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Abstract: The problem of getting rid of expensive and metal-intensive current transformers has
been declared by CIGRE as strategically important for the electric power industry. However, almost
all traditional current protections receive information from measuring current transformers. In
this work, a resource-saving reed switch overcurrent protection without current transformers is
suggested, which can be used as an alternative to traditional current protections for 6-10 kV electrical
installations connected to a switchgear cell. The protection is designed following the novel method
we have developed based on inductance coils. Inductance coils measure the electromotive force under
different operation modes of an electrical installation and at different points inside the switchgear
cell it is connected to; the EMF values are recalculated in the values of magnetic induction, and
reed switches are mounted instead of inductance coils at the points where the magnetic induction is
maximal. Moreover, these values are sufficient to detect phase-to-phase short circuits in the electrical
installation. The dependence of the induction value on the position of an inductance coil inside the
cell is derived with the use of the simplest formula of the Biot-Savart law. The results can be used at
large and small industrial enterprises, electric power stations, and substations of plants; they can be
interesting for the scientific community because they help to solve the topical problem of the electric
power industry.

Keywords: current; induction; inductance coil; reed switch; cell; overcurrent protection; current
transformer

1. Introduction

The International Council on Large Electric Systems CIGRE has declared the problem
of abandoning the use of expensive and metal-intensive current transformers as strategi-
cally important for the electric power industry. Almost all traditional current protections
receive information from measuring current transformers. Therefore, it is necessary to find
an alternative to heavy, big, and expensive measuring current transformers and protections
based on them. Works on the creation of alternative resource-saving relay short-circuit pro-
tection devices without metal-intensive current transformers with metal cores for various
electrical installations have been started in the second half of the past century and remain
topical today [1-3].

Nowadays, microprocessor relay protection devices are commonly used. However,
they are tens and hundreds of times more expensive than electromechanical or semicon-
ductor protection devices, and their reliability is not higher because of vulnerability to
cyberattacks via the Internet [1,4]. To increase the reliability, it is necessary to find an
alternative to measuring current transformers and current protections, from which they
receive information [5]. One of the promising ways to design the relay protection devices
without measuring current transformers is the use of reed switches, which have a number
of advantages in comparison with other magnetosensitive elements [6-24].
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Inworks [6,7,13,14,16,17,24], current protections based on reed switches are considered.
A magnetically controlled contact as part of an electrical circuit is a contact that changes the
circuit state through mechanical closure or opening when exposed to a magnetic field. This
contact placed in a sealed glass cylinder is called a reed switch and is used as an elemental
base in relays, buttons, switches, and other electrical devices. In the experiments conducted
in this work, a reed switch, being an element of an electric circuit, acted as a measuring
element. Under the influence of an external magnetic field produced by a conductive bus
or a permanent magnet, the ends of reed switch contacts are magnetized and take up, thus
completing the electrical circuit. The most important advantages of reed switches as an
elemental base for current protections are the capability of simultaneously functioning as
a fast-acting current relay and current transformer; the transmission of a control signal
through control circuits instead of measuring circuits; and a long service life.

However, reed switches have some disadvantages common for all other magneti-
cally sensitive elements in protection devices: sensitivity to external magnetic fields from
both neighboring phases next to the one it is fixed under and current-carrying phases of
neighboring electrical installations. In addition, sticking of reed switch contacts is possi-
ble, although very rare. These disadvantages can be easily overcome in practice through
adjusting against external magnetic fields by increasing the number of reed switch con-
tact actuations without reducing its characteristic speed and applying test and functional
diagnostics of faults of the whole protection device. The fundamental reason for using
reed switches in relay protections is saving resources in current protections based on them
compared to protections based on current transformers with metal cores.

Magnetodiodes and magnetotransistors are discussed in [8]. The magnetodiode effect
arises when placing a semiconductor with non-equilibrium conductivity in a magnetic
field, which is manifested through the injection of carriers from a p-n junction when a direct
current passes through diodes. The disadvantage of magnetodiodes in measuring currents
is their inherent nonlinearity, which limits the scope of their use.

Magnetotransistors have stable temperature, linearity, and a wide frequency range.
They convert current into voltage and are designed for measuring alternating current,
direct current, and pulsating current in a wide range and providing information about the
current in the form of a digital or analog output signal; the galvanic isolation of circuits
involves the transmission of a signal about the current to devices and protection elements.
The output parameter of a magnetotransistor is proportional to instantaneous magnetic
field induction. Due to the absence of windings and a magnetic core, it is much smaller
and lighter than conventional current transformers with metal cores. Magnetotransistors
do not need significant output power, which is their advantage over current transformers.
Their disadvantages are the following: they need a current source, have noise, include a
significant number of sensors, and react to a magnetic field modulus, and their parameters
change with the ambient temperature.

In works [9,10], the use of magnetoresistors is considered. Magnetoresistors are char-
acterized by the dependence of resistance on magnetic induction R = {(B). They respond to a
magnetic field modulus; that is why they have not been widely used for current measurement.

Work [10] studies Hall sensors. When a magnetic field acts on a current that flows
through a semiconductor, the Hall effect arises. The main properties of a Hall sensor are
its capability of inducing an electromotive force when being placed in a magnetic field
and a current is flowing through it and the emergence of a useful voltage in the direction
transverse to a signal. Protection relays on the basis of Hall sensors use the comparison
between two electrical parameters, for example E1 and E2, which should be functions of
relay voltage Up and current Ip or one of these two characteristics. Drawbacks of Hall
sensors include complexity of measuring circuits, residual voltage, need for a stable supply
of their circuits, susceptibility of currents of neighboring phases of an electrical installation,
deviation between parameters of sensors from the same batch, and need for compensating
for temperature effects.
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Works [11,12] consider current protections with current sensors based on Rogowski
coils. A Rogowski coil is a wire wound on a non-magnetic core placed around the conductor
where the current is to be measured. Unlike a traditional current transformer, a Rogowski
coil does not contain a metal core and, therefore, does not saturate. A signal from a
Rogowski coil has minimal voltage. Weight and size of a coil are much lower than those of
current transformers; the range of current is quite wide; it is not subject to saturation. Their
disadvantage is low measurement accuracy.

Work [15] studies the optimal use of fault current limiters for coordinating operation
of directional overcurrent relays without the need to reset these relays regardless of the
layout of distributed generation. It is necessary to maintain the coordination of overcurrent
relays and minimize the cost of fault current limiters. Hence, the problem of arranging and
sizing these limiters is formulated as a multicriteria optimization problem with constraints.
Multicriteria optimization is used to determine the optimal positions and size of short-
circuit current limiters. The suggested algorithm is applied to mesh and radial power
systems with different layouts of distributed generation. The problem of the coordination
of overcurrent relays is studied for the case where both directional and non-directional
overcurrent relays are present in a system.

In [18], the improvement in performance of distance relays is considered. In the
stressed state of a power system, the power in transmission lines can decrease and affect
the apparent impedance of a distance relay, thus causing its malfunction. This situation can
lead to a cascading outage and, hence, a power outage. Proper coordinated interlocking and
tripping circuits for distance relays become important to avoid the failure of such a relay
and maintain the integrity of the system. A fault-tolerant protection circuit is suggested,
which uses adaptive adjustment, thus preventing relay failures under the stressed state of a
system. The circuit receives pre-alarm data from two finite-distance relays to perform the
suggested adaptive relay adjustment.

In [19], measurements of electric current with an improved current transformer are
considered. The two main problems in protective current transformers are saturation and
residual flux in their ferromagnetic cores. To minimize the effects of high saturation and
residual flux, a current transformer with a gap core can be used. Although this solves both
problems, studies show that gaps in a ferromagnetic core can cause mechanical brittleness
compared to a closed core.

Work [20] describes monitoring of electric current based on a magnetoresistive sensor.
Such monitoring can facilitate preventive actions in an electrical distribution network to
reduce power overloads, improve transmission efficiency, and ensure network reliability.
Non-invasive current sensing devices are promising because they do not require contact
with dangerous high voltages and their installation is much simpler compared to invasive
current sensing devices. However, existing non-invasive current measurement devices,
such as current clamps and Rogowski coils, are only applicable to single-core underground
power cables. A non-invasive technique for monitoring currents in a multicore under-
ground power cable through measuring a generated magnetic field around the cable surface
was developed in that work. Additional magnetic fields generated by induced currents
and leakage currents in cables were first estimated. Magnetoresistive sensors in the form
of a circular array were used to measure a magnetic field around the cable surface, and a
three-layer shielding was developed to reduce the effects of external interference.

In [21], electric current was measured with a magnetic sensor. Innovative methods
for a wide-range measurement of electric current remain an urgent research problem in
modern power systems. Conventional methods based on magnetic field readouts enable
non-contact current sensing by interpreting magnetic flux density into electric current, such
as the Hall effect and Rogowski coil arrangement. A magnetic sensor has been widely used
for current measurement due to its small size, low cost, high response frequency, and high
sensitivity. However, the measured magnetic field is strongly affected by a superposed
unwanted magnetic field. In that work, a four-sensor array design was suggested to solve
this problem.
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Work [22] considers electric current measurement by current transformers with the
use of a new technique for their calibration. Measurements in power systems are often
made using current and voltage signals received from the secondary circuits of measuring
transformers. Errors introduced by these transformers are commonly considered as a
component of input errors in supervisory control, data acquisition, and vector measure-
ments. Correcting these errors by calibration is an expensive option; it is used in a few
special cases. This work suggests a new method for calibrating measuring transformers
with the use of vector measurements by estimating the correction factors of the transform
ratio of the transformers and the phase angle. This method focuses on the main frequency
component of vector measurements. Unlike some methods described in the literature, it
does not require precise models of measuring transformers and can be performed as often
as necessary to update the calibration.

In [23], the use of an optical current sensor for measurement and protection in high-
power systems is discussed. Power transformers are commonly used in the electric power
industry. However, under high voltage, they can be magnetically saturated or damaged
due to heat, short circuits, and atmospheric electrical discharges. Therefore, protection and
reliable insulation systems are required, which demand expensive technical maintenance
procedures. In the face of these challenges, optical current sensors have many advantages
and can be an alternative to conventional technologies. Optical sensors are less demanding
in terms of isolation, which provides immunity to electromagnetic interference. Depending
on the configuration and transformation mechanism, they ensure a higher dynamic range,
wider operating bandwidth, and no hysteresis loop.

Principles of constructing overcurrent protections, for example, of transmission lines;
differential protections of lines; and so on have already been developed. However, these
principles cannot always be used without additional research due to the variety of ar-
rangement of busbars inside switchgear cells and electrical installations [25-28]. When
designing an overcurrent protection system for electrical installations connected to a work-
ing switchgear cell, in addition to the development of structures for mounting reed switches,
there is a need to take into account the interference both from the currents within the work-
ing cell the reed switches are mounted in and from the current-carrying busbars of a
neighboring cell.

The aim of our work was to develop a method for constructing overcurrent protections
for 6-10 kV electrical installations connected to switchgear cells and to design an overcur-
rent protection device that can serve as an alternative to traditional current protections
with measuring current transformers and current relays with metal cores and enables
resource saving.

2. Materials and Methods

To construct the overcurrent protection, it is necessary to study the magnetic field
inside a working cell. For that, we used inductance coils mounted inside the cell. Alter-
nating current of 0 to 600 A is supplied to the current-carrying busbars of the working
and neighboring cells. When the current is applied at the output of an inductance coil, an
electromotive force of 0.024 V to 0.2 V is induced. The inductance coils’ response to the sum
of magnetic currents should be noted: from the current-carrying busbar opposite to which
they are fixed inside the working cell, from current-carrying busbars of neighboring phases
of the working cell, and from the neighboring cell. The points where the electromotive
force is maximal are determined. Reed switches are mounted at these points instead of
inductive coils.

3. Experimental Section

To determine the magnetic fields inside switchgear cells, we performed an experiment
where the above procedure was implemented. The experiment was carried out with KRU-2
working cell (1) 90 cm wide and K-63 neighboring cell (2) 70 cm wide [29,30]. The cells
were placed in a room. First supporting wall (3) was on their left and second supporting
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wall (4) was at the rear (Figure 1). The equipment included in the experimental setup is
presented in Table 1.

9
24 (c) (d)

Figure 1. Experimental setup: (a) working cell; (b) neighboring cell; sections of (c) working and
(d) neighboring cells, with determination of magnetic field values in working cell.
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Table 1. Experimental setup composition.

No. Component Quantity
1 Working (1) and neighboring cells (2) 2
2 Three-phase load transformer (10) 1
3 Power cables (12 and 13) 2
4 Current transformers (14) 1
5 Second current-carrying busbars (18) 1
6 Wires (21 and 24) 2
7 Inductance coils (23) 1
8 Current (22) and electromotive force recorders (25) 2
9 Plate (26) 1

Two options of supplying alternating current to the current-carrying busbars of two
cells were considered (Figure 1a,b). The experimental setup included three-phase switch (5)
for alternating current voltage Uy = 380 V and rated current Iy = 100 A, with type VA57-35
circuit breaker (7) with rated current Iy = 100 A. Cable (6) is connected to circuit breaker
(7). Three-phase voltage stabilizer (9) is connected to cable (8). The primary winding
of three-phase load transformer (10) is connected by cable (11) to three-phase voltage
stabilizer (9). The secondary winding of the load transformer is connected by power cable
(12) (Figure 1a) and (13) (Figure 1b) through the windows of first current transformers (14)
to first current-carrying busbars (15) and (16) of cells 1 and 2. The current flows from the
first current-carrying busbars of working cell 1 through the closed contacts of breaker (17)
to second current-carrying busbars (18). The axes of busbars 18 are centered at 68 cm (phase
A), 45 cm (phase B), and 22 cm (phase C) from the right wall of cell 1. In neighboring cell 2,
the current flows from first current-carrying busbars (16) through the closed contacts of
breaker (19) to second current-carrying busbars (20).

Three-phase load transformer 10 is mounted opposite the front side of cell 1. Power
cables 12 and 13 were laid on the left side of working cell 1 and on the right side of
neighboring cell 2. Such routing of power cables 12 and 13 enables detecting magnetic
fields inside cell 1. Current recorders (22) are connected to the secondary windings of
current transformers 14 using wires (21). The magnetic field sensors were three tested
inductance coils (ICs) (23) from an MKU-48 intermediate relay without a metal core; they
were connected by cables (24) to electromotive force recorders (25) [31]. In the experiments,
the ICs were used only to determine the electromotive force values at one or another point
of working cell 1. Fluke 87V multimeters were used as the current and electromotive force
recorders. Inductance coils 23 inside cell 1 were mounted on plate (26) made of dielectric
material (textolite), 90 x 18 x 0.5 cm in size, with a scale with 1 cm division. The distance
between the plane of the location of second current-carrying busbars 18 and the points of
mounting ICs 23 on plate (26) was 12, 18, and 24 cm respectively. Magnetic induction was
measured at 21 points on plate (26).

Preparation for the experiments: Plate (26) with ICs 23 was mounted horizontally
on frame (27) of the breaker (17) truck inside working cell 1. Plate 26 was fixed at three
altitudes above frame 27: 0 cm (on frame 27), and 6 and 12 cm. The measured distance
and, hence, the IC mounting points on plate (26) are counted from the right to the left
wall of cell 1. Inputs L1 of the primary winding of second TPL-10-150 and TLO-10-300
current transformers (28 and 29) were connected to second busbars (18 and 20) of cells 1
and 2. Outputs L2 of this winding were short-circuited in the form of corresponding short
circuits [5]. The secondary winding of current transformers (28 and 29) was also short-
circuited during the experiments. Three-phase voltage regulator 9, load transformer 10, and
the bodies of cells 1 and 2 were grounded according to the safety rules [32]. To determine
the electromagnetic field strength inside working cell 1, three-phase switch 5 is closed
(Figure 1a,b) and alternating current from three-phase load transformer 10 is supplied by
three-phase voltage regulator 9 through circuit breaker 7 to first current-carrying busbars
15 of cell 1 in the first option and to first current-carrying busbars 16 of cell 2 in the second
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version through power cables 12 and 13. The strength of the current flowing through
busbars 15 and 16 is controlled by readings of current recorders 22.

The experiment with current flow through three, two, and one current-carrying bus-
bars of the working and neighboring cells simulated three-, two-, and one-phase short
circuits. The initial value of the current flowing through the first (15 and 16) and the
second (18 and 20) current-carrying busbars of cells 1 and 2 was I = 100 A. Electromotive
force (EMF) from ICs 23 mounted on plate 26 inside cell 1 was measured and recorded
by EMF recorders 25. The current was passed by turns, first through current-carrying
busbars of the working cell (Figure 1a), and then through busbars 16 of the neighboring
cell (Figure 1b). The ends of the primary windings of second current transformers 28 and
29 were short-circuited in the form of three-phase and two-phase short circuits.

Inductance coils 23 are moved from the initial point 0 cm to the final point 90 cm in
cell 1 and the electromotive force is permanently recorded. Increasing the current by 100 A
up to 600 A at each measurement point, the procedure of measuring the electromotive force
is repeated. When current flows through first busbars 15 of cell 1, the electromotive force
is measured and recorded at the points located at a distance of 12 cm from the plane of
second busbars 18 and then at points spaced 18 and 24 cm apart from this plane (second
and third row) at the first, second, and third positions of plate 26 inside cell 1.

When simulating a single-phase short circuit, the current first flows through one first
current-carrying busbar 15 of cell 1 followed by the alternation of other phases, and then
through first current-carrying busbars 16 of neighboring cell 2 in the same way. Power
cable 12 and 13 coming from load transformer 10 were connected to one of first current-
carrying busbars 15 and 16 of cells 1 and 2 at one end. Another power cable 12, and 13, was
connected to the output of primary windings L2 of second current transformers 28 and 29
of cells 1 and 2 at the first end, and its second end was connected to load transformer 10.
The electromotive force from the external profile sides of cell 1 is measured with one IC 23
attached thereto with double-sided adhesive tape.

Within the experiments, the sensitivity of the current protection mounted in operating
cell 1 to external short circuits, i.e., to faults in the electrical installation connected to
neighboring cell 2, was also studied. For this purpose, the values of induction inside cell
1 during normal operation (three-phase) of the electrical installation connected to it are
compared with its values during three-, two-, and single-phase short circuits in the electrical
installation connected to cell 2.

4. Results

Figure 1b shows the scheme of the connection of power cables 13 to first current-
carrying busbars 16 of cell 2 with simulation for cell 1 of an external (three-, two-, and
single-phase) short circuit from the electrical installation connected to cell 2. The magnetic
induction is measured with the same ICs 23 at the same points under the same values of
the current and at the same distances from the plane of second busbars 18 inside cell 1 (see
the previous section). Based on the measured values of electromotive force, the magnetic
field induction is calculated by the formula

B - Eexp
P DSt

1)

where Eeyp is the electromotive force from IC 23 terminals during the experiments; w and S
are the number of turns and cross-sectional area of the IC; and f is the industrial frequency.
For example, for the current I = 100 A passing through busbars 11 at point 0 cm,

5. _ E _ 24x1073
ePO™ D7FSw 2 x 3.14 x 50 x 767 x 106 x 8000

=12x10°°T

The points for mounting reed switch protections inside cell 1 are determined from the
maxima of the calculated induction; that is, reed switches are mounted instead of ICs 23.
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The dependence of magnetic induction on the current and the points of fixing ICs 23 on
plate 26 relative to second current-carrying busbars 18 is shown in Figure 2 for the cases of
three-, two-, and single-phase short circuits when plate 26 is at the first position and the
distance from busbars 18 h = 12 cm.

A possibility of a two-phase short circuit occurring in the electrical installation con-
nected to cell 2 during the nominal operation of the electrical installation connected to cell
1 is considered through the accounting coefficient Kae.. This coefficient simultaneously
takes into account the resultant induction inside cell 1 during the normal operation of its
electrical installation and the resultant induction during a short circuit in the electrical
installation of cell 2. The resultant induction also takes into account the so-called phase
effect, i.e., the inductions caused by the distortion of the magnetic field from different metal
structures, including inside the bodies of cells 1 and 2, when current is flowing through
one and neighboring busbars.

The accounting coefficient is defined as

—6
Brominal working cell X 10
Kace =

(2)

Bshort—circuit of a neighboring cell X 10-¢

Figure 3 shows the magnetic induction versus the current and the points of mounting
ICs 23 on plate 26 inside cell 1 and at a distance h = 12 cm from second current-carrying
busbars 18 when the current flows through three (ABC), two (AC), and one (A) current-
carrying busbars of cell 2.

Tables 2 and 3 show the values of the coefficient K, at the nominal operation (three-
phase) mode of the electrical installation of cell 1 and two-phase short circuit between
phases A and C, as well as the single-phase short circuit in phase A in the electrical
installation of cell 2.

Table 2. Accounting coefficient K, under rated three-phase operation mode of the electrical instal-
lation of cell 1 and two-phase short circuit between phases A and C in the electrical installation of
cell 2.

L, cm
LA
0 22 45 68

100 12/5 51/0.57 47/0.5 48/0.5
200 26/9 99/1 9%/1 95/1
300 39/12 151/1.4 145/1.6 142/1.6
400 52/16 187/1.7 195/2.2 177/2.2
500 67/19 237/1.9 243/2.8 221/2.8
600 77/22.5 288/2.05 293/3.4 268/3.42

Table 3. Accounting coefficient Kycc under rated three-phase operation of the electrical installation of
cell 1 and a single-phase short circuit in phase A in the electrical installation of cell 2.

L, cm
LA
0 22 45 68

100 12/10 51/3.5 47/3 48/3
200 26/22 99/8 9/7 95/6.3
300 39/35 151/12 145/11 142/9
400 52/50 187/17 195/15 177/12
500 67/60 237/22 243/19 221/16

600 77/76 288/27 293/22.3 268/19
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Figure 2. Dependence of magnetic induction on the current flowing through (a) three (ABC); (b) two
(AC); and (c) one (A) busbars of the working cell.
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Figure 3. Dependence of the magnetic induction value on the current flowing through (a) three
(ABCQ); (b) two (AC); and (c) one (A) busbars of cell 2.

5. Overcurrent Protection with Remote Selection of Setpoint

For the remote selection of the setpoint (operating current) of the suggested resource-
saving reed switch overcurrent protection for electrical installations connected to a switchgear
cell, the protection device is mounted inside the cell (Figure 4).
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(c)

Figure 4. Resource-saving overcurrent protection device: (a) device components; (b) protection
device mounted inside switchgear cell; (¢) its control unit.

The setpoint is selected by the program of microcontroller 1, which controls the
distance between current-carrying busbar 2 of each phase and plate 3 on which reed
switches 4 are mounted (Figure 4a,b). One of three reed switches 4 is used for one current
protection; the other two reed switches are used, for example, for current cut-offs and
voltage-monitored overcurrent protection. In the bus compartment of the cell, e.g., K-63
series, three blocks of reed switches 4 are mounted at a safe distance of 12 cm [29,31],
recommended by the Rules for Electrical Installations, from current-carrying busbars 2.
Starting (time relay) 5 and executive (intermediate relay) 6 bodies are connected to these
blocks (Figure 4c).

Transverse movement of plate 3 with reed switches 4 up to current-carrying busbar 2
is performed by switching on first microelectric motor 7. This motor is fixed to first bar 8.
It moves plate 3 along first drive shaft 10 clockwise or counterclockwise in the direction
“towards or from” current-carrying busbar 2 with the help of first holder 9 (Figure 4a,b).
First lugs 11 are located on both sides of first holder 9, through which first traveling axles
12 pass during movement. Plate 3 moves towards busbar 2 up to hollow cylinder 13 and
from busbar 2 to first coupling 14.

Plate 3 with mounted reed switch 4 and second lugs 16 is fixed on second holder 15;
second traveling axles 17 pass through lugs 16 when plate 3 moves. Second bar 18 with
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second microelectric motor 19 and second drive shaft 20 mounted on it is fixed on first
holder 9; limit stop 21 is mounted at the end of the drive shaft (Figure 4a).

In-plane movement of plate 3 with reed switches 4 along current-carrying busbar 2 is
performed by switching on microelectric motor 19 clockwise or counterclockwise. Plate 3
with reed switches 4 moves “up and down” along second drive shaft 20. Second lugs 16
are located on both sides of plate 3, through which second travel axles 17 pass during the
movement (Figure 4a,b). Plate 3 moves up to limit stop 21 in the upper part and to second
coupling 22 in the lower part. The overcurrent protection device is supplied from circuit
breaker 23 (Figure 4c).

Before placing the overcurrent protection device in a cell, it is necessary to calculate
the distance and angle at which reed switches 4 should be located with respect to magnetic
field lines produced by the current in current-carrying busbars 2 before reed switches 4.
The overcurrent protection operating current in busbars 2 should also be calculated. After
that, reed switches 4 with the specified magnetomotive force are selected according to the
factory tabulated data (Figure 4a,b). In the rated load mode of the electrical installation
connected to the cell, the current flowing through current-carrying busbars 2 does not
exceed the maximal operating current. Reed switches 4 are affected by a magnetic field
with the induction insufficient to trigger them. As a result, the overcurrent protection fails
to operate.

When a short circuit occurs at the terminals of the protected installation, the current
in current-carrying busbars 2 of the cell becomes greater than the operating current of
the protection. This increases the magnetomotive force acting on one of reed switches 4,
which closes its contacts and sends a signal to the input of time relay 5, which, after a time
delay, sends a signal to the input of actuator 6. Actuator 6 is triggered and sends a tripping
signal to the circuit breaker of the electrical installation (Figure 4c). The protected electrical
installation is disconnected from the general electrical network. The suggested overcurrent
protection does not use measuring current transformers with metal cores 24.

An example of selecting the setpoint for the suggested overcurrent protection is
described in Appendix A.

6. Discussion

The experiments with electrical current flowing through three current-carrying busbars
(under rated operation mode of the electrical installation connected to cell 1) have shown
that for the first position of plate 26 inside cell 1 and three rows of inductance coils, the
electromotive force takes maximal values at certain points, 22, 47, and 68 cm for the distance
h =12 cm; 22, 47, and 74 c¢m for the distance h = 18 cm; and 16, 47, and 74 ¢m for h = 24 ¢m,
as well as 22, 45, and 74 cm for h = 18 cm and 22, 50, and 86 cm for h = 24 cm, respectively,
from three second busbars 18 of cell 1. For the second and third positions of plate 26 and
three rows of inductance coils, the electromotive force is maximal at the following points: 0,
23,45, and 68 cm for the first row; 0, 24, 45, and 70 cm for the second row; and 0, 24, 47, and
64 cm for the third row. The electromotive force values are numerically lower when plate
26 is in the first position than when it is in the second and especially the third position,
because the inductance coils are maximally close to the internal metal structures of cell 1,
which produce additional magnetic fields (interference), in the second and third positions.
The electromotive force values are minimal at the points 34 and 57 cm for all three rows
of ICs of cell 1. This corresponds to almost %2 of the distance between the centers of the
current-carrying busbars of the phases, 33.5 cm between A and B and 56.5 cm between B
and C, if the distance is calculated from the left to the right side of cell 1.

When the current flows through two second busbars 18, the electromotive force values
are the highest at the following points: in the case of two-phase short circuits between
phases A and B, at 45 and 68 cm; between phases A and C, at 24 and 68 cm; and between
phases B and C, at 22 and 47 cm.
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When current flows through one second current-carrying busbar 18, the highest values
of electromotive force were at the following points: in the case of a single-phase short
circuit in phase A, at about 68 cm; in phase B, at 47 cm; and in phase C, at 22 cm.

7. Conclusions

Recommendations for creating a protection device for electrical installations connected
to a switchgear cell will be as follows. The points for mounting a reed switch protection
inside cell 1 are selected based on the induction maxima. According to the results of our
study, measuring elements of the protection is advisable to mount at the first position of
plate 26, in front of the center of the axes of second current-carrying busbars 18 at the
distance h = 12 cm from them. Taking into account the difficulty of protection detuning, it is
not desirable to mount measuring elements of the protection (inductance coils) when plate
26 is in the second and third positions, because of the strong effect of the above-mentioned
internal metal structures of cell 1, which produce additional interference. Experiments with
switchgear cells showed a possibility of creating an overcurrent protection based on reed
switches, which can be an alternative to traditional current protections made with the use
of measuring current transformers.

Benefits of the research: Experiment studies and development on their basis overcur-
rent protection of various electrical installations connected to switchgear cells provide a
possibility of saving significant amounts of copper, steel, and high-voltage insulation due
to avoiding the use of traditional measuring current transformers with metal cores. There
is also a possibility of reducing the size and weight of a switchgear cell (by approximately
30%), since it will have no compartment for measuring current transformers.

Research perspectives and field experiments: Experimental research of current protec-
tions based on inductance coils, including those for other voltage classes, will be continued
in the following directions: development of resource-saving current protections for vari-
ous electrical installations connected to a cell and for free-standing electrical installations;
the research and creation of the differential protection of switchgear cells and connec-
tions connected to it; gas protections of power transformers without using traditional
measuring transformers.

Main consumers of the research results: The results can be used by large and small
industrial enterprises of various forms of ownership, the scientific community, electric
power stations, and substations of plants.
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Appendix A. Selection of Overcurrent Protection Setpoint

The selection of overcurrent protection setpoints is initially considered according to
the selection of setpoints for conventional current protection. But in conventional current
protection, it receives information in the form of current from current measuring trans-
formers. The conventional current protection is connected to these current transformers.
The presented resource-saving protection made on reed switches is not connected to the
measuring current transformers and, accordingly, does not receive power from them. The
principle of the presented protection is based on the phenomenon of magnetic induction,
which occurs around the conductor with current. In this case, the current conductor is the
current-carrying busbars of the switchgear panel. For example, at the rated current of the
electrical installation connected to the panel, there will be one value of magnetic induction
around the current-carrying busbar. In the event of a short circuit in the electrical instal-
lation connected to the cell and, consequently, in the current-carrying busbars of the cell,
the current value increases sharply. The magnetic induction also increases. This increased
magnetic induction triggers the reed switch. Then, the circuit breaker of the cell is tripped,
disconnecting the damaged electrical installation from the general electrical network. The
selection of settings of the presented protection is carried out taking into account that the
Biot-Savart-Laplace law is applicable for an infinitely long and thin conductor, which does
not take into account the influence of interference and errors caused by the inaccuracy
of reed switch installation at a given point, alternating current flow, field distortion, and
the shape of the busbar. The selection of the tripping setpoint is made by entering the
coefficients into the formula of the Biot-Savart-Laplace law, allowing this selection to be
made when there is magnetic induction.

As is known, the operating current of a traditional overcurrent protection should be
greater than the maximal operating current Iiax of the electrical installation connected
to a switchgear cell. Taking into account the coefficients of detuning Kgetuning, Which
considers the errors of instruments and protection devices and calculation uncertainties,
and self-starting Kgeifstart and return Kreturn coefficients [1],

> Kdetuning X Kselfstart X Imax

Iprotection operation —

Kreturn ’ (Al)

However, since the action of the reed switches depends on the magnetic field strength
of a conductor with current, we recalculate the operating current into the corresponding
operating induction at the reed switch installation point according to the Biot-Savart
law [33]. To ensure sensitivity, a reed switch is suggested to be mounted in the cross-
sectional plane of second busbar 18 of cell 1 perpendicular to a straight line passing through
the center of gravity of the reed switch and the axis of this busbar.

Taking into consideration that the Biot-Savart law is applicable to an infinitely long
and thin conductor and ignoring the effect of interference and errors caused by inaccuracy
of reed switch mounting at a given point, alternating current, field distortion, and the
shape of second current-carrying busbar 18, the setpoint is selected through recalculating
the operating current of the protection Iprotection operation in the induction by the law of
Biot-Savart under the following condition (Figure Al):

I ) )
protection operation _
Bworking cell protection operation = Ho 27th COsQ =
(A2)
Kdetuning X Kselfstart X Imax
Ho 5th cos@

atg, = 8¢,
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Here, h is the distance from the axis of second current-carrying busbar 18 to the center
of gravity of the reed switch; ¢ is the angle between the direction of current I and distance
h; po = 471077 Gn/m is the magnetic constant; and g is the coefficient characterizing the
geometric location of the reed switch relative to second current-carrying busbar 18.

work cell neighboring cell
A d Bl d C1 D A2
o
left A I\
wall L', : e
of NN
the N
work |
cell i %
| right
X wall
of
the
work
cell

Figure A1. Position of reed switch inside working cell 1.

When designing an overcurrent protection of electrical installations connected to work-
ing cell 1 in the absence of neighboring cell 2, the induction Byorking cubicle protection operation
affecting the reed switches, located under proper phases at distances 141, g1, and Ic, is pro-
duced by the currents from the three phases, and the total magnetic field
By = 42 (gala + ggls + gclc) (Figure A2). In order for a reed switch to respond to the
current in only one phase, for example, phase A, the influence of phases B and C is excluded
by equating (gglg + gclc) to 0. Considering that Iy = —I¢ in the case of a short circuit
between phases B and C, we obtain gz = g-. This eliminates the influence of phase currents
B and C under loads and during three-phase short circuits in the reed switch. Keeping in
mind that Ig 4+ Ic = —I in these modes, we obtain B = é%(gAIA —gpla) = %IA(gA —gp)-
The procedure for phases B and C is similar.

Due to the fact that the currents in the phases of the electrical installation of cell 1 are
equal in magnitude, we assume them to be equal to the maximal operating current Inax.
The induction of the neighboring cell Breighboring cubicle OCCUIS if there is neighboring cell
2 next to working cell 1 and if three-phase or two-phase short circuits occur in electrical
installations connected to cell 2.

The presence of current on the body of cell 1 (not in current-carrying busbars 18),
where a reed switch is mounted, is not taken into account due to its absence in normal
operation. This is due to the fact that this current occurs in two cases: (a) in single-phase
short circuits to earth; (b) in double short circuits, when, for example, one of the faults
occurred in cell 1. In the first case, the short-circuit currents are small in magnitude and
the induction of the magnetic field produced by them can be neglected. In the second case,
if the currents in cell 1 increase the induction acting on the reed switch, this increases the
sensitivity of the current protection; if they decrease the induction, this should be taken
into account when determining the sensitivity.
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The magnetic induction also depends on the accuracy of reed switch mounting at
a given point, which should be no worse than 3%. The effect of this error on the induc-
tion Byvorking cell protection operation from the current-carrying phase opposite to which the reed
switch is mounted can be neglected, which provides a margin of Byorking cell protection operation-
The effect of the error on the induction from the induction Bpeighboring cell during a two-
phase short circuit in the electrical installation of neighboring cell 2 can be neglected
through the accounting factor Kacc.

The setpoint of the reed switch overcurrent protection mounted inside working cell 1
in the presence of neighboring cell 2 is selected by the formula

Bworking cell protection operation = Kdetuning X (Kselfstart X Imax X G +gnejghborjng cell X ISC max)/ (AB)

where G is the coefficient that takes into account the effect of the magnetic field produced
under symmetrical operation modes of the electrical installation connected to working
cell 1.

The coefficient characterizing the geometric position of the reed switch inside working
cell 1 relative to the current-carrying busbar of the nearest phase A of neighboring cell 2 is
defined as (see Figure A1)

cos®

gneighboring cell = ol ! (A4)

where [ is the distance from the reed switch to the nearest phase of neighboring cell 2.
The sensitivity coefficient Kgsens for the electrical installations connected to working
cell 1 in the presence of neighboring cell 2 is defined as

Ksens -

Bshortfcircui’t current __ Ishortfcircuit current(gA B gB) ( A5)
- 7
Bprotection operation Kdetuning (Kselfstart X Imax X G + Binterference < Isc max)

where Ag = ga — gp is the coefficient dependent on the reed switch installation coordinates
and the short-circuit type in the protected electrical installation.

The short-circuit current Isc max in the maximal regime of the connected electrical
installation of cell 1 is determined by the formula

ISCmax = Kreserve factorl X Imax = Kreserve factorl X ISC min- (A6)

ISC max — Kreserve factorl X Kreserve factor2 X ImaX = Kreserve factor X ISC min/s (A7)

where Kieserve factort = 1.1 in Equation (A6) if working cell 1 is alone, without neighboring
cell 2; Kiegerve factorl = 1.1 and Kiegerve factorz = 2 in Equation (A7) if there is neighboring
cell 2 next to working cell 1; Kgejfstart = 3-5; and Kgetuning = 1.3

After transformations, the sensitivity factor for the electrical installation connected to
working cell 1 is as follows:

(8 — 88) (A8)

Kdetuning X (Klzdfsmrt X Kacc + Kr

Ksens =

eserve factorl
reserve factor2

For a voltage-monitored overcurrent protection, the influence of induction (distur-
bances) from currents in the electrical installation connected to neighboring cell 2 can be
ignored and the induction Byyorking cell protection operation 1S calculated by Equation (A2).

Appendix A.1. Verification of the Reed Switch Overcurrent Protection

The sensitivity coefficient of traditional overcurrent protection is defined as follows [1]:

I .
Keens= SC min ( A9)

Iprotection operation
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As one knows, a reed switch is actuated by the magnetic field induction; therefore, it
can be defined as

Ksens= ];S’SCA (A10)
actuation
where Bsc min is the induction of the magnetic field, produced by the minimum short-circuit
current flowing in second current-carrying busbars 18, at the point where the reed switch
is mounted.

In Equation (A10), Bprotection operation 1 substituted for Bactuation, because the actuation oc-
curs at Bactuation, not at theoretically selected Bprotection operation- Calculating Bprotection operation
and using the experimentally derived coefficients, we select a reed switch with actuation
induction by the formula

Ho x F actuation __ B

Bactuation= protection operation- (A11)

lcoils

However, this equality is not always true. If Bactuation > Bprotection operation, then it is
necessary to check whether the overcurrent protection sensitivity meets the requirements.
If the protection sensitivity is as required, i.e., Ksens > 1.5 at the end of the protected section
and >1.2 at the end of the adjacent section, then we accept Bactuation = Bprotection operation-

If the overcurrent protection does not meet the sensitivity requirements, the reed
switch is mounted closer to the busbar. Due to the change in the reed switch position and,
hence, in the h (it is decreased), Bprotection operation 18 recalculated according to Equation (A4)
with the new h values. Then, the new values of inductions Bpotection operation ad Bactuation
are compared and the sensitivity coefficient of the protection Kgens is calculated. If the
condition Bactuation = Bprotection operation 18 fulfilled, we take the sensitivity coefficient Ksens
with Kreserve factor1 = 1.1 and Kieserve factor2 = 2-

If the overcurrent protection meets the sensitivity requirements, then the current
protection is mounted; otherwise, the reed switch is moved closer to busbar 18 and the
above procedure is repeated. If, however, Bactuation < Bprotection operation, then it is necessary
to move the reed switch farther from current-carrying busbar 18. In this case, the distance
h is increased and the induction Bpyotection operation 1S recalculated by Equation (A2). Then,
Bactuation and Bprotection operation are compared. If Bactuation > Bprotection operation/ then the
protection sensitivity is checked. If the sensitivity meets the requirement, the overcurrent
protection is mounted; otherwise, the reed switch is moved farther from second current-
carrying busbar 18. If there is neighboring cell 2 next to protected working cell 1, then the
induction (interference) from the current in the former should be taken into account for
a protection without voltage blocking. The induction value is calculated according to the

above method.

Appendix A.2. Calculation of the Overcurrent Protection
Appendix A.2.1. Working Cell 1 Is Free-Standing, without Neighboring Cell 2

Let us calculate the operating induction for the voltage-monitored protection of the
working cell Byorking cell protection operation for a TM-2500/10 power transformer with Y/Y-0
winding connection and with a low voltage of 0.4 kV [34]. When selecting the protection
operation current, we assume that the self-starting coefficient of electric motors Kgjfstart = 5
and the detaining coefficient Kgetuning = 1.3:

Shom
Ipax = ———nom A12
max \/g % Unom ( )
Snom 2.5

T V3 X Upom 173 %x 10

A reed switch is fixed at the distance h = 12 cm from the center of the axis of second
busbar 18 at point 68 cm. The operating induction is calculated as
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Kdetuning X Kselfstart X Imax 1.3 x5 x 145
Bworking cell protection operation — H0 2th = Ho DX x012

> =1.2mT.

The interference is ignored for voltage-monitored protections.

Let us mount a KEM-1 reed switch (Ryazan Plant of Metal Ceramic Products) with the
operating magnetomotive force Fycyation = 40 A X windings [35]. From the reference data
for this reed switch, we take the coil length 1 ;s = 0.043 m. Then,

Ho * 1::actuation _ MHo* 40

- —12mT.
Teoils 0.043 o

Bactuation =

According to the calculations, Bactuation = Bworking cell protecti onoperations that is, the
selected reed switch meets the protection requirements.

Let us check the sensitivity of the overcurrent protection and calculate its sensitivity
coefficient Kgens.

For a TM-2500/10-type power transformer and a cable line with the length / =1 km,
the maximal operating current I .« = 145 A between working cell 1 and this transformer.
According to reference data [33], we take a cable ASB 3 x 70 with Inom = 185 A, the power
transformer resistance Xtr = 2.6 Om, and the total resistance Xy, = 2.6 kOm. In this case,
IsC min =2 kA [36].

Regarding the induction Bsc min of the magnetic field produced by this current flowing
in current-carrying busbar 18 of working cell 1, the reed switch is mounted near

S Mg X2kA
Bscmin = 57—~ 012 ~ 33mT

Substituting B,ctuation and Bsc min in Equation (A11) and taking Kieserve factor1 = 1.1,

Bsc min 3.3
Ksens = ———5——= —5 = 2.5.
s 1.1 X Bactuation 1.32

Since Ksens = 2.5 > 1.5, that is, the sensitivity requirement is satisfied, the reed
switch overcurrent protection can be mounted at this point as an alternative to traditional
current protections.

Appendix A.2.2. Working Cell 1 with Neighboring Cell 2: Two-Phase Short Circuit
between Phases A and C in the Electrical Installation Connected to Cell 2

This type of short circuit is considered because K, is minimal in this case as compared
to the other two two-phase short circuits.

Let us calculate Ksens for the overcurrent protection of working cell 1. A KEM-1 reed
switch is fixed on the body of working cell 1, on its right inner side at a distance of 12 cm
(Figure A2) from the plane of current-carrying busbars 18, at point 0 cm to protect the
same-type TM-2500/10 power transformer [33]. We take Kgetuning = 1.3 in the case under
study; Kreserve factor1 = 1.1; Kreserve factor2 = 2; Kselfstart = 5; and Kace =77/22.5 = 3.4. The
distance between the nearest current-carrying busbars of working cell 1 and neighboring
2 cells is D = 35 cm; the distance between phases A and B of working cell 1is d; =23 cm;
the distance between phases B and C of working cell 1 is dj = 23 cm; the distance between
phase C and the body of working cell 1 is d3 = 22 cm; and the distance from the right wall
of working cell 1 to the nearest current-carrying busbar of neighboring cell 2 is d4 = 13 cm.
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Figure A2. The position of the reed switch on the case of working cell 1 in the case of a two-phase
short circuit between phases A and C in the electrical installation connected to neighboring cell 2.

cosx X h+ (dj +dp +d3) x sina cosa x 0.12 4 0.68 X sina

h? + (di +do + d3)2 0.48 =0.25 cosx + 1.4 sin «;

EA=

h+(d,+d i . . i
cosae x h+(d, + 3)><s1noc: cosoc><012—|—045><smoc:0.55 cos ot 2 sin

& h2 + (dp + d3)? 0.22
~cosax X h+d3 x sinc cosax x 0.12 +0.22 X sinox 1.9 cos o 3.5 sina:
= h? + d2 - 0.063 =1 : ;
coso
Bneighboring cell = 57 = 0.94 cos «;
K = (gA — gc) ~ —1.65xcosa — 2.1 x sinx (—1.65 x cosx — 2.1 x sinoc)
sens — K Kacc — . _ .
Kdetuning X (M + Kreserve factorl) 1.3 x 0.94C030((¥ + 1.1) 7.6cosx

reserve factor2

Let us differentiate this expression:

(1.65sinax — 2.1cose) x 7.6cosoc—(—1.65cosax — 2.1sinec) X (—7.6sinet) =
12.5sina x cosx—16cosa?—12.5sinx x cosx+16sina® = 0,

—16cosa? = 16sino¢2,

—’tgcx2 =1, a= —45°,
Sinoe= —0.707; cosx = 0.707.

Hence,

—1.65 x 0.707 — 2.1 x 0.707

7.6 x 0.707 05

Kserls =
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Since Ksens = 0.5 < 1.5 (1.2), the reed switch overcurrent protection cannot be mounted at
this point as an alternative to traditional current protections against two-phase short circuits.

Appendix A.2.3. Working Cell 1 with Neighboring Cell 2: Single-Phase Short Circuit in
Phase A in the Electrical Installation Connected to Cell 2

This type of short circuit is considered because it is possible to have two earth faults
at two points at two different couplings, and Ksens is minimal as compared to the other
two single-phase short circuits. A KEM-1 reed switch type is mounted in the same place
as in the case of a two-phase short circuit between phases A and C (see Figure A2). For
the single-phase short-circuit current I = 600 A, we take Kgetuning = 1-3; Kreserve factor1 = 1.1;
Kreserve factor2 = 2; Kelfstart = 5 and Kaee =77/76 ~ 1; D = 35 cm; d; = 23 cm; dp = 23 cm;
d3 =22 cm; and dq = 13 cm.

Let us calculate Kgeps:

_cosax X h+ (dy +dp +d3) x sinoc  cosax x 0.12 + 0.68 x sinoc
h? + (dy +da + d3)2 0.48

gA =0.25 cosx + 1.4 sin oy

cosax X h+ (d, +d3) x sine  cosx x 0.12 + 0.45 x sinec

= = 0.55 cos x+ 2 sin «;
& B2+ (dy + dy)? 0.22
cosax X h+ds xsine  cosax x 0.12 + 0.22 X sinx .
gc = > = =1.9 cosx+3.5 sing;
h* +d3 0.063
coso
gneighboring cell = 271l =094 cos oy
Koo — (8a —8c) ~ —1.65 x cosot — 2.1 x sinat (1.65 x cosax — 2.1 x sinoc)
sens = Kselfstar Kace o 1 ’
Kaetuning * (582K 4 Ko facton ) 1.3 x 0.94cosar( 251 4 1.1) 3cosa
Let us differentiate this expression:
(1.65sinox — 2.1cosxx) x 3cosa—(—1.65cosx — 2.1sinx) X (—3sina) = 5sinx X coso —
6.3cosa®—5sina X cosa+6.3sina? = 0,
—6.3cosa? = 6.3sinoc2,
—’cgoc2 =1, x= —45°
Sinx = —0.707; cosax = 0.707.
Then,
—1.65 x 0.707 — 2.1 x 0.707
Ksens = =125
e 3 x 0.707
Since Ksens = 1.25 > 1.2, then the reed switch overcurrent protection can be mounted
at this point as an alternative to traditional current protections against single-phase short
circuits in the electrical installation connected to neighboring cell 2.
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