, the quotient is not much smaller than 1.8, and it can be expected that
part of the line will be covered by I>>.

To provide the details of this selection, the following calculations will be performed:
For the XRUHKXS cable,

Iset ≤
12 643 A
1.15·60

= 183 A ({11a})

because
Ithdop =

120·149√
2·1.0

= 12643 A ({12})
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(“2” in the denominator is inserted in connection with the active automation of AR).
In a situation where the AB line consists of two differently made sections, it is necessary

to check the relationship (11b) for the AFL-6 70 mm2 cable as well.

Iset. ≤
4207 A
1.15·60

= 60.9 A, ({11b})

because
Ithdop =

70·85√
2·1.0

= 4207 A. ({12})

Sensitivity condition:

Iset <
4848 A
1.5·60

= 53.8 A. ({10b})

There are protections in the line at station B, so the following should be assumed:

Iset ≥
1.4·2947 A

60
= 68.7 A. ({9b})

The conditions {9b} and {10b} are contradictory, i.e., it is not possible to select the
setting correctly. The coefficient kb can be decreased in relation to {9b} to a value of 1.2.

Additional analysis under certain conditions reveals almost borderline values:

– For Formula (9b), a factor of 1.2 is assumed, so:

Iset ≥
1.2·2947 A

60
= 58.9 A, ({9b})

– Formula (10b) remains unchanged, so it further expresses the condition

Iset. < 53.8 A. ({10b})

The terms {9b} and {10b} are further contradictory.
It seems that the security is not worth running because the conditions of its operation

are very bad. It is left to the DSO’s decision whether to activate the protection with a setting
of 53 A; it can be effective in the initial section of a very short line. There is a risk that,
during three-phase short circuits, just behind the B busbar, a non-selective shutdown may
occur at station A.

(d) Under-impedance protection

In such a situation, it is recommended to use at least one Z< protection zone in such a
way that it covers a sufficiently large part of section AB within a very short time. The end of
section AB is covered by the protection of I> at station A. One can also activate the second
protection zone I> with a time ∆t longer than the longest duration of the outflow from the B
busbar (in the case of a recloser–with a time ∆t longer than the protection I> in the recloser).
It is possible not to run I> at all in station A; however, it requires the Transmission Network
Operation and Operation Manual [33,36]. When using distance protection in high-voltage
lines, overcurrent criteria are very often treated as a fallback.

The range of Zone I should end before the B busbar, and the range of Zone II should
extend beyond the C busbar.

A certain dilemma arises concerning whether the coefficient of 0.85 for segment AB
should be used for the length of the line or the impedance of one of its components. For a
heterogeneous line, this is not entirely obvious. It seems that, since the source of this value
is mainly faults in the protection and transformers affecting the impedance measurement,
not the length, the impedance or its components should be selected.

The impedance gear is

ϑZ =
ϑU

ϑI
=

15000 V
100 V
300 A

5A
= 2.5



Energies 2024, 17, 505 19 of 21

ZOBC|min =
1.05·15000 V√

3·360 A
= 24.0 Ω, ({16})

having accepted that
Imax = 1.2·300 A = 360 A.

If accurate data are available, a more accurate value of the load current can be inserted
into Formula {16}.

For each zone, the dependency must be met:

Rnast ≤
24.0 Ω
1.5·2.5

= 6.4 Ω. ({18})

Zone I of the protection may cover 85% (reactance) of the AB segment. At that time,

X1 =
0.85·1.238 Ω

2.5
= 0.42 Ω. ({14})

The set resistance of zone I can be

R1 = 5·0.421 Ω = 2.11 Ω, ({15})

which is consistent with dependency {18}.
Zone I time can be assumed to be equal to 0.1 s.
The second zone can also be used to reach the end of the line if its duration is longer

than that of securing I> in reclosers R1 (0.7 s) and R2 (0.5 s). Here, it is noted that it is
sufficient to examine this condition only in relation to collateral I> in the nearest recloser
(here, R1). The protection times I> become shorter and shorter while moving away from
the busbar supplying the line.

The reactance setting for zone II, therefore, is:

X2 =
(1.238 + 1.15·3.69)Ω

2.5
= 2.19 Ω

and the Z< protection reaches behind the C busbar with 15% of the reactance of the BC
section. The resistance of the second zone R2, according to (15), is:

R2 = 5·2.19 Ω = 11.0 Ω,

but this contradicts the dependency {18}. It is, therefore, necessary to adopt

R2 = 6.4 Ω.

The time of zone II should be adopted in such a way that the under-impedance protec-
tion installed in substation A does not trip before the protections installed in substation B,
i.e., ∆t must be greater than the protection time I>, so

t2= 0.7 s + 0.3 s,

t2 = 1.0 s.

The characteristics of the under-impedance protection are shown in Figure A2. For
the purpose of its preparation, the resistances and reactances of individual line sections are
converted to the secondary side of the current and voltage transformers.
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