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 The construction of new relay protection systems without the use of current 

transformers is a fundamental problem of electro energetics, which has not 

yet been solved. This works suggests a negative-sequence current filter 

which receives information from inductance coils (ICs) mounted at a safe 

distance in the magnetic field of phase currents. This filter does not require 

current transformers, thus saving high-quality copper, steel, and expensive 

high-voltage insulation in amount unprecedented for relay protection 

(a 6 to 110 kV current transformer has 19 to 480 kg in weight). A circuit 

(including functional diagnostics) and a technique for selecting the 

parameters of filter components and the points where ICs should be fixed are 

presented; a structure for IC fastening is described. Computer simulation and 

experiment were used for data collection. The data show that i) the filter 

conversion coefficient 𝑚 = 1.6, and imbalance increases by 7% at the 

network frequency 𝑓 = 48–52 Hz; ii) protections based on this filter should 

have a time delay; iii) the filter is not inferior to well-known well-tested 

filters with current transformers; and iv) it is functional, but can only be used 

for single-standing electrical installations. 
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1. INTRODUCTION 

Information about the magnitude of negative sequence currents is commonly used not only in relay 

protection [1]–[3], but also in electrical installation control devices [4], [5]. In relay protection devices, 

control of these currents enables increasing sensitivity to asymmetrical operating modes of an electrical 

installation, including short circuits (SC) [1]. Therefore, protections are designed based on filters [6], which 

detect these currents, for all generators with of higher than 1,200 MW in power, power transmission lines, 

and power transformers with of 220 to 750 kV in voltage; these filters are the main components of 

protections and must be installed [7], [8]. The main disadvantage of such filters, including microprocessor 

ones, is that they receive information on currents in the phases of an electrical installation from metal-

intensive and bulky current transformers (CTs), which introduce additional errors in the magnitude of 

negative sequence currents, especially when saturated. 

Abandonment of CTs remains one of the fundamentally unsolved problems in the electric power 

industry [9], [10]. This is to provide not only saving in copper, steel, and high-voltage insulation in amounts 

unprecedented for relay protection technology, but also an increase in electric power system reliability by 

fully duplicating the relay protection (especially majorization). Today, majorization is extremely seldom used 

because relay protection CTs are not duplicated due to high cost and bulkiness (a 10 to 110 kV CT weighs 

19 to 480 kg). Replacement of CTs with other sensors will require new relay protection devices. Thus, 

https://creativecommons.org/licenses/by-sa/4.0/
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creation of new relay protections for electric power systems becomes an urgent problem. Attempts to solve it 

began in the past century. Magnetic current transformers [11], reed switches [12]–[16], Rogowski coils [9], 

[17]–[23], Hall sensors [24]–[26], and inductance coils (ICs) [27] were suggested to be used as current 

sensors. The question of which of these sensors is preferable can be answered only after accumulating certain 

service experience of relay protection devices created on their basis. However, this experience is limited 

today, as well as the list of such devices.  

Thus, negative-sequence current filters without CTs were suggested to design only based on 

Rogowski coils [28], [29] and reed switches [30], [31]. The former detect negative-sequence currents by 

controlling the sum of voltages phase shifted in a specified angle using a capacitor and a resistor connected to 

the outputs of the Rogowski coils which encircle the phase conductors. The latter detect these currents by 

controlling the total induction of magnetic fields produced by currents in the phases of an electrical 

installation and acting on a reed switch fixed at a safe distance from them. However, they cannot be used in 

protections for electrical installations of 330 kV and higher in voltage in most cases. Filters based on 

Rogowski coils are bulky, since high-voltage insulation is needed to mount Rogowski coils, which makes the 

weight and size of a current sensor become almost the same as those of a CT. Filters based on reed switches 

are insufficiently sensitivity, since reed switches have a response threshold, and the further they are from 

busbars, the higher current is required to trigger them. 

In this work, we suggest a negative-sequence current filter without a current transformer based on 

inductance coils, which, like reed switches, are spaced apart from the phases of an electrical installation to a 

distance acceptable in terms of safety. Inductance coils have been chosen because they are free of the above 

listed disadvantages of Rogowski coils and reed switches, do not require stable power supply, have no 

residual voltage and large spread of parameters like Hall sensors. In addition, they are much smaller and 

lighter than magnetic current transformers. 

 

 

2. PROPOSED METHOD 

2.1.   Diagram of the suggested filter  

Negative-sequence current I2 filter for electrical installations where the phase bus ducts are located 

at the vertices of an equilateral triangle consists of two identical duplicating filters F1 and F2 in Figure 1. The 

duplication increases the reliability of detection of I2 and enables designing a simple fault diagnosis scheme. 

Filter F1 (F2) contains as shown in Figure 1: inductance coils (1) and (2) ((3) and (4)) with the same 

parameters fixed at a safe distance from the bus ducts of phases A, B, and C in their cross-sectional plane N1 

(N2); amplifiers (5) and (6) ((7) and (8)); and phase shifting circuit (PSC) (9) ((10)). Fault detection is 

performed by comparison circuit (CC) (11). 

 

2.2.  Principle of design [32] 

Let us consider the design of filter F1. The electromotive force (EMF) Е𝛴1 at terminals 12 and 13 is 

proportional to 𝐼2 if the filter parameters and coordinates of ICs 1 and 2 are selected so as (1), 

 

Е𝛴1 = Е5 + Е9 = К1𝐼2, (1) 

 

where Е5 and Е9 are the EMF at outputs of amplifier 5 and PSC 9; К1 is the proportionality constant. 

Let us represent 𝐼2 from (1) as [33]: 

 

3𝐼2 = (𝐼𝐶 − 𝐼𝐴) + (𝐼В − 𝐼С) ⋅ 𝑒−𝑗120,  (2) 

 

where 𝐼𝐴, 𝐼В, and 𝐼С are the total currents in phases А, В, and С; 𝑒−𝑗120 is the complex number which 

characterizes the counterclockwise phase shift by –120°. This representation has been chosen with the aim of 

excluding the effect of magnetic fields produced by residual currents on an IC. When decomposing the phase 

currents into symmetrical components, these currents compensate each other when subtracting. According to 

(1) and (2), the following conditions should be evidently met when designing a filter: 

 

Е5 = 𝐾1(𝐼𝐶 − 𝐼𝐴);  Е9 = 𝐾1(𝐼𝐵 − 𝐼𝐶)𝑒−𝑗120, (3) 

  

where  

 

Е5 = 𝐾𝑎1Е𝐼𝐶1;  Е9 = 𝐾𝑎2Е𝐼𝐶2𝑒𝑗𝛽𝑃𝑆𝐶 , (4) 
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ЕIC1 and ЕIC2 are the EMFs at terminals of ICs 1 and 2; 𝛽𝑃𝑆𝐶  is the phase shift of PSC 9; 𝐾𝑎1 and 𝐾𝑎2 are the 

gains of amplifiers 5 and 6. 

The EMFs ЕIC1 and ЕIC2 are induced in ICs 1 and 2 by the inductions В𝐼𝐶1 and В𝐼𝐶2 of the magnetic 

fields produced by phase currents along the longitudinal axis of the ICs with a phase lag of 90° from В𝐼𝐶1 and 

В𝐼𝐶2, and, as is known from basic electrical engineering, are determined from (5a) and (5b),  

 

Е𝐼𝐶1 = 2𝜋𝑓𝑊1𝑆1В𝐼𝐶1𝑒−𝑗90 = 𝐾2В𝐼𝐶1𝑒−𝑗90 (5a) 

 

Е𝐼𝐶2 = 2𝜋𝑓𝑊1𝑆1В𝐼𝐶2𝑒−𝑗90 = 𝐾2В𝐼𝐶2𝑒−𝑗90, (5b) 

 

where W1 and S1 are the number of turns and the cross-sectional area of IC 1 and 2 (their parameters are 

equal); K2 is the proportionality constant. 

Substituting (5a) and (5b) in (4) and equating (4) and (3), we derive, 

 

В𝐼𝐶1 =
𝐾1(𝐼𝐶−𝐼𝐴)

(𝐾2𝐾𝑎1𝑒−𝑗90)
 (6a) 

 

В𝐼𝐶2 =
𝐾1(𝐼𝐵−𝐼𝐶)𝑒−𝑗120

(𝐾2𝐾𝑎2𝑒𝑗(𝛽𝑃𝑆𝐶−90))
. (6b) 

 

From (6a) and (6b) shows that to detect I2 IC 1 (2) should be mounting so as to be affected by the magnetic 

field produced by currents of only phases A and С (В and С). Let us show how this can be done. Let us 

define the induction ВIC1 using the Biot–Savart law and taking into account the effect of the magnetic fields 

produced by currents of three phases on IC 1 (ВIC2 is defined in the same way): 

 

ВIC1 = ВА1 𝑐𝑜𝑠 𝛼А1 + В𝐵1 𝑐𝑜𝑠 𝛼В1 + В𝐶1 𝑐𝑜𝑠 𝛼С1 =
𝜇0(

𝑐𝑜𝑠 𝛼А1
𝑙𝐴1

𝐼𝐴1+
𝑐𝑜𝑠 𝛼𝐵1

𝑙𝐵1
𝐼𝐵1+

𝑐𝑜𝑠 𝛼𝐶1
𝑙𝐶1

𝐼𝐶1)

2𝜋
, (7) 

 

where ВА1, В𝐵1, В𝐶1 are the magnetic inductions at the point of IC 1 induced by currents 𝐼𝐴1, 𝐼𝐵1, 𝐼𝐶1 in 

phases А, В, and С; 𝛼А1, 𝛼В1, and 𝛼С1 are the angles between the longitudinal axis of IC 1 and ВА1, В𝐵1, and 

В𝐶1, respectively; µ0 is the permeability of air; lA1, lВ1, and lС1 are the distances from the axes of bus ducts of 

phases А, В, and С to the center of gravity of IC 1. 

For ВIC1 (ВIC2) (7) to be proportional to the difference between the currents of phases А and С (В 

and С), the following conditions should be met: 

 
𝑐𝑜𝑠 𝛼С1

𝑙С1
= −

𝑐𝑜𝑠 𝛼А1

𝑙А1
;

𝑐𝑜𝑠 𝛼𝐵1

𝑙𝐵1
= 0; (8a) 

 
𝑐𝑜𝑠 𝛼𝐵2

𝑙𝐵2
= −

𝑐𝑜𝑠 𝛼𝐶2

𝑙𝐶2
;

𝑐𝑜𝑠 𝛼А2

𝑙𝐴2
= 0.  (8b) 

 

To fulfill conditions (8), ICs 1 and 2 are mounted in plane N1 in Figure 1 at a safe distance from the phase 

bus ducts so as the longitudinal axis of IC 1 coincides with the bisecting line of the angle between the lines 

connecting the bus ducts of phases A and B and the bus ducts of phases B and C, and the longitudinal axis of 

IC 2 coincides with the bisecting line of the angle between the lines connecting the bus ducts of phases B and 

phase A and the bus ducts of phases A and C. The safe distance depends on the voltage class and increases 

with the voltage, for example, it should be no less than 0.4 m at 35 kV, 1 m at 110 kV, and 2 m at 220 kV. 

The EMF at the terminals of an IC and, hence, the induced induction in the IC in (5) and (7) decrease 

inversely proportional to the distance. Experiments and calculations show their values to be of millivolts, and 

they can be amplified to required values. Hence, the suggested filter will perform its function. 

To simplify the calculations, it is convenient to set the centers of gravity of ICs 1 and 2 at points on 

horizontal line 14 which passes through phase C parallel to line 15 connecting phases A and B in plane N1, at 

distances x1=–0,5d и x2=1.5d (d is the distance between conductors of adjacent phases) from point 16 of 

intersection of the vertical which passes through the bus duct of phase A with line 14, and at angles γ1=30° 

and γ2=150° between line 14 and the longitudinal axes of ICs 1 and 2. Then, lA1=lB1=lB2=lC2=d, αA1=αC2=120°, 

αC1=αB2=60°, and αB1=αA2=90°, and from (7) we derive, 

 

В𝐼𝐶1 =
𝜇0

4𝜋𝑑
(𝐼𝐶 − 𝐼𝐴); В𝐼𝐶2 =

𝜇0

4𝜋𝑑
(𝐼𝐵 − 𝐼𝐶),   (9) 
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let Ka1=Ka2. Then, from (1), (4), (5), and (9), we have (10), 

 

Е𝛴1 =
𝜇0𝐾2𝐾𝑎1

4𝜋𝑑
(𝐼𝐶 − 𝐼𝐴)𝑒−𝑗90 +

𝜇0𝐾2𝐾𝑎1

4𝜋𝑑
(𝐼𝐵 − 𝐼𝐶)𝑒𝑗(𝛽𝑃𝑆𝐶−90) = 

= 𝐾1[(𝐼𝐶 − 𝐼𝐴) + (𝐼𝐵 − 𝐼𝐶)𝑒𝑗𝛽ФПС];  (10) 

 

From (2) and (10) shows that ЕΣ1 is proportional to I2 if βPSC=–120°. 

Filter 𝐹2 is designed in the same way. Inductance coils 3 and 4 are mounted in plane 𝑁2 relative to 

the phase bus ducts like ICs 1 and 2 in plane 𝑁1 (x3=x1, x4=x2, γ3=γ1, γ4=γ2). The parameters of amplifiers 7 

and 8 and PSC 10 are selected the same as those of amplifiers 5 and 6 and PSC 9. Then, Е𝛴2 at terminals 17 

and 18 is proportional to I2 and equal to Е𝛴1. The equality Е𝛴2=Е𝛴1 is necessary to perform functional 

diagnostics of the filter. 

 

2.3.  Fault diagnostics 

Filter faults are detected by comparison circuit 11 in Figure 1, which can be implemented based on a 

differential amplifier with a relay connected to its output (like in the filter prototype presented below). In this 

case, EMF ЕΣ2 and ЕΣ1 are fed to the inputs of the differential amplifier, and EMF 𝐸11 = Е
𝛴1

− Е
𝛴2

 is fed to 

the relay. Due to errors in mounting the IC and in the parameters of components of filters F1 and F2, this 

difference is equal to the imbalance EMF Eimb in the absence of faults. If a fault occurs in the circuit of, e.g., 

IC 3, then Е
11

> 𝐸𝑖𝑚𝑏 , comparison circuit 11 operates and signals about a fault in the filter. The set point Eop 

of circuit 11 operation is offset from the maximal Eimb in the load mode. This enables identifying faults in the 

filter before a short circuit (SC) occurs in an electrical installation. However, in this case, circuit 11 operates 

in the case of this SC even in the absence of faults. For the signal from circuit 11 to not induce incorrect 

operation of the protection device, it should be blocked in the case where both measuring elements connected 

to F1 and F2 operate. We permit this behavior of the fault diagnostic circuit, since the functionality of the 

relay protection device is checked after clearing a short circuit. 

 

 

 
 

Figure 1. Diagram of the negative-sequence current filter with functional diagnostics 
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3. METHOD  

3.1.   Computer simulation   

To check filter performance, we carried out simulation in MATLAB taking into account the worst 

effect of errors on ЕΣ1 and ЕΣ2. A 110-kV one-end transmission line 80 km long in Figure 2 at a load of  

30 MW and 𝑐𝑜𝑠𝜑 = 0.95 was simulated. The distance between the phases was taken to be 1 m (the minimum 

permissible safe distance). The current in the line phases was measured by current transformers TA1–TA3. 

Blocks “Goto” and “From” in Figures 2 and 3(a) were used to calculate the magnetic induction. Blocks 

“Constant,” “Constant1,” “Divide,” and “From” in Figure 3(a) simulated the induction of a magnetic field 

produced by the current in phase C and affecting IC 1. The inductions of magnetic fields produced by 

currents in phases A and B and affecting IC 1 in Figure 3(a) are simulated by blocks “Constant4,” 

“Constant5,” “Divide2,” “From2,” and “Constant2,” “Constant3,” “Divide1,” and “From1” respectively. The 

values in “Constant,” “Constant2,” and “Constant4” blocks correspond to the ratios 
𝑐𝑜𝑠 𝛼С1

𝑙С1
, 

𝑐𝑜𝑠 𝛼𝐴1

𝑙𝐴1
, and 

𝑐𝑜𝑠 𝛼𝐵1

𝑙𝐵1
 

with allowance for mounting errors of 5% towards increasing the distances lA1, lB1, and lC1; in blocks 

“Constant1,” “Constant3,” and “Constant5,” the values correspond to the ratio 
𝜇0

2𝜋
. “Add” block calculates the 

total induction acting along the longitudinal axis of IC 1. The inductions of magnetic fields affecting IC 3 

were simulated in the same way and with the same numerical values in blocks “Constant”–“Constant5”. The 

inductions of the magnetic fields affecting IC 2 and IC 4 were simulating by replacing the values in blocks 

“Constant,” “Constant2,” and “Constant4” with –0.515, 0.53, and –0.017, respectively. These values ensure 

maximal imbalance of the filter. The EMF at the terminals of any of the ICs (with 22,500 turns and a cross-

sectional area of 236 mm2) was simulated using blocks “Constant6”–“Constant8” (where “314” is the 

product 2πf) and “Divide3” with the same specified numerical values. The filter circuit model is shown in 

Figure 3(b). Blocks “IC1”–“IC4” are made according to the circuit in Figure 3(a), but with the corresponding 

coefficients. Blocks “Switch1,” “Switch3,” “Switch4,” “Off Delay1,” “Off Delay3,” “Off Delay,” 

“Constant1,” “Constant3,” and “Constant4” were used to simulate filter damage at different time points. 

Blocks “Transport Delay” provide an EMF shift by the angle βPSC=–1200. Blocks “Switch,” “Switch2,” “Off 

Delay,” “Off Delay2,” “Constant,” and “Constant2” compensate for the time delay caused by “Transport 

Delay” blocks. Block “Subtract” simulates a part of comparison circuit 11 in Figure 1) where the difference 

between voltages EΣ1 and EΣ2 is calculated. Voltages Е5, Е9, E11, ЕΣ1, and ЕΣ2 are picked up from outputs 1–5. 

 

 

 
 

Figure 2. Model of a 110-kv power transmission line 

 

 

3.2.  Filter prototype and experimental setup for its study  

Figures 4 shows the laboratory setup: its diagram in Figure 4(a) and assembled setup in Figure 4(b). 

The laboratory setup includes: load transformer “1” of 35 kVA in power with the transformer ratio 380/2 

connected by the primary winding to 380-V electrical network; busbars “2” located at the vertices of an 

equilateral triangle (d=40 cm; it is difficult to space them further apart in laboratory conditions); a load in the 
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form of ballast rheostats “3” (type RB-302, resistance of 0.2 ohm); circuit breaker “4” (type ВА57Ф35-

340010, rated current of 200 А, and rated voltage of 380 V); DC source “5” (GPC-76030D type, maximal 

output voltage if 60 V) for powering filter “6”; four-channel oscilloscopes AKIP 4119/2 “7” and AKIP 

4119/4 “8” for adjusting the filter. The contacts of breaker 4 on one side are short-circuited to implement 

two- and three-phase (shown by dashed line in Figure 3) short circuits. Single-phase short circuits cannot be 

implemented in laboratory conditions. Inductance coils “9–12” (cross section of the IC frame is round; the 

number of turns is 22,500; the height is 36 mm; the winding thickness is 5 mm, and the inner diameter of the 

frame is 10 mm including the wall) are mounted exactly like in Figure 1 (x1=–20 cm and x2=60 cm, γ1=300 

and γ2=1,500). Figures 5 shows the laboratory prototype of a negative-sequence current filter: its schematic 

diagram is shown in Figure 5(a), and the assembled filter is shown in Figure 5(b) (where СС is comparison 

circuit 11 from Figure 1). The laboratory prototype of filter has been assembled from adjustable R1 (500 kΩ) 

and R2 (5 kΩ) and non-adjustable R3 (10 kΩ) resistors, operational amplifiers OA (type LM 358), and 

capacitors C1 (3.3 μF) for demonstrating a possibility of implementing the theoretical calculations.  

The experimental procedure is as follows. After assembling the laboratory setup in accordance with 

the above-described scheme, DC current source “5” and oscilloscopes “7” and “8” are switched on. The 

source “5” voltage is set to 15 V (operational amplifier voltage). Then, transformer “1” is switched on 

(breaker “4” is open at this time). The gain factors of voltage amplifiers G1–G4 and the angles of phase-

shifting circuits PSC1 and PSC2 are adjusted under the load mode. To do this, ЕΣ1, ЕΣ2, and Е11 are controlled 

by oscillograms recorded by oscilloscopes “7” and “8”, and the resistances of resistors R1 and R2 are 

changed until ЕΣ1, ЕΣ2, and Е11 become minimum possible. After that, all contacts of breaker “4” on one side 

as shown in Figure 4(a) are bonded; the breaker is closed, thus producing a three-phase short circuit. Voltage 

oscillograms are recorded. Breaker “4” is opened. To check the filter operation in the event of a two-phase 

short circuit, the same operations are repeated, but only two of the three contacts of breaker “4” are bonded. 

The filter operates as follows under all these modes. The EMFs ЕIC1–ЕIC4 from terminals of ICs “9–12” are 

fed to the entrances of the filter. These EMFs are amplified in amplifiers G1–G4 in Figure 5(a). Voltages 

from the exits of amplifiers G1 and G3 are fed to some entrances of adders S1 and S2, and from the exits of 

amplifiers G2 and G4, to other entrances of these adders through phase-shifting circuits PSC1 and PSC2, 

where they are shifted by –120°. As a result, adders S1 and S2 output voltages ЕΣ1 and ЕΣ2, which are fed to 

the inputs of comparison circuit СС, which outputs voltage Е11. 

 

 

  
(a) (b) 

 

Figure 3. Model of (a) IC and (b) negative-sequence current filter 
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(a) (b) 

 

Figure 4. Laboratory setup (a) diagram and (b) assembly 

 

 

 
(a) 

 

 
(b) 

 

Figure 5. Laboratory prototype of the filter (a) circuit and (b) top view 
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3.3.  Structure for fastening IC 

A structure for fastening IC is shown in Figure 6 [34]. It includes bar “1” attached by clamp “2” to 

support “3”; plates “4”; casings “5” CIs are mounted inside; rods “6” and “7” with scales; beam “8”; 

fastening clips “9”; regular triangle “10” with bus ducts of phases A, B, and C attached to with insulators 

“11”. Triangle 10 is attached to a cross arm (not shown in Figure 6). Beam 8 connects rod 7 and support 3 to 

ensure rigidity of the structure. The position of plates 4 is changed by moving them along rods 6 and 7. An 

IC is fixed inside casing 5 and can rotate and move in the cross-sectional plane of phases A, B, and C. The 

structure is simple, easy-to-handle, and is made of nonmagnetic materials; its weight with the IC (100 to  

200 g) does not exceed 5 to 7 kg. 

 

 

 
 

Figure 6. Structure for fastening IC near phase bus ducts  

 

 

4. RESULTS AND DISCUSSION 

4.1.  Simulation results 

Figure 7 shows oscillograms of voltages ЕΣ1 and ЕΣ2 at exits of filters F1 and F2; Е5 and Е9 after 

amplification (after amplifiers 5 and 9 inn Figure 1 and after blocks “Gain 2” and “Gain 4” in Figure 3(b), 

and 11E  at the exit of block “Subtract” in Figure 3(b). Under the load mode, Е𝛴1 = 𝐸𝑖𝑚𝑏1
𝑙𝑜𝑎𝑑  and Е𝛴2 = 𝐸𝑖𝑚𝑏2

𝑙𝑜𝑎𝑑  

(𝐸𝑖𝑚𝑏1
𝑙𝑜𝑎𝑑  and 𝐸𝑖𝑚𝑏2

𝑙𝑜𝑎𝑑  are the imbalance voltages of filters F1 and F2 when the maximal load current flows in 

phases of the 100-kV line). In this case, |𝐸11| < 𝐸𝑜𝑝 and circuit 11 does not operate. In the event of a  

three-phase SC in Figure 7(a) in a steady state, E5 and E9 are opposite in phase; therefore, Е𝛴1 = 𝐸𝑖𝑚𝑏1
(3)

 and 

Е𝛴2 = 𝐸𝑖𝑚𝑏2
(3)

 (𝐸𝑖𝑚𝑏1
(3)

 and 𝐸𝑖𝑚𝑏2
(3)

 are the imbalance EMF at terminals 18 and 19, 20 and 21 when three-phase 

SC currents flow in the busbars), and 𝐸𝑖𝑚𝑏1
(3)

> 𝐸𝑖𝑚𝑏1
𝑙𝑜𝑎𝑑  and 𝐸𝑖𝑚𝑏2

(3)
> 𝐸𝑖𝑚𝑏2

𝑙𝑜𝑎𝑑 . In a transient mode, ЕΣ1 and ЕΣ2 

strongly increase and become commensurate with the EMF at the filter terminals during a two in 

Figure 7(b) and single-phase in Figure 7(c) short circuits, when negative-sequence currents appear. To avoid 

unnecessary operation of a protection device based on the suggested filter, a time delay should be introduced. 

During all SC types, |𝐸11| > 𝐸𝑜𝑝. In the case of breaking cables from IC 1, |𝐸11| > 𝐸𝑜𝑝 and circuit 15 

operates in Figure 7(d). Using a model, filter quality parameters characterizing were determined [26]: the 

conversion coefficient 𝑚 = 1.6 and the coefficient 𝛾𝑓 = 0.11 which characterizes a change in the imbalance 

value at the filter output when the network frequency deviates Note that the coefficient 𝑚 is the same as for 

filters with current transformers and those mentioned above [26]–[29], and the imbalance voltage stronger 

depends on a change in the network frequency (at 𝑓 = 48–52 Hz, the unbalance increases by 7%). For a 

microprocessor filter, this imbalance can be reduced by adjusting the voltages phase shift angles.  

 

4.2.  Experimental results 

Figure 8 shows the oscillograms of voltages ЕΣ2, Е5, Е9, Е11, and Uр recorded under different modes 

during our experiments. Under the load mode, Е𝛴2 = 𝐸𝑖𝑚𝑏2
𝑙𝑜𝑎𝑑  and E11=Eimb. In the case of a short circuit in 

Figures 8(a) to 8(c), ЕΣ2, Е5, Е9, and Е11 increase. In a transient mode, ЕΣ2 during a three-phase SC is 

commensurate with the EMF during a two-phase SC and is much lower in the steady state; E11 are nearly 

equal in both modes. If a cable from IC 2 to amplifier 6 in Figure 8(d) breaks, E11>Eimb, and the output relay 

(not shown in Figure 5) of the comparison circuit (Uр≠0) actuates. The analysis of Figure 8 shows the 

efficiency and correct operation of the suggested negative-sequence current filter in the events of short 

circuits and breaks in connecting conductors. 
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(a) (b) 

  

  
(c) (d) 

 

Figure 7. Oscillograms of EMF ЕΣ1, ЕΣ2, Е5, Е9, and Е11 in the case of (a), (b), (c) SC in the electrical 

installation and (d) faults in the filter 

 

 

  
(a) (b) 

  

  
(c) (d) 

 

Figure 8. Oscillograms of voltages ЕΣ2, Е5, Е9, and Е11 in the event of (a) three- and (b) and (c) two-phase 

SCs and (d) cable breaks 
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4.3.  Discussion 

4.3.1. Novelty of the suggested solution 

A negative-sequence current filter was designed. Its difference from the known ones [28]–[31] 

consists in the following: i) information about the current in an electrical installation is received from an 

inductance coil without using current transformers, a Rogowski coil, or a reed switch and ii) it has built-in 

functional diagnostics, which ensures real time detection of faults in the filter. Filter quality parameters (the 

coefficients 𝑚 and 𝛾𝑓) were determined. Methods for selecting filter parameters (amplifier gain and phase 

shift angle in the phase-rotation circuit) and determining the IC fixing points near the phase bus ducts (at the 

vertices of an equilateral triangle) were developed. 

 

4.3.2. Benefits of the research 

The suggested filter is to enable building up highly sensitive filter protections of power transmission 

lines and current transformers (CTs) of 6 to 750 kV in voltage, enabling saving unprecedented amount of 

high-quality copper, steel, and high-voltage insulation (tens and hundreds of kilograms per connection). In 

terms of reliability, it should exceed both traditional protections and other mentioned protections due to 

duplication of IC and connecting cables and built-in fault diagnostics of filter components. Use of the filter as 

backup to traditional ones is to provide an increase in the reliability of a relay protection system as a whole, 

considering that current transformers will be duplicated, which are not duplicated now and introduce the 

main error in the filter operation due to saturation. There is no reason to doubt a possibility of building up 

similar filters in the case of other arrangement of phase bus ducts by analogy with the suggested method for 

filter designing and testing. Note that, unlike Rogowski coils and current transformers, mounting ICs at safe 

distances from phases allows their safe service even when an electrical installation is turned on. 

 

4.3.3. Limitations of the suggested technique for designing the filter 

Protections based on the suggested filter should have a time lag longer than the duration of a 

transient process during a three-phase short circuit in order to prevent unnecessary operation., The transient 

process lasts no more than 0.03 s in simulation with a voltage of 110 kV and 4 ms in experiments at 0.4 kV. 

However, this time increases with voltage and upon changes the network configuration; therefore, the 

required time delay is unknown. The filter can only be used for single-standing electrical installations (for 

example, for a dead-end power transmission line). Another one disadvantage is a need in designing different 

structures for fastening ICs for electrical installations with a different arrangement of phase bus ducts. 

 

4.3.4. Future research directions 

Future research directions include: i) Elimination of the above time lag; ii) Design of structures for 

fastening inductance coils of the filter for super-high voltage electrical installations and a different 

arrangement of phase bus ducts; and iii) Study of the filter behavior under interference from currents in 

adjacent electrical installations and ways of avoiding them. 

 

 

5. CONCLUSION 

The design of a negative-sequence current filter based on inductance coils for electrical installations 

with phase bus ducts located at the vertices of an equilateral triangle is suggested for the first time. This filter 

solves one of fundamentally unsolved problems in the electric power industry, i.e., the problem of avoiding 

the use of current transformers. This filter being implemented is to enable saving high-quality copper, steel, 

and high-voltage insulation in amounts unprecedented for relay protection. We believe that the suggested 

filter will not be inferior to known filters in terms of all parameters except speed and will be superior in 

reliability due to the presence of functional diagnostics. The study of the filter behavior under different 

conditions (interphase and single-phase short circuits, load mode, failures of filter elements) in experiments 

and computer simulation confirmed the correctness of its operation. The filter design technique can be used 

to manufacture similar filters for electrical installations with any arrangement of phases. 
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