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I. INTRODUCTION 

One of the sources of high-frequency overvoltages, along with switching overvoltages 

and shock currents, are lightning strikes in overhead transmission lines (OHTL). Not only 

because of its huge amplitude, but, first of all, because of the high steepness of the pulses of 

high-frequency overvoltages generated by lightning strikes, represent a real danger for electric 

substation equipment (ES). For example, at the moment of arrival of such a pulse on the 

transformer winding, a transient process develops in it, in which the initial voltage of the pulse 

decreases unevenly and, consequently, also unevenly distributes along the turns of the winding. 

Voltage can only be distributed at the input turns of the winding, creating an overvoltage to the 

longitudinal insulation leading to inter-turn closures. It is these interturn closures that are the 

main reason for the power transformers of the electric substations to fail. 

The problem of protecting electric substation equipment from high-frequency 

overvoltages has not been solved to date. Modern means of protection, such as nonlinear 

overvoltage suppressor (NOS), valve-type arresters (VA), for all its effectiveness, cannot provide 

100% protection of equipment. There are several reasons for this, and the main one is that all 

available means of protection work on the principle of reducing their resistance at the moment of 

arrival of the overvoltage pulse and pulling the impulse current through a small resistance into 

the ground. Therefore, such protective equipment must be connected in parallel with the 

protected object and have a ground system that meets rather high requirements [1,2]. So, in 

accordance with the requirements of the Electrical installation code (PUE) for the protection of ES 35-110 

transformers with transformers up to 40°MVA, the grounding resistance of protective equipment should 

not exceed 3 ohms [3]. Calculations show that to create the required grounding, the length of a 

single deep-driven ground wire with a diameter of 14°mm should be not less than 15°meters, 

even in areas where the soil resistance is relatively small. In areas where soil resistance reaches 

significantly higher values, such as in areas with permafrost, where the resistance of relic sand 

and loam can reach 50 000 and 20 000 ohm∙m, respectively, it is practically impossible to 

provide the required grounding resistance.  

It should be taken into account that the high resistance of the ground not only reduces the 

effectiveness of protection, but also is the main factor affecting the lightning resistance of 



OHTL. So, if the grounding resistance of the OHTL support exceeds 30°ohm, then the probability of 

overlapping the linear insulation of this support, even at lightning currents of 20°kA, will exceed 50°% 

[4]. Each overlap leads to the occurrence of a high-frequency overvoltage pulse, leading, at best, 

to shutting down the ES, and at worst - to the failure of its equipment. 

An endless circle is formed: a high resistance of the ground reduces the lightning 

resistance of the OHTL, that is, the number of reverse insulation ceilings increases, which 

requires the installation of additional protective equipment. And any modern protective means, 

in turn, cannot effectively operate with increased grounding resistance. This is outwardly 

demonstrated by the diagrams constructed according to the data of JSC "Tyumenenergo" and 

presented in Figure 1. The data of the diagram show the number of shutdowns of electric 

substations due to lightning pulses before and after the installation of NOSes at the ES of OJSC 

"Tyumenenergo" located in permafrost areas.  

 

Fig. 1. Diagrams of lightning shutdowns before and after installation of the NOSes 

The conclusion suggests itself: it is necessary to search for new ways to solve the 

problem of protecting the equipment of ES from high-frequency overvoltages. 

II. FORMULATION OF THE PROBLEM 

From the foregoing, it becomes clear that the new protective device should not depend on 

the grounding system and, therefore, draw a pulse current around the protected object. That is, 

the protective equipment and the protected equipment must be connected in series. This is 

possible only if the principle of operation is not to reduce the resistance of the protective device 

under the influence of a high-frequency overvoltage impulse, but on the contrary - in its 

increasing.  

The purpose of this research is to analyze the possibilities and prospects of using a new 

means of protecting electric substation equipment from high-frequency overvoltages, which 

works on the principle of skin effect and resistance of which depends on the frequency of the 

input pulse. 

III. STAGING AN EXPERIMENT 



It is known that the current in the conductor is distributed unevenly along the conductor 

section and is concentrated in a thin conducting layer near the conductor surface. The thickness 

of the conductive layer λ is determined by the magnetic permeability μ and the conductivity σ of 

the conductor material, as well as the signal frequency ω in accordance with the well-known 

expression: 
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As the frequency of the signal increases, the thickness of the conducting layer, over 

which the current actually flows, decreases and, consequently, the resistance of the conductor 

increases. In conventional conductors, for example, in an aluminum wire, this dependence is small and 

the resistance of the conductor at a frequency of 50°kHz exceeds the resistance of the same conductor at a 

frequency of 50°Hz by only 30 times [5]. But the influence of the skin effect on the growth of 

resistance can be dramatically increased if using composite materials. For example, if you apply 

a layer of amorphous tape on the conductive conductor (Figure 2, sample 1), which has a high 

magnetic permeability, the influence of the skin effect on the resistance of the conductor will 

increase by a thousand. And the point here is not only that the thickness of the conducting layer 

decreases, but also that the resistance of the conducting layer depends on the resistance of the 

material itself. Therefore, if at operating frequencies of 50 Hz the current passes through the 

entire volume of the conducting layer of the conductor, and at high frequencies it is completely 

extruded into an amorphous band, which is a high-resistivity layer, the total resistance of the 

composite conductor increases tens of thousands of times.  

It is known that lightning pulses of overvoltage have a frequency of about 300°kHz. 

Consequently, when a lightning strikes the OHTL and creates an overvoltage pulse, the 

frequency in the network changes from a working 50 Hz to a lightning pulse frequency. 

Accordingly, the resistance of the composite conductor, if taken as aluminum, under the action 

of the skin effect, will increase from 2.65 ∙ 10-8 ° ohm ∙ m at a frequency of 50°Hz to several 

tens of ohm∙m at a frequency of 300°kHz. And this will be enough to reduce the amplitude of the 

overvoltage pulse passing through the frequency-dependent device to values that are safe for ES 

equipment.  

To reduce the steepness of the input overvoltage pulse, it is necessary that the protective 

means have not only a high resistance, but also a high reactive resistance. For this purpose, the 

section of the conducting conductor can be made multipath (Fig. 2, sample 2). In this case, the 

impedance of the conductor becomes mainly reactive, which is many times greater than its active 

resistance. It should be noted that in this case questions of the possibility of occurrence of corona 

discharges at the vertices of the sample beams were not considered. Researches have shown that 



the reactive resistance of the device can be increased in a much less expensive way, if it is given 

a spiral shape. At the same time, the usual aluminum wire can be used as a basis, which makes it 

possible to simplify the process of winding the amorphous tape onto the aluminum substrate and 

to solve the problem of coronation of the device.  

 

Fig. 2. Constructions of samples of the frequency-dependent resistor: 1 - sample No.1; 2 - sample No.2 

The calculations show that for effective suppression of the amplitude of the overvoltage pulse, the 

active resistance of the protective device at the thunderstorm frequency should be about 200°ohm, and its 

inductance of 2.5°mH. Such parameters are easily achieved by winding the necessary length of the 

wire in the form of a spiral of the desired diameter on the metal frame. As a result, the so-called 

frequency-dependent device (FDD) was developed in our department, presented in Figure 3 [6]. 

 

Fig. 3. Appearance of the FDD 

In addition to low cost and ease of manufacture, the FDD has a number of advantages 

over other protective measures.  

Firstly, it's simplicity of operation. FDD is installed on the nearest portal to the electric 

substation, one device per phase wire, and the operation of the device is determined by the "hang 

and forget" principle. 

Secondly, the life of the device depends only on the longevity of the materials from 

which it is collected, that is, at least 30 years. 

Thirdly, the FDD is connected in series and, consequently, it is not necessary to provide 

its grounding. 



Fourthly, it is possible to use the FDD for the protection of electric substations of various 

voltages, having calculated the necessary electrical parameters of the device and making minimal 

structural changes.  

Fifthly, for its effectiveness in protecting equipment, FDDs are superior to many modern 

protective devices. 

The 3-year monitoring of the operation of three FDD prototypes, installed in 2014 at 110 

Sugmutskaya ES OJSC Tyumenenergo, also demonstrates the high efficiency of the FDD. The 

monitoring system in constant mode monitored the voltage at the input and output of the device. 

During three thunderstorm periods, a fairly large number of overvoltage pulses of various 

amplitudes and of various origins arrived at the electric substation from the OHTL were 

recorded. The amplitude of some pulses was about 1°mV, however, no disturbances were recorded at the 

output of the frequency-dependent device. Thus, on June 2, 2017, a lightning discharge was detected 

amplitude of which at the input of the FDD (the upper oscillogram in Fig. 4) was about 1 mV. At 

the output of the device (the lower oscillogram in Fig. 4), the amplitude of this overvoltage pulse 

was no more than 140 kV, which is safe for the electric substation equipment.  

Currently, our department continues to work on the improvement of FDD. Thus, in order 

to increase the active resistance, and, consequently, to reduce the overall dimensions of the 

device, instead of a conductive round aluminum wire, a conductor is examined in the form of a 

"sandwich" made of parallel copper plates measuring 320x8x0.25 and a ferromagnetic tape. 

Studies have shown that the resistance of a flat conductive wire of FDD at lightning frequencies will be 

2.5 ... 3 times higher than that of an earlier developed round wire. In addition, the ratio of reactive and 

active resistance in a flat wire becomes about three times less.  

 

Fig. 4. Oscillograms of lightning pulse registered by the monitoring system 2.06 .2017. 



 

IV. CONCLUSIONS 

Analysis of the performance of prototypes installed on the 110 kV Sugmudtskaya electric 

substation on the basis of a three-year monitoring shows that the FDD is an effective means of 

protecting electric substation equipment from high-frequency overvoltage pulses. Thus, a device 

working on the principle of skin effect can be used to protect electric substations of various types 

and voltages.  

The FDD efficiency can be significantly increased if its conductor wire is made in the 

form of a flat frequency-dependent resistor consisting of conductive metal plates and 

ferromagnetic tape.  

The use of a flat conductor having a much greater active resistance than that of 

cylindrical samples will also lead to a significant reduction in the overall dimensions and weight 

of the device, which will greatly facilitate its installation and operation at the sites. 
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