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Abstract. The article considers the issues of current protection circuitry of asynchronous motors operating from
the AC mains of standard frequency. It is noted that in the vast majority of cases transformer current sensors
operating in idle mode (transreactors) or in short circuit mode (current transformers) are used as current sensors in
such protections. Current transformers have a more stable linear “input-output” characteristic, less current and
angular errors, so they are most widespread. The purpose of the work is to substantiate the parameters of the
universal current transformer and methods of setting setpoint currents for the protection unit of asynchronous
motors having a wide range of rated currents. It is shown that nominal currents of protection units for different
groups of electric motors with the multiplicity of the maximum to the minimum nominal currents equal to four
will be determined only by the number of turns and the section of the primary winding installed in each specific
unit of the current transformer. Moreover, with the maximum possible nominal current for a particular design of
the protection unit, which allows direct switching into the controlled current circuit without intermediate current
transformers, the number of turns of the primary winding should be equal to one. Under these conditions, it is
technically possible to change the nominal current of the current protection device by changing the number of
turns of the primary winding of current transformers with a discrete coefficient equal to 2:1 turns, 2 turns, 4 turns,
8 turns, etc. At the same time, it is proposed to set the actuation current of the protection unit for each specific
motor by discrete change in the conductivity of the load included in the secondary winding of the current
transformer.
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Introduction

Electric drive of machines and mechanisms in the overwhelming majority of cases is carried out on
the basis of a wide range of three-phase asynchronous electric motor (EM) capacities with a squirrel-
cage rotor voltage of 220/380 volts [1]. When designing induction motors, it is necessary to ensure that
their characteristics meet the requirements of the technical specifications and current standards [2]. A
typical example of such electric drives is the electric drive of submersible electric pumps of various
capacities in the of industrial and domestic consumers’ water supply systems [3-5]. In [6; 7] it is shown
that the flow of a transient process during a short circuit, or switching on the EM in the network,
disconnecting it from the network, changes in the supply voltage, etc., what corresponds to a set of
steady-state modes when the stator is supplied with a nominal AC voltage and nominal frequency but at
different rotor slip. They are completed with power stations equipped with overcurrent protection units
[8; 9; 10; 11], the size of which must correspond to the protected electric motors’ operating current [12].
Basically, transformer current sensors are used as current sensors in such protections, since, in addition
to the measuring function, they perform the function of galvanic isolation of power circuits and control
circuits [13]. Such protection standard size is mainly determined only by the parameters of the
transformer current sensor primary winding, while the parameters of their threshold and logical parts
for all standard sizes are practically the same. The range of current settings for each standard size range
is set in this case by the number of turns of the of the current sensor’s primary winding.

The purpose of this work is to substantiate the standard-size range of current protections of this
type.

Materials and methods

The series of nominal indicators (characteristics) of electrical apparatus, devices and their elements
are usually represented by a numerical sequence of the form of geometric progress, which any of
members

ai= aoqi,
where i —any positive or negative integer;

ap— geometric progression initial term;
g — progression coefficient.
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It is convenient to take 1 as the initial term of the series and take the value of the coefficient q equal
to I(\/1_0 . Then for k = 3 we have the series R3, for k = 5 — the series R5, etc. (Table 1, 2).

Table 1
Scale of rated currents for R5 series
im | 0 1 2 3 4
m amj
2 ax = a1 = ax-= d2= dx =
100 125.89 158.49 200 251.2
1 ai= ail= a1z = aiz= i =
aa 10 12.589 15.849 20.0 25.12
0 m aoo = ao1 = ao2 = ags = aos =
1 1.2589 1.5849 2.00 2.512
1 ai1= ai1= a12= a-13= a-14=
0.1 0.126 0.1585 0.200 0.2512
Table 2
Scale of rated currents for R10 series
jim j 0 1 2 3 4
m amj
2 ax = a1 = axn-= 2= ax = aos = a6 = a7 = aog = aog =
100 | 125.9 | 158.49 | 200 251.2 | 316.2 398.1 501.2 631.0 | 794.3
1 ai= ail= a= a1z = A= ais= a6 = ai7= aig= aig=
a8 10 12.59 | 15.849 | 20.0 25.12 | 31.62 39.81 50.12 63.10 | 79.43
0 ™| ago- aol = ao2 = aos = aos = aos = aoe = aog7 = ags = aog =
1 1.259 | 1.5849 | 2.00 2512 | 3.162 3.981 5.012 6.310 | 7.943
1 ai1= | A= ai12= a13= a-14= a-15= a-16 = a17= a-18= a19=
0.1 |0.126 | 0.1585 | 0.200 | 0.2512 | 0.3162 | 0.3981 | 0.5012 | 0.6310 | 0.794

If we submit the number i as equal to mk + j, where j =1, 2,... (k-1), and m is a positive or negative
integer, then the i-th term of the series
ai =14 g™ = ()" = ¢10" 310", @
where @;— j- th term of the part of the RK series, lying in the range from 1 to 10.

Currently, in electrical engineering, the scale of rated currents (powers) of power devices and
equipment in accordance with GOST 6827-76 [14] corresponds to the R5 series (g, = 3/10 =1.585) or

the R10 series (q,,, =910 =1.259).

Due to the fact that the current protection rated current unit is mainly determined by the primary
winding rated current of the transformer current sensor installed in it, it can be changed by changing its
primary winding number of turns and the section. Moreover, for current protection number of standard
sizes, covering current range controlled by them, within which direct (without intermediate current
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transformers) connection of the sensor primary winding into the controlled current circuit is allowed, it
should be minimal. In particular, for a current protection unit designed for the maximum current in the
monitoring range, it should be equal to one. It follows from the condition of minimizing the sensor’s
dimensions and the voltage loss in the circuit of the phase windings of the protected EM. Then, it is
technically possible to change the current protection unit’s rated current by changing the number of turns
of the primary winding with a discreteness factor equal to 2 (1 turn, 2 turns, 4 turns, etc.).

Therefore, for over current protection units of this type, a number of rated currents will be obtained
(we denote it by the symbol R1), in which g, =4/2 =2, and the n-th term

an=aop2". 2)

In this case, the value of this series’ initial term ag should be such that the series’ one of the members
would be equal to 5 A. Then the current protection unit for a rated current of 5 A from this series can
also be used in stations with other (large) rated currents, including them into the circuit of the protected
EM through standard current transformers, in which the value of the secondary current is 5 A. It is
practically indifferent which of the resulting series’ members will be taken as the initial one. This only
affects the degree of formula use (2). Consequently, taking into account the fact that EM in power
technological devices with a rated current much less than 5 A are used very rarely, it is advisable to take
exactly 5 A for the initial current value of the current protection smallest standard-size version. Then
the n-th term of the series R1

an=5-2"=(5, 10, 20, 40, etc.).

It is important to determine whether the members of this series correspond to any members of the
R10 series, provided that the initial members of these series are the same and equal to 5. In accordance
with this, we can write

an = a; = 52" = 5-(10Y19) or 2 = (10*9) 'where from i/n = 3.

This means that each term of the binary series is approximately equal to each third term of the
decimal series (see Table 3), obtained by calculation by formulas (1) and (2), and is exactly equal to
each third term of the standard decimal series of currents. That is, the R1 series fits completely into the
R10 series. Such a mutual correspondence of the rows opens up the possibility of equipping stations
made at any of the rated currents in the R1 row with power devices with rated currents from the R10
row.

Table 3
Rated currents from series E10 and D1

i 01 2 3 4 5 6 7 8 9 10 | 11 | 12

R10 | Ip, A | 563 [79[998|126 | 158|199 | 25| 315|397 |50 | 63792
Ic,A | 563 8 10 | 125 | 16 20 | 25315 | 40 | 50|63 ]| 80
R1 LA | 5] - - 10 - - 20 - - 40 - - 80
n 0 1 2 3 4

Each specific station, equipped with an over current protection unit with a rated current equal to
one of the values of the R1 series (I, =5-2"), must cover the operating currents zone (the zone for
adjustment of the current protection settings), at least in the range from I,to I..1). Then, for protected
electric motors’ any range, it is possible to select a station corresponding to it in terms of current from
the standard-size range R1. However, in order to avoid difficulties when choosing a station for an EM
with a rated current close to the border of the operating currents of two neighbouring stations in a
standard-sized row, their operating current zones (the zone of changing the current of the settings Aly)
of each specific station should overlap each other.

In the conditions of dispersed electrical equipment and its insufficient nomenclature (first of all, it
refers to agro-industrial production), it is sometimes necessary to complete the protected EM with
oversized stations. Such typical example is the maintenance and repair of electric motors of water supply
system submersible pumps, which are carried out by mobile teams, which often do not have preliminary
information about the electric motor capacities, requiring the replacement of a failed one or the
installation of a new control station. So that even with an overestimated rated power, the station can be
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tuned to the current of the protected EM, it is advisable to extend the zone of changing the settings of
its current protection to the range from I,to I, that is, to ensure double overlap of the rated currents of
the R1 series. Then, for each EM of a certain power, there will be two options for equipping it with a
control station: the main one, when the EM current value falls into the zone of the station operating
currents in the range from I,.; = 0.51,to I, and the permissible (spare), when the EM current value lies
in the range from ln> = 0.25I,to I.1 = 0.51, (see Fig. 1).

' n=6 Wi=1

! n=2; !W1=16
n=1:; W;=32

1,25 2,5 5 10 20 40 80 160

Fig. 1. Changing setting zones of the measuring part of current protection starting
from the first standard size W1 = 1 to the sixth standard size (W, = 32)

It is impractical to expand the operating current range of one and the same station by more than 1:4,
since this will lead to underutilization of the station’’s installed power at low, compared to its nominal
power, the power of the protected EM, as well as the need to use a multi-limit ammeter.

Thus, the magnetizing force IW of the primary winding has the same value for all standard sizes
of over current protections and changes in each of the zones of variation of the monitored currents also
within the same limits (1:4). If the transformer core is not saturated, then in proportion to the
magnetizing force, the magnetic flux, and, consequently, the secondary winding electromotive force
will also change within the same limits.

For an ideal transformer, the secondary winding active and reactive resistance is equal to zero in
comparison with the load resistance, and also the losses due to hysteresis and eddy currents in the core
are equal to zero, the equivalent circuit and the corresponding vector diagrams will have a simplified
form, shown in Fig. 2.

In the transformer mode (Fig. 2a), the dependence of the output voltage U on the input (controlled)
current I, U, = f (11) is ambiguous and not linear, since it is simultaneously influenced by the load current
of the secondary winding I.-g.U,, and the magnetizing current Iy, which, in turn, depends on the
magnetic circuit magnetic resistance. Therefore, the transformer in this mode is not suitable for use as a
current sensor.

In this regard, a transformer current sensor looks more favourable (Fig. 2b), operating in the idle
mode (transreactor mode g, =0) [15]. Phase-shifting transformers used in phase-sensitive current
protection devices EM (FPDs), developed at the Latvian Agricultural Academy under the guidance of
Doctor of Technical Sciences A.O. Grundulis [16; 17]. In the absence of a secondary current, the current
I, becomes completely magnetizing; therefore, it quickly transfers the magnetic circuit to the saturation
mode. In this case, not only is the linearity of the dependence of the output voltage U2 of the current
sensor on the input current value I, sharply violated, but the output voltage shape is also distorted. A
way out of this situation is to install a non-magnetic gap (usually a few millimetres) in the path of closing
the magnetic flux. For the purpose of universality of the threshold and logical parts of overcurrent
protection units of various standard versions, the protection operation voltage U.c should be the same
not only for all protection units’ standard versions, but also unchanged for all settings of the operation
current lyy within the current working zones of each standard version. Changing the operation settings
within the protection units’ operating currents in the case of using transreactors as current sensors can
only be made by changing the value of the non-magnetic gap. It is inconvenient to carry out this in real
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operating conditions, and due to the non-magnetic gap small value, it is technically difficult to establish
the size of the gap with the required accuracy.

[
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Fig. 2. Equivalent circuits and vector diagrams of ideal, consequently included in the circuit of
the measured current: a — transformer; b — transreactor; ¢ — current transformer

The widest possibilities are possessed by transformer current sensors operating in the current
transformer mode (Fig. 2c), the secondary winding of which operates in a mode close to a short circuit
(r2=0). In the short-circuit mode, if the magnetic circuit does not have an air gap, the magnetizing current
is 1 ... 3% of the current in the primary winding [18]. Therefore, with a very small error, it can be
assumed that the magnetizing forces of the primary and secondary windings are balanced

|1W1 = |2W2.
From where
I1 = 92U W2/ Wy,

where 1; and |, —currents flowing respectively through the primary winding of the current
transformer and the secondary winding, closed to the load resistance, A;
W, and W, — number of turns, respectively, of the primary and secondary windings of the
current transformer;
02-1/R,— load conductivity, Cm;
r, — load resistance, Ohm;
U, - voltage across the load resistance, V.

The EM protective shutdown occurs when the voltage U, coming from the secondary winding
output to the potential input of the logical part of the protection device reaches the value U,c equal to
the reference voltage of the threshold element of the logical part. The current I, of the electric motor
corresponding to this voltage is the operating current (setting current 1,) of the protection device. Thus,

|y = g2U2CW2/W1. (3)

In principle, changing the setting current I, can be carried out by changing any value on the right
side of the resulting equation.

First, it is the number of turns of the primary winding W1. From the expression it follows that with
its increase, the setting current decreases. However, the number of the primary winding turns does not
exceed several units, and the wire cross-section corresponds to the current of the protected electric motor
power circuit. Therefore, by changing the number of the primary winding turns, as shown above, it is
possible to change the setting with a discreteness of 2: 1 only to adjust to the range of monitored currents
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for a particular size of the current protection unit, but not to fine-tune the current of the protected motor
current, lying within this range.

Secondly, this is the voltage at the output of the secondary winding U.c, at which the protection
device is triggered. This can be done by setting the threshold element of the logical part of the protection
device. It is known that the voltage (EMF) and the magnetic flux in the steel of the transformer core are
related to each other at the current constant frequency by an unambiguous relationship [19]

Ez = 4.44f\N2€Dm ,

where f— current frequency, Hz;
@n, — amplitude value of magnetic flux, Wb.

Since the magnetic flux for each specific core is limited due to the steel saturation, its maximum
value and, therefore, the maximum turn voltage must correspond to the inrush current of the highest
EM, to which the protection can be adjusted. Then, in the nominal EM mode, the magnetic flux in the
core of the current sensor will be ki times less than the maximum. That is, the core even for the most
powerful protected EM will be underutilized in the nominal mode, taking into account fluctuations,
depending on the type of EM, the multiplicity of the starting current by 5 ... 7.5 times.

Underutilization of the core will increase even more when protecting the smallest EM from the
setting range of this particular current protection device. Underutilization will increase exactly as many
times as the current at the upper limit of the setting range is greater than the current at the lower limit.

Thirdly, this is the number of turns of the secondary winding. Changing the current setting of the
protection equipped with a current transformer by changing the number of the secondary winding turns,
provided that the voltage U.c is kept constant, although in principle it is possible, but impractical, since
simultaneously with the change in the number of turns it would be necessary to change the turn voltage
value in the opposite direction, and hence the magnetic flux. Technically, such a change is unreasonably
difficult to implement. In addition, the very change in the turn number can only be done discretely in
steps. Serious inconvenience if you want to increase the number of steps will cause a large number of
taps from the current transformer secondary winding and the presence of a multi-position switch.

Fourthly, it is the conductivity gz, which bypasses the current transformer secondary winding. With
a change in conductivity, as follows from expression (3), a directly proportional change in the setting
current occurs. Technically, such a change can be carried out using variable resistors (rheostats). The
multiplicity of setting changes can reach ten or even more times. In this case, in the entire range, the
voltage at the secondary winding output, equal to the threshold element input voltage, and, consequently,
the magnetic flux will remain constant.

The problem here lies only in the fact that in multiphase current protection devices, the change in
conductivity in the circuit of each CC should be made strictly synchronously. In addition, to change the
conductivity, a special designed rheostat with a linear scale relative to the conductivity should be used.
Then, since the setpoint current is directly proportional to the conductivity, the setpoint scale will also
be linear. However, the technical implementation of such a condition is practically not feasible.

Therefore, we have proposed a method of stepwise change in the total conductivity connected to
the secondary winding output of current transformers by a set of parallel connected resistors in a certain
way, which conductivity values change in a geometric progression with a progression ratio equal to two
(Fig. 3).

The number r of the setting current generator binary bits, equal to the number of resistors and toggle
switches that switch resistors, determines the number N steps of setting the current protection operation
setting within the zone Aly of changing the station current settings

N=2"-1.
It was shown above that the dial scale is uniform over the entire range of setting changes, and,
therefore, the division price of the dial
Co=AL/(N-1)=AlJ/(2"-1).
In addition, for the convenience of translating the setting number into the setting current, it is

desirable to expand this zone to a value at which the price of one division of the setting current generator
would be convenient for multiplying or dividing by a number.
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The maximum relative error Jlymax OF the current protection setting for the motor current will be
observed in stations with double overlapping of the setting zone at the minimum current setting ly.min,
i.e. at the very beginning of the setting change zone

Olymax = 0-5CD/|y.min = 0-5(|y.max— |y.min)/(N - 1)|y.min :0-5(|y.max— |y.min)/(2r— 1)|y.min-
Taking into account that with double overlapping of the setting zone ly.max =4ly.min
(Sly_max = O,5(4|y,min— Iy,min)/(zr - 1)Iy,min = 15/(2r - 1)
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Fig. 3. Scheme of changing the zones of rated currents
and diagram of changing the current settings

From where

Taking the maximum relative error of setting the current setting equal to 0.05, we get
r = (In(1.5/0.05 + 1))/In2 = 4.95.

Thus, a five-bit current setpoint adjuster may well provide sufficient accuracy for setting the
setpoint. In this case, in fact, the error of setting the setpoint at the beginning of the zone of setting the
setpoints (maximum error)

Olymax = 1.5/(2"— 1) = 1.5/(2° — 1) = 0.048,
and the actual minimum error (in the zone of maximum setting currents) —
5Iy,min = 0.5(4|y_min— Iy,min)/(zr - 1)4|y,min = 0375/(2[’ - 1) = 0012

Research results

On the basis of the design diagram theoretical substantiation of the current protection measuring
and mastering unit, a station standard-size range was developed for the electric pumping unit automatic
control equipped with overcurrent protection units for rated currents from 160 A (W:=1) to 5 A
(W1 =32) [20].

Current sensors operating in the current transformer mode for all types of protection units had the
same twisted magnetic core made of transformer steel with a diameter of 50 mm and a cross section of
1 cm?. Since the current transformer secondary winding was connected to the input of the threshold
element of the logical part of the current protection through RC- filters of forward currents and currents
of negative phase sequences [21; 22], which require increased voltage for their accurate functioning, the
secondary winding number of turns was taken equal to 3200. In this case, with a magnetizing force of
the primary winding of 160 amperes of turns, the current in the secondary winding was 0.05 A. This
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current, closing through a set of conductivities 160g (g = 0.0025 cm or r =400 ohms), creates at the
filter input voltage 20 V.

The setting current for all station standard versions was determined by dividing the setting number,
set by a switch set of positions of the setting current generator (see Fig. 3), by the turn number of the
primary winding W1.

In total, 2000 such station copies were made, which showed a high efficiency of protection of
submersible pump electric motors not only from current overload, but also from current asymmetry, as
well as from reducing the current consumed by the electric motor in the event of a shaft break or “dry
running” with water insufficient flow rate in the well. Many station copies, having worked for more than
25 years, are in operation to this day.

Conclusions

Thus, it is shown that the transformer current sensor operating in the current transformer mode, in
comparison with the transreactor, has more stable parameters, a linear input-output characteristic, as
well as the same level of magnetic flux, both for all standard versions of current protection, as well as
in the variation settings entire range within a specific standard version. It is proposed to change the
protection operation setting of each standard version within the range from 25 to 100% of its rated
current by discretely changing the secondary winding load conductivity of the current transformer.
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