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Abstract Protections are suggested on the basis of a current relay with two capacitors and a reed

switch, which is mounted at a safe distance from a busbar inside the busduct enclosure. The relay

does not need in current transformers thus saving copper, steel, and insulating materials. It differs

from reed switch based analogs in the noise immunity due to signaling after two actuations of the

reed switch; non-operation in the case of sealing (due to the control of duration of breaker contact);

the presence of a reed switch fastening structure, and built-in test diagnostics by mean of current

supply into the reed switch winding. A technique for selecting protection parameters and assessing

their sensitivity is presented. The inductions of magnetic fields which affect the reed switch are cal-

culated with the use of the simplest formulas for the shielding coefficient and of the Bio–Savart–

Laplace law, where experimentally derived correcting coefficients are introduced. Examples of

the calculation of the induction of protection operation and of reed switch selection are presented

along with an oscillogram which confirms the cutoff operability and speed.
� 2021 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria

University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Instantaneous cutoff and overcurrent protection are the most

common short circuit (SC) protections of 3–110 kV electrical
installations (EI). Like other protections, including up-to-
date [1,2], they receive information from current transformers
(CT) [3,4]. Disadvantages of CTs (they are metal-consuming,

heavy, large, etc.) put forward the problem of construction
of relay protections without CTs. This problem is topical dur-
ing the past 20 years [5–7].

Protections without CTs are known. They are based on
measuring magnetic fluxes with: inductance coils [8–10], Hall
sensors [11–13], magnetically operated contacts (reed switches)
[14–21], magnetic transistors [22], magnetoresistors [23,24],

and Rogowski coils [7,25–27]. Each of these sensors has advan-
tages (in addition to small size and weight and low cost) and
disadvantages. For example, inductance coils are highly sensi-

tive, and the voltage at its terminals does not exceed the safe
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Nomenclature

Designations
Bact actuation induction [T]

Br reed switch relay time [T]
Bpa protection actuation induction [T]
Bi induction of field produced by current in busbar i

[T]
Bsc.min induction of field produced by minimal SC current

[T]

koff offset coefficient
kself self-starting coefficient
k1 coefficient considering the effect of busbar enclo-

sure, shape, and length and alternating current

k2 coefficient similar to k1 but ignoring the enclosure
k3 coefficient of field decay outside the enclosure due

to the busbar current inside the busbar

ksh1 shielding coefficient
ksens protection sensitivity factor
kr reset factor

krel coefficient of overcurrent protection matching reli-
ability

ka adjusting factor
ke eddy-current factor

r inner diameter of the busduct enclosure [mm]
d thickness of enclosure wall [mm]
Iact busbar current producing Bpa [A]

Iop.max maximal operation current in the phase of the elec-
trical installation [A]

I4 current in busbar 4 [A]

Iload load current in the busbar of the neighboring elec-

trical installation [A]
Isc short circuit current in the busbar of the neighbor-

ing electrical installation [A]
Ipa protection actuation current [A]

Ir rated current of the electrical installation [A]
Isc.min minimal SC current [A]
Fact magnetomotive force of reed switch actuation [A]

lc winding length [m]
h1 space between busbar 1 and the center of gravity

of the reed switch [m]

h4 space between busbar 4 and the center of gravity
of the reed switch [m]

l0 magnetic constant [H/m]
tclose1 time of closed states of the reed switch contacts

[ms]
I1 current in busbar 1 [A]
Ir.t rated current of transformer [A]

topen time of open states of the reed switch contacts [ms]

Abbreviations
SC short circuit
CT current transformer

MF magnetic field
EI electrical installations

Greek letter

c angle between the longitudinal axis of the reed
switch and the induction vector
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value. However, their output signals are weak and, therefore,
amplifiers are required for its transmission; parameters of
inductance coils depend on the ambient temperature, and the
signal is transmitted not via control circuits, but via measuring

ones. Hall sensors can produce both analog and digital signals,
but they need in a stable power supply, are sensitive to temper-
ature variations, and have a residual voltage. Magnetic transis-

tor output signals are proportional to the instantaneous value
of controllable current; converters based on magnetoresistors
can provide information about the current in the form of an

analog signal or a digital code. However, their output power
is low, noise is present in the output signal, their parameters
depend on the temperature, and many magnetic transistors

are required to construct a converter. Advantages and disad-
vantages of magnetoresistors are similar. Rogowski coils have
linear operation parameters, the voltage of its output signal is
safe for maintenance personnel, and saturation is absent. But

the output signal power is low, and high-voltage insulation is
required to mount a coil, which significantly increases the size
and weight of the device. We have selected reed switches

because of their advantages important for cutoff and overcur-
rent protection: they digitize analog signals and simultaneously
fix the protection operation current.
2. Research goals

The main goal of the work is to create sensitive, rapid, and reli-
able cutoff and reed switch overcurrent protection (without
CT) for electrical installations with isolated phase busducts

of 6–35 in voltage. Such electrical installations have been cho-
sen because the most cumbersome and metal-consuming CTs
(e.g., of GAR 10 type, up to 500 kg in weight [28]) are used

in them.
To achieve this goal, it is necessary to design a noise-

immune reed switch relay with built-in test diagnostics, a struc-

ture for fixing it inside the busduct enclosure, and a technique
for selecting protection parameters and to experimentally con-
firm their operability.

3. Significance of research

The protection for electrical installations with isolated phase
busducts of 6–35 in voltage has been designed for the first time;

it does not use CT, which allows saving copper, steel, and insu-
lating materials.
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3.1. Research contribution

This work contributes into the development of a new direction
in the relay protections, that is, avoidance of using current
transformers, by means of design of a highly reliable relay, a

structure for fixing it, and a technique for calculation of cutoff
and overcurrent protection parameters for EI with isolated
busducts.

3.2. Impact of research

The protection created influences the development of the relay
protection engineering, because it proves a possibility of saving

copper, steel, and insulating materials due to refuse to use cur-
rent transformers, which contain these components in amounts
which are tens, hundreds, and thousands times higher than in

protection systems.

4. Boundary conditions and assumptions

We consider only the cutoff and overcurrent protection which
are based on reed switches only for electrical installations with
isolated phase busducts with tubular busbars of 6–35 in volt-

age. It is impossible to use the simplest formula of the Biot–
Savart–Laplace law without experimentally obtained coeffi-
cients for calculation of the induction of magnetic fields cre-
ated by alternating currents. The cutoff response time should

be less than 0.03–0.04 s to meet the speed requirement (restricts
the detuning from long-term interference). The offset coeffi-
cient koff, the self-starting coefficient of electric motors kself,

and the sensitivity factor ksens of the cutoff and overcurrent
protection suggested should be like in traditional protections,
since they are time-tested.

The following assumptions are made: the effects of the mag-
netic fields of the earth and of EI spaced more than 10 m apart
are neglected, as well as short-circuit current calculation errors

used in all device measurements; they are taken into account
by the offset coefficient.

5. Reed switch and its parameters

Reed switch is a reliable sealed glass tube 0.4–4 cm long and 1–
5 mm diameter with an inert gas, inside which ferromagnetic
plates (contacts) are fixed. Its main parameters, which should

be taken into account when designing protection systems, are
given in Table 1. Here, the ranges of the parameters are spec-
Table 1 Parameters of MKS27103 and ORD624 reed

switches.

Parameter MKS27103 ORD624

Operation EMF, A 40–90 7–30

Reset factor 0.35–0.9 0.07–0.28

Actuation time, ms 1.5 0.4

Release time, ms 2.5 0.05

AC/DC switching voltage, V 200/220 200/150

Switching current, A 1 0.5

Cutoff current, A 1 1

Switching power, W/VA 30/1.5 –/10
ified for MKS27103 (Russia) and ORD624 (USA) reed
switches as examples.

Reed switch actuates each alternating current (AC) half-

wave (closes previously broken contacts for 0.3–2 ms) when
the magnetic field induction B, which acts along the reed
switch contacts, attains the actuation induction Bact = m0Fact/

lc, where Fact is the magnetomotive force of reed switch actua-
tion measured at the manufacturing plant in a coil with the
winding of lc in length with a reed switch inside.

In our work, reed switches are mounted near busbars at a
safe distance h and respond to the magnetic field (MF) pro-
duced by the current I in these busbars. The busbar current Iact
under which the reed switch actuates can be determined from

the simplest equation of the Biot–Savart–Laplace law
Bact ¼ l0Iactcosc= 2phð Þ, where l0 is the magnetic constant; c
is the angle between the longitudinal axis of the reed switch

and the MF induction vector. This law is valid for direct cur-
rent (DC) flowing through a thin and long conductor. In our
case, the current is alternating, and the conductor is not thin.

In addition, there are screens (busduct enclosures). Therefore,
we experimentally determine the coefficients which allow these
features to be taken into account with the use the above form

of the law, but without cosc, since it is convenient to use a reed
switch with c = 0 in practice. To mount a reed switch, a spe-
cial structure is required.

6. Structure for reed switch mounting inside busduct enclosure

The reed switch position is chosen proceeding from safety, sen-
sitivity, and ease of mounting. The structure should be simple,

cheap, and made of dielectric materials. The structure sug-
gested in [29] satisfies these requirements (Fig. 1). Reed
switches 2 are fixed at bar 1 (of 0.22 � 0.07 � 0.01 m in size)

so as c= 0. Bar 1 is fastened with clamp 3 at busbar 4. Cable 5
connects the reed switch contacts with the logical part of the
protection, which is outside the busduct, and is taken out

through a hole in busduct enclosure 6. This structure (of
1.2 kg in weight) is 35–400 times lighter and 800–3000 times
smaller than a CT. For example, TSHV15B current trans-

former (Russia) is 45 kg in weight and 0.76 � 0.796 � 0.24 m
in size.
Fig. 1 Structure for mounting reed switches inside a busduct:

bar (1); reed switches (2); clamp (3); busbar (4); cable (5); busduct

enclosure (6).



Fig. 3 Oscillograms of voltages U1 and U2 across resistor 12 and

output of relay 9 (tact = 0.024 s, tclose = 7.4 ms).
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7. Transformerless reed relay for current protections [30]

In the case of a short circuit in an electrical installation, the
currents flowing through its busduct 1 (Fig. 2) create MF with

the induction higher than Bact, and reed switch 2 close plates 3
and 4 and breaks plates 4 and 5. Capacitors 6 and 7 start
charging from direct current source 8; the charging time of

capacitor 7 is longer than of capacitor 6. The capacitance of
capacitor 6 and the resistance of resistor 12 are selected so as
relay 9 closes contact 11 after the second actuation of reed
switch 1, which prevents false operation of cutoff in the case

of short-term noise. After charging capacitor 6, output relay
9 actuates and its contact 11 sends a tripping signal to the elec-
trical installation breaker (cutoff) or to the input of the time

relay (overcurrent protection). When the electrical installation
is switched off, plates 4 and 5 close, if plates 3 and 4 are not
sealing, and capacitor 7 is discharged to winding 14 of relay

13 and resistor 19. However, contact 15 does not break
because the capacitor 7 voltage is insufficient for relay 13 oper-
ation. If plates 3 and 4 are sealing, then plates 4 and 5 remain

broken. Capacitor 7 is recharged, and relay 13 operates break-
ing contact 15 and closing contact 16. Lamp 17 signals sealing,
relay 9 does not trigger the time relay, and the device does not
false operate under the action of, e.g., a recloser, when the

short circuit is self-clearing.
For fault diagnostics, reed switch 2 is equipped with a con-

trol winding (Republic of Kazakhstan patent no. 33108),

which is supplied from an external AC source by means of
closing a button (omitted in Fig. 2), and the trip circuit simul-
taneously breaks. If contact 11 is not closed in 2–3 s, then a

fault signal is sent.
The relay actuation time does not exceed 0.025 s. This is

confirmed by the oscillogram (Fig. 3), which shows that inter-

mediate relay 9 actuates (the voltage U2 abruptly changes) in
tact = 0.024 s after the first closure of contacts 3 and 4 under
the third voltage pulse U1 across resistor 12. The pulse dura-
tion determines the time during which capacitors 6 and 7 are

charged and corresponds to the duration tclose of breaker con-
tacts 3 and 4. In our case, tclose = 7.5 ms, which almost coin-
cides with the value found below in Sect. 5. Thus, in terms of

speed, the current cutoff based on the relay suggested meets
the requirements (for example, the Siemens MICOM P115
relay response time can attain 40 ms [31]). In a prototype,

we used a MKS-27103 reed switch, miniature intermediate
RT570220 relays, capacitors with a capacity of 3.3 and
Fig. 2 Principal scheme of the reed switch current protection for

one phase: busduct (1); reed switch (2) with plates (3, 4, and 5);

capacitors (6 and 7); DC source (8); relay (9) with winding (10)

and contacts (11); resistors (12, 18, and 19); relay (13) with

winding (14) and contacts (15 and 16); lamp (17).
5.7 lF, changeable resistors with rated resistances of 5, 20,
and 47 kOhm.

The relay is designed to protect EI with voltage of 6–35 kV
at a frequency of 50–60 Hz. The consumed power P � 1 W; the

rated power supply voltage range is 12–220 V (depends on the
output intermediate relay and reed switch types). The relay
reset factor kr � 1, since the reed switch takes out every AC

half-wave and does not actuate if the amplitude of induction
of the affecting MF has not attained Vact. The switching capac-
ity depends on the intermediate relay type used, for example, it

is 1500 VA for a SCHRACK Technik PT570220 relay (Aus-
tria) [32].

8. Selection of actuating parameters for the overcurrent

protection

The actuating parameter (actuating current) of a traditional

overcurrent protection [3]

Iact ¼ koff � kself � Iop:max; ð1Þ
where Iop.max is the maximal operation current in the phase of

the electrical installation protected; kself is the self-starting
coefficient; koff is the offset coefficient.

The protection suggested operates according the same prin-
ciple; therefore, it is also offset from the self-starting currents

of electric motors. However, the reed switch is actuated by a
MF at the point where it is mounted (e.g., point N in
Fig. 4), and it is affected not only by the MF produced by

the self-starting current in busbar 1, but also by the MFs pro-
duced by currents in busbars 2 and 3 of neighboring phases (A
and B) of the electrical installation protected and in busbar 4

or enclosure 5 of a neighboring electrical installation, as well
as the MFs from electrical installations spaced more than
10 m apart and from the earth, which can be ignored because

of their smallness as compared to values produced under the
load and SC. Therefore, we suggest to define the protection
actuation parameter (induction Bpa) as

Bpa P 1:05koff B1 þ B2 þ B3 þ B4ð Þ; ð2Þ
where the factor 1.05 considers the error in reed switch mount-
ing; B1, B2, and B3 are the inductions of MFs produced by the

current in busbars 1, 2, and 3 (Fig. 4) of the electrical installa-
tion protected; B4 is the induction of MF produced by currents
in busbar 4 (or enclosure 5) of the busduct of a neighboring
electrical installation under double short to earth.



Fig. 4 Point N of reed switch (inductance coil) mounting and the distance from it to the axes of the busducts of the protected (h1, h2, and

h3) and neighboring (h4) electrical installations: busbars of the busducts of EI protected (1, 2, 3, and 6); busbar and closure of the busduct

of neighboring EI. Adapted from [33].
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The inductions B1–B4 are calculated by the Biot–Savart–L

aplace law with the following coefficients: k1 = 1.4 for B1,
which is found from measurements inside enclosures of three
busducts and takes into account the effect of the enclosure,

shape, and length of busbar 1 and ac, but not DC, in it; k2
[19] for B2–B4, which are similar to k1, but do not consider
the enclosure; shielding coefficients ksh1, which are determined
from the ratio of the inductions of MFs produced by the same

current in a busbar outside the enclosure and at a point inside
it (with and without the enclosure), and k3 = 0.9 for B2–B4,
which takes into account that the enclosure decreases the

external MF produced by the current in the busbar inside it.
The induction of the MF produced by the current in enclo-

sure 5 is calculated in the same way as B4, but with the corre-

sponding k2 and without k3. Thus, under currents I1 and I4 in
busbars 1 and 4:

aÞB1 ¼ l0 � I1
2p � h1 � k1 ; bÞB4 ¼ l0 � I4 � k2 � k3 � ksh1

2p � h4 ; ð3Þ

where h1 and h2 are the distances from the busbar axes to the
point N, where the reed switch is mounted.

Fig. 5 shows a laboratory setup for determining shielding

coefficient ksh1. It consists of laboratory transformer 1 with
the primary winding energized via circuit breaker 2 and with
the secondary winding connected to the primary winding of

load transformer 3, output of which are connected by cables
4 to busbar 5. Enclosure 5 of busduct with insulators 7, for
which ksh1 is determined, is mounted parallel to busbar 5.
Inductance coil 8 is fixed as a point inside enclosure 6 and con-

nected to multimeter 9 by cables 10. A current is supplied to
busbar 5, its value is controlled by clamp-on ammeter 11,
and the EMF induced in coil 8 is measured. Then, the EMF

is measured at outputs of coil 8, fixed at a point specified,
but without enclosure 6. The coefficient ksh1 is equal to the
ratio of these EMFs. As shown by experiments on the Russian

TENE and TZKR busducts with diameters of 0.88 and 0.7 m
and aluminum pipes with diameters of 0.08 and 0.34 m, the
coefficient ksh1 (with generally accepted ratios between the

length and diameter of a folded shield k � 4) can be calculated
by formula [34] with the adjusting factor ka = 1.3 and eddy-
current factor ke = 0.12 mm�1:

ksh1 ¼ 2 � ka= 2þ k2e � r � d
� �

; ð4Þ
where r is the inner diameter of the busduct enclosure and d is
the thickness of its wall.

According to the calculations, the sum of inductions of

MFs produced by the currents in busbars 2 and 3 (Fig. 4) does
not exceed 3% of the induction of MF produced by the current
in busbar 1 and affecting the reed switch. Therefore, we accept

B2 þ B3 ¼ 0:05B1. In view of this and taking into account Eqs.
(1), (3) and (4), k1 = 1.4, and k3 = 0.9, we can write Eq. (2) as

Bpa:1 P
1:05 � 1:05 � l0 � koff � kself � Iop:max

2p � h1 � k1 ¼

¼ 1:6 � 10�7 � Ipa
h1

ð5Þ

in the absence of neighboring electrical installation (B4 = 0);

Bpa:2 � 1:05 � koff � l0

2p
� 1:05 � Iop:max

1:4 � h1 þ Isc � k2 � k3 � ksh1
h4

� �
¼

¼ 1:6 � 10�7 � koff � Iop:max

h1
þ 1:2 � Isc � k2 � ksh1

h4

� �
ð6Þ

Bpa:3 P 1:6 � 10�7 � koff kself � Iop:max

h1
þ 1:2 � Iload � k2 � ksh1

h4

� �
ð7Þ

in the presence of a neighboring electrical installation; in this
case, the maximum of two Bpa is selected. Here, Isc and Iload
are the SC and load currents in the busbar of the neighboring

electrical installation.
Reed switch protections are coordinated in exactly the same

way as traditional overcurrent protections, but by the induc-
tions of MFs produced by the corresponding currents. Its

selectivity is ensured by a time delay. The current cutoff actu-
ation parameters are selected according to Eqs. (5), (6), or (7),
but Iop.max in Eqs. (5) and (7) is replaced by the maximal SC

current at the busbars of the neighboring substation and
kself = 1, and for overload protection, according to Eq. (5),
where Ir is changed to 1.4Ir (Ir is the rated current of the EI).

9. Reed switch selection and protection sensitivity

The protection sensitivity factor is commonly calculated by the

equation ksens Isc.min/Ipa [3]. However, by the same reasons as
those mentioned after Eq. (1), we use the equation

ksens ¼ Bsc:min=Bpa ð8Þ



Fig. 5 Laboratory setup for determining the shielding coefficient: laboratory autotransformer (1); circuit breaker (2); load transformer

(3); cable (4); busbar (5); busduct enclosure (6); insulators (7); inductance coil (8); multimeter (9); cables (10); clamp-on ammeter (11).

6066 V. Goryunov et al.
in our protection, where Bsc.min is the induction of MF pro-
duced by the minimal short-circuit current (Isc.min) in the bus-

bar at the point of reed switch mounting (calculated
accounting k1).

If Bpa is selected according to Eq. (5), then the protections

suggested have the same sensitivity as traditional and
microprocessor-based ones. The fact is that the errors of the
induction calculation by the Bio–Savard–Laplace law with

the correction coefficient do not exceed 5%. When the reed
switch is mounted at a given point, the error is 4%, as our
experiments have shown. In total, this is no higher than the
permissible error of current transformers (10%), which are

absent in the protection. If Bpa is selected according to Eqs.
(6) or (7), then the protection sensitivity may be lower, because
Bpa increases under the effect of currents in the neighboring EI.

It is impossible to exactly select a reed switch with Bact1 =-
Bpa; therefore, we check the protection sensitivity atBact1> Bpa

by Eq. (8). Minimum permissible ksens = 2. If ksens � 2 at the

beginning of the segment protected [3], then the cutoff with
Bpa = Bact1 is mounted. If ksens < 2, then the reed switch is
fixed closer to the busbar. Since h1 decreases and h4 increases
(Fig. 4), Bpa is recalculated by Eqs. (4)–(6). Now Bpa = Bpa4.

Again, we compare Bpa4 with Bact1. If Bact1 P Bpa4, then we

calculate ksens. The calculation ceases at ksens � 2. If ksens < 2,
then the reed switch is shifted toward the busbar and the pro-
cedure is repeated.

If Bact1 < Bpa, then the reed switch is moved (h1 and h4
change) away from the busbar to the point M (Fig. 4), and
Bpa is recalculated. If the resulted Bpa5 � Bact1, then we check
the sensitivity. If ksens � 2, then the reed switch is fixed at the

point M. If Bpa5 > Bact1, then the reed switch is moved closer
to the busduct enclosure, and the procedure is repeated. If the
reed switch cannot be fixed at a distance larger then safe, reed

switch are changed until a suitable reed switch is not found.
Let us note that the parameters of cutoff circuit compo-

nents depend on ksens and the reset factor kr; kr ¼ Br=Bact1,

where Br is the induction under which the normally open reed
switch contacts return to the initial state after operation. Con-
sidering ksens = 2, from (8) we have, Bact ¼ Bsc:min=2. Consid-
ering the current sinusoidal (Fig. 6), we can write:

aÞBact ¼ Bsc:min � sinu1; bÞBr ¼ Bsc:min � sinu2 ð9Þ
From Eq. (9),

u1 ¼ ð�1Þn1arcsinð1=2Þ þ pn1;

u2 ¼ ð�1Þn2arcsinðkr=2Þ þ pn2; ð10Þ
In Eq. (10) n1 is multiple of 2; n2 = n1 + 1, since actuation

and return of the reed switch occur, correspondingly, before
and after the current passes through the amplitude value.

Then, time of closed (tclose1) and open (topen) states of the

reed switch contacts are

tclose1 ¼ u2 � u1ð Þ � 0:01
180

; topen ¼ 0:01� tclose1 ð11Þ

From Eq. (11), tclose1 = 7.4 ms at kr = 0.6 and 7.8 ms at
kr = 0.3.

Thus, kr and ksens determine the time during which capaci-
tor 6 is charged and discharged every AC half-wave. Knowing
topen and tclose, it is easy to calculate the capacitance of capac-
Fig. 6 Time tclose1 b tclose2 under the action of inductions Bsc.min

and Bsc.max from SC current.
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itor 6 and the resistance of resistor 12. They should be such
(Fig. 7) as capacitor 6 is charged after the second actuation
of reed switch 2. The capacitance of capacitor 7 and the resis-

tance of resistor 18 are determined in the same way, and the
charge time of the latter should be longer than the sum of
the protection operation time and the break time. Otherwise,

relay 13 open contact 15 in the electrical installation breaker
trip circuit before the latter is triggered.

10. Example of calculation of reed switch overcurrent protection

actuation parameters

Let the protection should be mounted from the side of power

supply of an auxiliary 10.5/6.3 kV transformer of 16 MVA in
power and the rated current Ir.t = 0.88 kA, which is connected
to the generator via (Fig. 4) busducts 1–3 with the enclosure

diameter 0.54 m and the busbar diameter 0.14 m (busduct 4
is absent, B4 = 0). Let overcurrent protections with the actu-
ation currents Ipa1 = Ipa2 = 2.8 rA be mounted at both 6-kV
leads. For safety reasons, we select point N, where a reed

switch is to be fixed, at h1 = 0.19 m.
Let us find the protection actuation current with the over-

current protection matching reliability coefficient krel = 1.3

with protections at the 6-kV side [35]:

Ipa ¼ krel Ipa:1 þ Iop:max2

� � ¼ 1:3 2:8þ 0:4ð Þ ¼
¼ 4:2 kA ð12Þ
In Eq. (12) the maximal operation load current of the sec-

tion of 6-kV busbars Iop.max2 = 0.5Ir.t.
Since B4 = 0, we calculate the induction Bpa1 by Eq. (5):

Bpa1 ¼ 1:6 � 10�7 � Ipa
h1

¼ 1:6 � 10�7 � 4:2
0:19

¼ 3:5 mT ð13Þ

Let us assume that there is a reed switch with the actuation
induction Bact.1 = 3.3 mT, which is the closest to Bpa1 from
Eq. (13). Since Bpa1 > Bact1, a false protection actuation is
Fig. 7 Dependence of the resistance of the resistor 12 on the time

tclose of the closed state of the reed switch contacts with capacities

1.5; 2.2; 3.3; 4.7 mF of capacitor 6.
possible. Therefore, it is necessary to increase the distance

between the reed switch and the busbar to h01, at which Bpa2 =-

Bact1, and to check the sensitivity. From Eq. (5),

h01 ¼
1:6 � 10�7 � Ipa

Bact1

¼ 1:6 � 10�7 � 4:2 � 103
3:3 � 10�3

¼ 0:2 m ð14Þ

We calculate the minimal SC current at 6-kV busbars and
reduce to the 10-kV side Isc.min = 6.15 kA. Then, from Eq.

(3a) at from Eq. h01 (14), we find the induction of MF produced

by Isc.min, which acts the reed switch, and ksens (8):

Bsc:min ¼ l0 � Isc:min

2p � h2 � knp1 ¼
4p � 10�7 � 6:15
2p � 0:2 � 1:4 ¼ 4:4 mT;

ksens ¼ 4:4

3:3
¼ 1:3 ð15Þ

Since ksens = 1.3 > 1.2 in Eq. (15), then the reed switch is

fixed at the point M (Fig. 4) with h01 = 0.2 m.

11. Results and discussion

11.1. Major findings

The technique developed for protection of 6–35 kV electrical

installations with isolated phase busducts makes it possible
to construct reed-switch current protections without current
transformers capable of detecting a short-circuit for 0.025 s,

which meets the speed requirements (and is not worse than,
for example, Siemens systems). Their sensitivity is the same
as of protections with CT in most cases. They are more reliable
than reed-switch analogs, because they are based on a short-

term noise immune relay, which does not false operate in the
case where the reed switch contacts cannot break after closing,
have built-in test diagnostics, and are equipped with structures

for mounting reed switches.

11.2. Research outcome

The relay is made of two capacitors, miniature intermediate
relays, and a reed switch. Its power consumption is lower by
6.5 VA than that of an electromagnetic current relay; by 8.5

VA than that of a static relay, and by 7.5 W than that of
microprocessor-based relays (for example, Siemens [31]) (ac-
counting losses in the current transformer [36]). Switching
capacity and return ratio are the same as for microprocessor-

based relays. The cost of protection for one phase will be
cheaper than the cost of a current transformer; for isolated
phase busducts, it ranges from 300 to 3500 US dollars (for

example, for the busduct used in our experiments, the price
of a Russian TShL-20 current transformer is 1800 US dollars
[37])

Techniques for selecting the cutoff and overcurrent protec-
tion parameters (taking into account the errors in EI mounting
and the noise effect) and estimating their sensitivity, as well as
a system which allows mounting a reed switch near the busbar

have been developed. The correction coefficients have been
found, which make it possible to calculate the parameters with
the use of the simplest equations for shielding coefficient and

of the Biot–Savart–Laplace law. The assumptions accepted
in the work do not influence the research results, since they
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are taken into account via the offset coefficient, like in tradi-
tional relay protections.

11.3. Usefulness of research

The protections designed provide an important possibility of
saving copper, steel, and insulating materials due to avoidance

of using current transformers. The assemblage becomes easier,
since there is no need to mount a current transformer of 300–
500 kg in mass inside a busduct.

11.4. Research gaps

No in-service tests of the prototype were carried out. The tem-

perature range, where the current relay used in the protection
system correctly operates, was not determined. The compar-
ison with traditional protection systems in terms of reliability
was not performed because of lack of statistical data.

12. Limitations of the proposSed protection system

Reed switches have a limited sensitivity, which is sufficient

only for the use in electrical installations of up to 100 kV in
voltage. For example, HSI Sensing and Standex (USA) reed
switches operate at a SC current of 250 A in 10-kV EI busbars

being spaced 12 cm away from them. Under 110 kV, the safe
distance is 1 m and a reed switch operates at 2 kA; it operates
at 3.6 kA under 220 kV and at 8 kA under 500 kV. They are

insensitive at 220–500 kV.
The response time of the proposed protection system is lim-

ited to 0.02 s, since the failure of the protection against short-

term interference requires at least two reed switch actuations.

13. Future scope of research

The research can be continued in the following directions:
design of cutoff and overcurrent protection for other busducts
and connections, including complete switchgear of up to
110 kV in voltage, where main tasks are determination of

adjusting factors similar to those found in this work; creation
of systems for controlling set points and mounting reed
switches; enhancement of reliability of the relay protection sys-

tem in general due to the use of the protections developed
instead of traditional ones, but connected according to the
majorization principle, or like duplicating traditional and

microprocessor-based protections with CTs according to the
same principles. This can help to prevent accidents in the case
of cyberattacks. It is of interest to work on expansion of appli-

cability of the created cutoff and overcurrent protection in
power lines with similar busducts under voltages above
110 kV. Our experiments have shown that the sensitivity of a
reed switch can be increased by 5–7 times if it is magnetized

by direct current applied to the reed switch control winding.
14. Major beneficiary of research

The results can be used by specialists from scientific and design
organizations engaged in the development of relay protection
for electric power systems, primarily electrical installations
with isolated phase busducts, such as generators, high-
voltage lines, and electrolysis plants.

15. Conclusions

Reed switch current protections developed for electrical instal-
lations with isolated phase busducts will be hundreds of times

smaller in volume and weight than protection with traditional
current transformers, and will save tens of kilograms of cop-
per, steel, and high-voltage insulating materials per one con-

nection, since they do not need in current transformers.
These protections meet the requirements for speed and, in
most cases, sensitivity. They are more reliable than reed switch

based analogs.
The magnetic inductions which affect a reed switch inside a

busduct can be determined with the use of the Bio–Savart–L

aplace law in simple forms and the shielding coefficients with
experimentally found correction factors.
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