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Визначено фактори, я к  виникають тд час дуго

вого розряду, та визначено можливкть використан- 
ня для прискорення роботи захисту вiд дугового зами- 
кання. Це дав можливкть створення комбгнованого 
пристрою для точного визначення мкця дугового р оз
ряду. Зокрема, може бути розширено спектр чутливо- 
стi оптичного датчика за рахунок використання ул ь
трафюлетового випромгнювання без його замхни.

Розглянуто можливжть прискорення спрацьову- 
вання захисту вiд дугового замикання за рахунок вгд- 
мови вiд його блокування з релейними схемами макси
мального струмового захисту та зменшення впливу 
сонячного випромгнювання на роботу ЗДЗ (захисту вiд 
дугового замикання).

Обгрунтовано можливкть розроблення быьш доско- 
налого пристрою для захисту вiд дугових замикань, 
який дозволяе розширити спектр оптичного датчика в 
область ультрафюлетового випромгнювання.

Запропоновано виршення задачi тдвищення чут- 
ливостi захисту вiд дугового замикання. Це можли- 
во шляхом перетворення ультрафюлетового випро
мгнювання у  видиму частину оптичного спектру, що 
дозволить розширити спектр чутливостг оптичного 
датчика в область ультрафюлетового випромгнюван- 
ня i вiдnовiдно дасть можливкть тдвищити його чут- 
ливкть. Це пов’язано з тим, що 70 % випромгнювання 
дугового розряду припадав на область ультрафюлету 
i тыьки по 15% на видимий та гнфрачервоний спектр 
оптичного випромгнювання.

Отримат результати дають пгдстави стверджу- 
вати щодо можливостг втыення у  реальне промисло- 
ве виробництво пристрою комбтованого захисту для 
визначення мкця дугових замикань, а також розши- 
рення спектральног чутливостг оптичних датчишв. 
Також розроблено комбгнований пристрт для визна
чення мкця дугового розряду за рахунок використання 
ультразвуковог системи. Вгдомг розробки, я к  присвя- 
чеш визначенню мкця дугового розряду шляхом поргв- 
няння гнтенсивностг сигналу вгд спалаху на обох кт- 
цях десятиметрового свгтлопроводу, вгдргзняються 
тим, що максимальна рюниця часу надходження сиг- 
налгв вгд точки спалаху до датчитв на кгнцях свгт- 
лопроводу становить 5нс. Це дуже низький часовий 
ргвень у  поргвнянн довжини свгтлопроводу з швидт- 
стю свгтла 300000 км/с.

Запропонована в дант роботг система, у  якт для 
визначення мкця дугового розряду використовувть- 
ся швидтсть звуку, яка досягав 342 м /с, значно спро- 
щув пристрт вимгрювання часу для визначення мкця  
короткого замикання та пгдвищув точнкть вимгрю- 
вання часу на три порядки (103)

Ключовг слова: захисту вгд дугового замикання, 
чутливють захисту, спектр випромгнювання, пере
творення ультрафюлетового випромгнювання 
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1. In tro d u c tio n

Arc short circuits arise in complete distributive devices 
because of electrical breakdown of isolation between phases 
or between phases and earth. The spark is a short-circuited 
breakdown, and the arc is a continuous isolation breakdown 
at which a load supports current of leakage. At the same

time, tem perature rises sharply; there is a sound shock wave, 
a light flash and electromagnetic radiation. A pillar of an 
electric arc can move along power lines at a speed up to  
200 m/s, an amplitude of arc strength varies w ith a frequen
cy of 100 Hz [1]. Arc circuits for up to  100 ms do not pose a 
high risk for equipment and personnel a t 90 %, a discharge of 
t<1 mc does not represent a th rea t at all [2], but if discharge
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tim e increases, it can lead to  considerable damage [3]. Burns 
from an electric arc caused 1,710 injuries according to  the 
US statistics from 1992 to  2001 [4]. An arc-resistant wall 
between adjacent cells serves as passive arc protection used, 
but the mesh barrier of old cells will not provide necessary 
protection.

Possibility of acceleration of response of protection 
against arc circuit can significantly reduce a number of 
injuries from arc circuits in power supply systems. We de
term ined factors th a t arise during the arc discharge and 
the possibility of using to  accelerate response of protection 
against arc circuit in th is study. This enables creation of a 
combined device for accurate determ ination of the location 
of an arc discharge. In particular, we will be able to  extend a 
spectrum  of sensitivity of an optical sensor by using ultravi
olet radiation w ithout its replacement.

2. L ite ra tu re  rev iew  and  prob lem  s ta te m e n t

Degradation of insulation is one of the most common 
reasons for failure of electrical components [5]. Experiments 
proved th a t a partial discharge is a reliable indicator. Its ear
ly diagnosis gives possibility to  avoid a complete breakdown 
of an affected component of a power supply system. Usual 
measurement systems of partial discharges have some diffi
culty in measuring, especially in online environments and in 
noisy environments [6].

Consequences of a breakdown of insulation are well 
known. The trend implies a transition from conventional 
stand-alone testing  to  online monitoring to  forecast an 
isolation resource, which results in the inclusion of high-fre
quency noise in trapped signals [7].

However, statistics show th a t it is not always possible 
to  prevent accidents at a stage of partial discharges. Partial 
discharges often pass into a stage of arc circuits w ith a com
plete blocking of isolation w ith the development of a process 
of degradation of insulation. At this stage, it is necessary to 
use sensors to  detect an electrical isolation breakdown to 
prevent further development of an accident. A document [8] 
provides a technological review of arc protection in d istrib
utive devices w ith an air-insulator. It covers the entire range 
from design aspects of distributive devices to  the ultra-quick 
removal of an arc. A work [9] presents an assessment of a 
risk of an arc discharge in an electricity distribution system, 
including generation sources (GS).

There are four groups of sensors used to  detect an electri
cal isolation breakdown [1]:

1. Protections in a function of pressure. Valve protec
tion w ith end switches on pressure relief valves. Membrane 
protection, pneumatic switch w ith membrane tubes. Both 
protections are simple and cheap but herm iticity of a cell 
is necessary. In addition, mechanical protective devices do 
not fix an arc itself, but effects th a t arose after emergence 
of an electric arc. The valve protection works reliably on the 
short-circuit current I>3.5 kA only.

2. Temperature protection. The disadvantage of pro
tection is the need to  position a sensor directly near arc 
discharge location, which necessitates installation of a large 
number of sensors in each cell.

3. An antenna sensor, which responds to  ionization of 
air directly  near a place of an arc discharge, is also not 
suitable for control of extended elements. There is a design

of a grounded antenna sensor th a t pulls an arc plasma into 
itself [5].

4. Optical sensors. Separate photocells or circular lenses, 
they send a signal through optical fiber to  a detector unit 
or an open fiber-optic sensor w ithout isolation of a length of 
3 0 -6 0  m, which covers the volume of several cells as a loop. 
The disadvantage of optical sensors is their false response 
to  sunlight or to  brilliance of an arc of an electric welding 
machine. Because there are many false responses of arc 
protection devices, additional relays of maximum current 
protection or error detectors on current transformers 1A/5A 
block them  [4]. We believe th a t minimum condition for oc
currence of an unstable arc is a current of about 0.5 A and a 
voltage of 15-20 V.

In addition to  the above properties, sound, electromag
netic and gamma-radiation accompanies an arc discharge, 
and an explosion occurs at high discharge power.

We need to  resolve the problem of acceleration of re
sponse of protection against an arc circuit. This is possible 
due to  refusal of its blocking w ith relay circuits for maximum 
current protection and reducing of an influence of solar ra
diation on operation of PAC (protection against arc circuit).

The faster we detect and eliminate an arc, which arises 
in distributive devices, the less is a risk to  receive a serious 
injury or death for personnel [10]. O ther benefits of minimi
zation of welding time include reducing of additional dam 
age, reducing of downtime, and, consequently, reducing of 
requirements for individual protection means (IRM ).

Typically, at registering of an arc discharge, photo thy 
ristors record a narrow  part of a visible optical spectrum  at 
the infrared boundary. A time difference between moments 
of a light impulse coming to  ends of a light guide determines 
location of an arc discharge. This causes low accuracy of 
determ ination of an arc discharge point.

A base of one of the new methods for detection of a fault 
type of an arc circuit in an AC electrical installation is a use 
of a single-phase active power filter (A PF) [11]. The results 
obtained in this study show th a t it is possible to  detect a 
series of arc disruptions using APF only by updating its dig
ital control w ith a function of arc fail detection, instead of 
designing of a special arc failure detector ab origin.

Thus, we have to  solve the problem of increasing of sensi
tivity  of protection against arc circuit now. But it is possible 
by converting ultraviolet radiation into a visible part of the 
optical spectrum, which will make it possible to  expand the 
spectrum  of the optical sensor into the region of UV radia
tion and, accordingly, will increase its sensitivity.

3. T he aim  and  ob jec tives o f th e  stu d y

The objective of the study is to  develop a combined op
tical sensor for arc protection, which means to  determine a 
sound and optical spectrum  radiated w ith arc discharges, 
which will enable to  increase sensitivity of a device to  pro
tect against arc circuits.

We set the following tasks to  achieve the objective:
-  expansion of a sensitivity range of an optical sensor;
-  development of a device for simultaneous measurement 

in ultraviolet, infrared and optical spectra;
-  development of a device for a combined use of light and 

sound radiation of an arc discharge for determ ination of the 
place of appearance of an arc discharge.
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4. In v es tig a tio n  o f th e  op tica l sp ec tru m  of 
an  a rc  d ischarge

Chemical elements radiate a spectrum, which is char
acteristic for each individual element, at combustion. We 
can obtain these spectra by combustion in an acetylene-air 
flame, or in conjunction with an electric arc, or at interaction 
with an electric spark. Large atlases of arc and spark optical 
spectra present these data, which proved to be very useful 
for decoding results of the optical research of an electric arc. 
Table 1 shows spectral lines for several chemical elements 
tha t are capable of being exposed to an electric discharge at 
a substation or at a distribution point [12]. We choose the six 
most commonly used elements for a detailed analysis. They 
are aluminum, tungsten, iron, copper, nickel and lead. Table 
1 shows tha t the bulk of (15 sensitive lines) has an ultraviolet 
portion of the spectrum  with wavelengths <380 nm, while a 
visible part (a background) of radiation consists of numerous 
low-intensity lines, as well as radiation of flame combustion 
products up to  670 nm. Fig. 1 shows to tal spectral charac
teristics. The spectrum  of characteristics has an interval of 
50-100 nm, and the interval in the region of the maximum 
is 10-20 nm. The analysis of the spectra showed tha t for 
quick detection of a spark discharge before it switches to an 
arc discharge it is necessary to choose an optical detector 
sensitive to ultraviolet radiation.

Existing arc circuit protection schemes have silicon 
photovoltaic cells. This is because the maximum of their 
differential characteristic falls on the maximum radiation of 
a flame of an electric arc in the region (0.7-1.1) nm. Basical
ly, these are receivers with an internal amplification of the 
photocurrent: avalanche photodiodes, phototransistors, field 
phototransistors and photo thyristors, which became widely 
used in arc circuit protection schemes.

It is convenient to investigate an arc discharge electric 
welding machines. There are three spectra of ultraviolet ra
diation: UV-A (315-400) nm, UV-B (280-315) nm, UV-C 
(200-280) nm. At the same time, the most rigid is UV-C, 
which has an intensity of radiation up to 5 W /m 2 at a current 
of 200 A, which is harmful to a person at a distance larger 
than 60 meters [13]. The welding arc discharge spectrum 
consists of 70 % ultraviolet, 15 % visible and 15 % infrared 
radiation.

Table 1
Wavelengths of radiation of arc and spark spectra of 

individual chemical elements [12]

Chemical Number of lines Sensitive Intensityelement Arc Spark lines, nm

308.2 8

Aluminum -  Al 23 19 309.2
394.4
396.1

9
9
10

Hydrogen -  H2 - 1 656.2 (2,000) -  
Spark

289.6 7

Tungsten -W 34 49
294.4
291.6
400.8

7
7
6

259.9 10
302.0 9

Iron -  Fe 15 10 358.1
371.9
385.9 emela

Cft 
Cft

-0

Copper -  Cu 74 68
324.7
327.3

>10
>10

341.4 9
Nickel -  Ni 73 57 349.2

352.4
7
9

283.9 10
300.9 10

Tin -  Sn 45 45 303.4
317.5 
326.2

10
10
9

280.2 8
Lead -  Pb 39 39 283.3

405.7
8
8

Carbon -  C 1 12 247.8 400

The UV-C spectrum with a wavelength below 280 nm is 
absent in solar radiation on the E arth’s surface [14]. Because 
the fact that the ozone layer absorbs this part of the spectrum 
completely and does not reach the surface of the Earth. There 

are wide-band materials based on gallium 
phosphide, nitrides of gallium and alu
minum, flint carbide and diamond used 
for sensors of “hard” UV radiation. But 
mentioned devices are not widespread in 
the real cells or distribution points due 
to their high cost and insufficient in
formation in technical literature. There
fore, we choose photochromic materials, 
crystallophosphors or fluorescent dyes for 
transition of non-visible ultraviolet radia
tion into the region of the visible optical 
spectrum. Typically, spectral shifts lie be
tween an ultraviolet part and visible parts 
of the spectrum. The higher the power of 
radiation, the faster an output photoform 
will pass from an ultraviolet part to a vis
ible part of the optical spectrum.

We chose photo thy risto rs TF  132
25-10 type for further research, which 
are used in protection schemes against

Fig. 1. Total spectral characteristics: 1 — spark and arc spectra of radiation of 
selected metals; 2 — spectral characteristic of relative sensitivity of a silicon

photocell
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arc circuits for more than  20 years. Time of protection 
response is 10-5 sec. Nominal current is 25 A, voltage is
1.000 V. Power of a controlling light flow is from 1.0 to
1.000 MW.

Photo thy risto rs have a num ber of advantages over 
other sem iconductor optical sensors, such as high load 
capacity a t low power of a control signal, ability  to  memo
rize afte r removal of a control signal, high speed, and high 
sensitivity.

We selected the incandescent lamp BK 215-225-60 type 
with a voltage of 220 V and a power of 60 W  w ith a light flow 
of 750 lm to record characteristics of a photo thyristor in a 
visible and infrared spectrum. A manufacturer recommends a 
similar lamp to control response of photo 
thyristors on a light signal. A photo thy
ristor starts operation from the light of a 
60-watt lamp at a distance of 10 cm when 
powered by 12 Volts of direct current.

We used a red fluorophore dye to 
convert ultraviolet radiation of an arc 
discharge into a spectrum  to which a 
sensitive photo thyristor is sensitive. We 
chose a mercury lamp with a bulb with 
UFS-3 light filter as a source of u ltra
violet radiation. The resonance line of 
mercury has a wavelength of 253 nm. Lu- 
minophore covered the body of the lamp 
from the inside. It emits waves of (300- 
400) nm w ith a maximum of 350 nm.
Fig. 2 shows excitation of the spectrum 
of fluorophore.

Fig. 3 shows location of devices 
during recoding of photo thyristor light 
characteristics

Fig. 3. Location of devices for recoding of light 
characteristics of a photo thyristor: 1 — photo thyristor; 

2 — source of ultraviolet radiation; 3 — fluorophore;
4 — incandescent lamp; 5 — measuring equipment

Fig.

Illumination of thyristor,

4. Dependence of internal electrical resistance of the photo thyristor on a 
magnitude of a light flow, where Ethr is a threshold of illumination, Cl;

# thr — internal threshold resistance of the thyristor, kOm

We can determine a light flow em it
ted by fluorophore under the action of 
ultraviolet radiation by the expression

Ф ,== J фг (X)-a(X)-na (X)-d X, (1)

Wavelength, nm

Fig. 2. Dependence of intensity of radiation on a wavelength: 1 — spectrum of 
mercury lamp; 2 — spectrum of radiation of fluorophore

Curve on Fig. 4 illustrates characteristics of the control 
of photo thyristor: from the threshold minimum of insensi
tivity to lighting to  the minimum threshold resistance of the 
photo thyristor switching on. The control area is between 
the curve and the coordinate axes. The greater illumination 
of a light input of the photo thyristor, the less its resistance: 
switching on current remains constant, and the voltage de
creases to almost zero. A light flow from fluorophore causes 
an additional reduction of internal electrical resistance, 
which increases sensitivity of the photo thyristor.

where фг(Х) is the function of spectral 
density of the flow of fluorophore ex
citation; a(X) are the spectral values of 
an absorption coefficient of fluorophore; 
na(X) are the spectral values of an energy 
output of fluorophore; X1 and Xn are the 
limits of the spectrum of excitation.

We can see from formula (1) th a t 
the light flow of fluorophore is a func
tion of spectral density  of an excitation 
flow from a source of ultraviolet rad ia

tion. The formula provides an opportun ity  to  determ ine a 
light flow from a specific fluorescent surface, depending 
on efficiency of converting the ultraviolet radiation  of an 
arc discharge into a visible p a rt of the optical spectrum .

5. In v es tig a tio n  o f th e  e lec tro m ag n e tic  sp ec tru m  o f arc 
d ischarge  rad ia tio n

T ransient processes, im pulse overvoltage, cu rren t 
th ro ttle s  accompany an arc discharge. A prerequisite for

X
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form ation of powerful electrom agnetic waves is a suffi
ciently high frequency of electrical oscillations. Neces
sary much higher frequencies than  50Hz of industrial 
frequency. The electrom agnetic spectrum  of an electric 
welding arc has th ree  resonance bands; their centers are 
at a frequency of 750 kHz, 3 M Hz, and 20 M Hz [13, 14]. 
Absorbing pincers and vertically  polarized antennas are 
used at a height of 3 m and at a d istance of up to  10 m 
(G O ST 11001-69) to  control interferences of arc d is
charge for radio com m unications. M easuring takes place 
at a d istance of 20 m from the extreme wire on air lines. 
E lectrom agnetic radiation  of a corona discharge of an 
air line is 0.154-100 M Hz. We should note th a t its own 
resonance frequency of an oscillatory circuit depends on 
a m agnitude of its reactive resistance and can reach 5 -  
100 kHz. We can calculate a period of resonant frequency 
of a power line by the formula

T = 2 % JT C , s, (2)

where L is the inductance in H, and C is the capacitance 
in p.F.

Based on the analysis of given data we can conclude 
th a t the electrom agnetic spectrum  of an arc discharge is 
not suitable for diagnostics of an arc discharge at high 
frequencies because it is impossible to  determ ine precisely 
a place where an arc discharge occurs. However, we can 
control it a t low frequencies, when the power of an electric 
arc changes w ith doubling frequency of the supply voltage 
(100 Hz), and the electrom agnetic field is more local in 
nature.

The disadvantage of the method is tha t the electromag
netic field of each power supply depends on load capacity of 
surrounding transformers, tires, and adjacent cell lines. We 
used a wavelength meter of a bridge type to determine elec
tromagnetic parameters of an arc discharge. Fig.5 shows its 
functional diagram.

The wavelength meter consists of ultra-high frequency 
antenna 1, which is connected to diode bridge 3 via aperiodic 
amplifier 2, one of which has amplitude detector 5 connected 
to the output at which galvanometer 7 is connected through 
repeater 6. Before starting  measurements, the wavelength is 
set to zero using potentiometer 4.

We used arc discharges of a welding transformer (voltage 
60 V, current 100 A), electrical lighters for gas appliances, a 
high-voltage battery  (voltage 4,500 V), and a pulsed pho- 
toluminescope (power 100 W ) as arrays of electromagnetic 
radiation. We determined tha t intensity of electromagnetic 
radiation of an arc discharge is directly proportional to the 
power of a radiation source.

6. In v es tig a tio n  of th e  sound  sp ec tru m  o f a rc  d ischarge 
rad ia tion

A level of arc discharge sound pressure can reach more 
than 140 dB. Electrical spark discharges, which are accom
panied by hiss, are a m anifestation of waves of the u ltra
sound range. U ltrasonic waves are very similar to sound 
ones and differ from them  only by frequency because they 
occupy a frequency range above 20 kHz. Discharge activity 
of ultrasonic oscillations is particularly manifested in the 
frequency range (37-43) kHz at wavelength (100 -400 ) nm. 
For measurements, piezoelectric structures, which have the 
required resonant frequency in the range of ultrasound, are 
used [14]. The advantage of ultrasound is a greater direction 
of radiation than in sound, which has properties close to 
light radiation. If we know velocity of light and sound waves, 
measurement of a time difference gives possibility to calcu
late a distance to  an electric arc tha t caused their appearance 
accurately.

Microphones are the most commonly used devices that 
convert sound into an electrical signal: electrodynamic, tape, 
condenser and electromagnetic ones. For acoustic measure
ments, the most suitable is MK-6 non-directional condenser 
microphone: frequency 40,000 Hz, sound pressure level 9 dB. 
According to  the N ational S tandard of the Russian Federa
tion GO ST R55191-2012 (IE C  60270: 2000) High voltage 
test methods: “P artia l discharge measurements: we cannot 
use acoustic and optical methods to  determ ine quantitative 
characteristics of partial discharges: only to determine 
location of partial discharges. An arc discharge can emit 
sound w ith the frequency of industrial electric current. “ 
In comparison, in Ukraine there is an intergovernm ental 
standard  “Electrical equipment and electrical installations 
of the voltage of 3 kV and above. General methods for te s t
ing of electrical strength  of insulation “, which sta rted  its 
action as a state standard  of Ukraine by the order of the 
S tate S tandard  of U kraine of June 18, 1999, No. 354 as of 

01.01.2000. This standard  establishes 
general methods for testing  of isolation 
of electric equipment by the voltage of 
lightning and sw itching impulses, short
term  alternating  voltage, constant volt
age, conditions for conduction of these 
tests and requirem ents for an object of 
the test, as well as recommendations for 
the evaluation of te st results.

Work [15] considers determ ination of 
location of an arc discharge by compari
son of intensity of a signal from a flash on 
both ends of a ten-m eter light conductor. 

The maximum time difference between arrivals of signals 
from the point of flash to sensors at the ends of the lightning 
conductor is 5ns. This is a very low temporal level compared 
to the light conductor of a light velocity of 300,000 km/s. 
In contrast to this, the system proposed here has the feature 
tha t velocity of sound, which reaches 342 m/sec, determines 
arc discharge location, which simplifies a device for measure
ment of time and determ ination of the damaged cell greatly.

We install a relay for arc protection in a cell, which 
contains a tire system A, an electric cable of “l” length, a 
high-voltage switch Q, which is disconnected by YAT elec
tromagnet. PAC consists of a piezoelectric ultrasound sensor 
US, a flash sensor in the form of several photo thyristors PT,

Fig. 5. Functional diagram of a wavelength meter
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a tim er T, a logic element “I”. The US sensor is mounted in 
a focal cone under the cell’s ceiling. Optical input of photo 
thyristors can be connected to  open optical light conductors.

Fig. 6. System for determination of location of an arc 
discharge: A  — tire system; Q, YAT — high-voltage switch 

with a disconnecting electromagnet; l — power cable;
PT — photo thyristor; T — timer; I — logic element,

US — ultrasound sensor; t — impulse length of a timer

The device works as follows: we set an impulse length [t] 
to the tim er T. The length is equal to the time necessary for 
ultrasound to reach US sensor from the bottom  of the cell, 
the output of which is connected to the input of the logical 
element “I  ”.

In the case of an electric discharge appearance in the 
middle of the cell, the signal from flash sensors PT  enters 
the tim er T  input, which outputs a signal by length “t  ”. If the 
signal from the acoustic sensor US enters the logic element 
“I  ” at the same time as the “t  ” signal, then the system trig 
gers and disconnects the high-voltage switch Q  via its YAT 
electromagnet. If the signal from the acoustic US sensor 
arrives at the end of the tim er signal “t ”, then the system 
does not react to it because it is a sound signal from a th ird  
party  object. The system will not respond to sunlight and an 
electric arc of a welding machine because their appearance 
is not accompanied by a synchronous ultrasonic signal at a 
frequency of 20-50  kHz.

7. In v es tig a tio n  o f  rad io ac tiv e  rad ia tio n  o f  an  arc  
d ischarge

We know th a t gamma quanta appear as a result of corona 
discharges and arc discharges. The basic sanitary rules of 
Ukraine allocate a whole class of radio-electric devices w ith 
unused X-rays. This class includes welding, melting, zone 
cleaning materials, electronic microscopes, and others. We 
expect an output of X-rays at a voltage of 10 kV or more. 
Table 2 shows the dependence of the power of the exposure 
dose on supply voltage.

We tested the arc of a 150-ampere welding device was 
for gamma-quantum radiation using a dose-radiometer of 
M KS-03D «Strizh» type (factory number of the device 27). 
In the range of 0.1 pSv/h to 0.1 Sv/h, determ ination error 
of the dose does not exceed 15 %. Dosimetric control did 
not detect a significant deviation of gamma radiation of the

welding arc from background radiation. We obtained data 
using the specified device.

Table 2
Dependence of the power of the exposure dose on supply 

voltage

Voltage, kW 10-30 30-50 50-100 100-150

Power of exposure dose, 
^R/s 3-3-102 30-102 3-103 105

8. D iscussion  o f  th e  re su lts  o f  inv es tig a tio n  o f  th e  
sp ec tru m  o f  rad ia tio n  o f  a rc  c ircu its

Investigation o f the optical spectrum o f radiation o f met
als under the action o f an arc discharge showed that 70 % 
of the radiation falls on the ultraviolet part and 15 % on the 
visible and infrared parts of the spectrum [14]. Arc protec
tion sensors are made based on silicon semiconductors tha t 
do not react to ultraviolet light because their maximum 
sensitivity is in the infrared zone and in the visible optical 
spectrum [16]. We used fluorescent dye to convert u ltra
violet radiation into the spectrum of visible arc protection 
sensors, which, under the action of UV radiation, glowed in 
red light. We used an electric lamp as an UV source. Radia
tion of fluorophore under its action increased a signal at the 
output of the photo thyristor by 15 %. We can explain low 
efficiency of the proposed method by the fact tha t the power 
of the ultraviolet lamp was 10 times less than the power of 
the incandescent control lamp.

The author’s development differs by the method for 
determ ination of contribution of converted ultraviolet ra
diation to the visible part of the spectrum, which gives an 
additional reduction of internal resistance of the photo 
thyristor and, accordingly, increases its sensitivity when we 
introduce a fluorescence screen. Authors of works [14] and 
[16] developed ultraviolet sensors tha t do not react to the 
visible part of the spectrum.

Investigation o f the sound spectrum o f an arc discharge.
Propagation of sound oscillations is in the inverse qua

dratic dependence of wave frequency. U ltrasound has a 
property of direction. Based on these two parameters, we 
used ultrasound to localize location of an electric discharge. 
W hen we know velocity of sound and light, it is quite easy to 
determine a distance to an arc discharge location by the dif
ference in time of receipt of these two signals. Fig. 6 presents 
a functional diagram for detection of a single cell, where an 
arc discharge appears. The mentioned features of the scheme 
simplify the device for measurement of time to  determine 
short-circuit location and increase accuracy of measurement 
of time by three orders (103).

Investigation o f radioactive radiation o f an arc discharge.
We know tha t gamma-quantum appear due to coro

na and arc discharges, as well as at operation of powerful 
welding machines. Gamma radiation of powerful electrical 
installations becomes noticeable at a voltage over 10 kV. Un
even scattering of gamma quanta-quantum , in dependence 
on the location geometry of equipment and an effective 
atomic number of scattering surfaces, makes difficult to use 
gamma radiation to determine location of an arc discharge. 
In addition, it is necessary to  take into account complexity 
of equipment, its dependence on vibration, an influence of 
atmospheric conditions and the electromagnetic field.
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We proposed the solution of the problem of increasing of 
sensitivity of protection against arc circuit. This is possible 
by converting the ultraviolet radiation into the visible part 
of the optical spectrum, which will expand the spectrum  of 
sensitivity of the optical sensor to  the region of ultraviolet 
radiation and, accordingly, will increase its sensitivity. This 
is because of the fact th a t 70 % of radiation of an arc dis
charge falls on the region of ultraviolet radiation and only 
15 % on the visible and infrared spectra of optical radiation.

The disadvantage of the development is a lack of tests on 
real power supply lines at high arc discharges. Lack of sub
stantiation for choice of fluorophore: in term s of maximum 
light output. We did not select location of the photo sensor 
in cells, but there are works, which elaborate this issue [17]. 
In the future, it is necessary to  use devices th a t control the 
state of electric isolation under voltage, which greatly reduc
es possibility of arc discharges [18].

9. C onclusions

1. We developed the method of expansion of the optical 
range of sensitivity of photo sensors by means of registra

tion of an additional light flow from fluorophore, which 
causes additional reduction of internal electrical resistance 
and promotes increase of sensitivity of photo thyristor. We 
determined the necessary optical range of photosensitivity 
of photosensors and proved possibility of its expansion in 
the UV range. We obtained a characteristic of a photo thy
ristor control: from the threshold minimum of insensitivity 
to  illumination to  the minimum threshold resistance of the 
switching on the photo thyristor. The greater illumination of 
the light input of the photo thyristor, the less its resistance: 
switching on current remains constant, and the switching on 
voltage decreases to  almost zero.

2. We developed a device for simultaneous control of 
transform ed ultraviolet, visible, and infrared optical radia
tion by one sensor. We used a screen covered w ith fluoro- 
phore to  convert UV radiation of an arc discharge to  the 
spectrum, to  which the photo thyristor is sensitive.

3. We developed a device w ith combined use of light 
and sound radiation of an arc discharge. It uses the velocity 
of sound, which is th ree orders of magnitude less than  the 
velocity of light, to  determine location of an arc discharge, 
which simplifies a device for tim e measurement and deter
mination of location of short circuit greatly.
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We studied theoretically the transition processes that occur dur
ing tests of power transformers in the mode of experimental idling. A 
circuit-field model of electromagnetic processes is developed, based 
on a three-dimensional dynamical model of the magnetic field in a 
three-phase power transformer at idling.

Using a finite element method, we divided the region of field 
simulation into estimated zones with the magnetic field symmetry 
conditions for vertical and horizontal cross sections. The number of 
finite elements and the time for computing was reduced by four times 
without compromising the accuracy of our results.

It was established that in the circuit of the windings, connected 
into a triangle, there occurs a transitional levelling current, which 
fades over the initial switching time. The multiplicity of this current 
may reach 60-70 % of the multiplicity of the input surge current.

We have developed relations for the approximation of transition
al phase currents, which are represented by the aperiodic, periodic 
components and series with the basis Gaussian functions for phase 
current discrepancies between the circuit-field and circuit models.

We have proposed and implemented a refined approach for the 
calculation of input surge current based on the specifications for an 
idling mode of the transformer and a surge current coefficient, which 
is characterized by the high efficiency and accuracy of numerical 
realization.

To determine a functional dependence of the multiplicity coef
ficient for an input surge current on the input resistances, we applied 
a method of sorting out specialized functions. The approximation 
coefficients calculation was carried out based on the method of least 
squares. This allowed us to significantly reduce the level of error when 
calculating the multiplicity coefficient of input surge current based on 
the specifications of the transformer and testing equipment, by 2.1 %.

Using the 3D modeling reduces the calculation error of idling 
mode current surges by 2.4 % using a simplified procedure that em
ploys specifications of the transformer.

Keywords: circuit-field model, three-phase transformer, idling 
mode, magnetization inrush currents.
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We determined factors that arise during an arc discharge and 
detected possibility of their use to accelerate protection against 
arc closure. This enables creation of a combined device for accurate 
determination of an arc discharge. In particular, we can expand the 
spectrum of sensitivity of an optical sensor by the use of ultraviolet 
radiation without its replacement.

We considered possibility of acceleration of response of protec
tion against arc closure operation due to refusal of its blocking with 
relay circuits for maximum current protection and reduction of an 
influence of solar radiation on operation of PAC (protection against 
arc closure).

We substantiated possibility of development of a more advanced 
device for protection against arc circuits, which gives possibility to 
expand the spectrum of the optical sensor in the region of ultraviolet 
radiation.

We proposed the solution of the problem of increasing of sensi
tivity of protection against arc closure. This is possible by converting 
the ultraviolet radiation into a visible part of the optical spectrum, 
which will expand the spectrum of sensitivity of the optical sensor 
to the region of ultraviolet radiation and, accordingly, increase its
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sensitivity. This is due to the fact that 70 % of an arc discharge radia
tion falls on the ultraviolet region and only 15 % on the visible and 
infrared spectra of the optical radiation.

The obtained results give grounds to assert about possibility of 
realization of a device of combined protection for determination of 
arc circuits in industrial production, as well as expansion of spectral 
sensitivity of optical sensors. In addition, we developed a combined 
device for determination of an arc discharge through a use of an 
ultrasound system. Known developments devoted to determination 
of location of an arc discharge by comparing intensity of a signal 
from a flash at both ends of the ten-meter optical light conductor are 
characterized by the fact that the maximum difference between the 
arrival time of signals from a flash point to sensors at the ends of the 
optical fibers is 5ns. This is a very low temporal level compared to the 
light conductor length at the velocity of 300,000 km/s.

The system proposed in this study uses the sound velocity, which 
reaches 342/s, to determine an arc discharge, which simplifies a time 
measurement device for determination of a short circuit greatly and 
increases accuracy of time measurement by three orders of magni
tude (103).

Keywords: protection against arc circuit, protection sensitivity, 
radiation spectrum, ultraviolet radiation transformation.
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The problem of expansion of the range of functioning of diode 
thermosensors in the region of high temperatures is considered and 
some of the results of the author's research in this area are given. To 
solve this problem, it is proposed to use diode structures based on 
wide bandgap semiconductor compounds in the III-V system. The 
technological method of producing prototypes of high-temperature 
diode temperature sensors based on GaP is developed. The presented 
method allows manufacturing samples of diode temperature sensors, 
the high-temperature limit of which exceeds the limit of functioning 
of commercial silicon diode temperature sensors by about 200-300 K. 
The experimental methods of obtaining epitaxial structures of solid 
solutions of AlGaAs and fabricating diode temperature sensors based 
on them are developed. It is shown that the approach chosen in this 
work allows extending the thermometric characteristics of such 
diodes in the high-temperature region by approximately 150-250 K. 
The paper presents the methodology for forming InGaN device 
structures and production of prototype high-temperature diode 
temperature sensors based on them. This technique with revisions 
can be used for the manufacture of diode temperature sensors and 
other devices for high-temperature applications, the entire range of 
solid solutions in the InN-GaN system. The parameters and charac
teristics of the obtained diode temperature sensors are investigated. 
The results of the research can be used by specialists in the field of 
electronics and optoelectronics in the development and production 
of semiconductor devices.
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To improve efficiency of non-invasive monitoring of the internal 
brain temperature, a small-size single-channel microwave radiother
mograph consisting of a miniature radiometer and a radiometric 
sensor based on a printed antenna was developed. Such solution 
is necessary to provide physicians with a system of non-invasive 
monitoring of diagnosis and treatment processes. Mathematical 
modeling and experimental verification of the technical solutions 
obtained are described in this paper. A miniature radiothermograph 
was developed. It is a balance modulation radiometer designed on 
the basis of the R. H. Dicke's circuit with two loads. Taking into 
account the requirements of miniaturization, a radiometric sensor 
was developed by means of numerical simulation. As a result of 
calculations, optimum antenna dimensions were determined (the
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total size: 030 mm, the size of the foil dielectric substrate: 023 mm, 
dimensions of the emitter slot: 16 mmx2 mm). According to the 
mathematical modeling, the depth of detection of thermal anomalies 
was not less than 20 mm for the printed antenna which is practically 
the same as for the waveguide antenna successfully used at present 
in brain radiometry.

The standing wave coefficient was determined for various head 
regions: frontal, temporal, parietal, occipital and the transient be
tween the occipital and parietal regions. Experimental tests of the 
radiothermograph on water phantoms and biological objects have 
been carried out. A very good coincidence between the data of 
numerical simulation and the physical SWR experiment in a range 
of 1.04-1.8 was obtained. As a result of the study, it has been found 
that the radiothermograph with a printed slot antenna enabled mea
surement of internal brain temperature with an acceptable accuracy 
(±0.2 °C). This will ensure control of craniocerebral hypothermia 
in patients with brain stroke and allow doctors to promptly change 
the hypothermia tactics. Small size of the created unit will make it 
possible to combine it with medical robotic systems to improve treat
ment effectiveness.

Keywords: microwave radiometry, temperature monitoring, 
printed antenna, medical radiothermograph, brightness temperature, 
medical robotics.
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The problem of propagation of internal waves for an ideal incom
pressible fluid was considered. The hydrodynamic system consisted 
of three layers of a finite thickness that did not mix and were bound
ed with a solid cover from above and a solid bottom from below. The 
surface tension force acted on the interfaces of liquid media.

The problem was formulated in a dimensionless form. The non
linearity coefficient equal to the ratio of the characteristic amplitude 
to the characteristic wavelength was used as a small parameter.

Solutions of the linear problem were sought in the form of 
progressive waves. On the basis of these solutions, the dispersion 
relation was obtained as a condition of solvability of the system of 
linear differential equations. Existence of two characteristic modes 
(the real roots of the dispersion relation) was revealed. The graphs 
of the roots of the dispersion relation were analyzed depending on 
various physical and geometric parameters of the system. It has been 
established that thickness of the layers did not affect dispersion of 
the waves while the change of the surface tension and the ratio of 
densities had a significant effect on the wave propagation conditions. 
Wave packets were considered in a linear formulation which was a 
superposition of harmonic waves of close lengths. It was found that 
amplitude of the envelope of the wave packet on the lower contact 
surface remained sinusoidal while it varied on the upper contact 
surface according to a more complicated law.

The problem of propagation of internal waves along the surface 
of three liquid layers can simulate a strongly stratified thermocline in 
the ocean. The study of influence of surface tension can also be used 
to develop new technologies associated with the use of three liquid 
layers that do not mix.

Keywords: ideal incompressible fluid, internal waves, three- 
layer hydrodynamic system, dispersion relation.
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To improve the parameters of pulsed fire-extinguishing plants 
for long-range and mass and dimensional indicators, it was proposed 
to replace the pneumatic propellant charge with the gas-detonation 
charge. The charge is formed based on the technical propane-butane 
mixture with oxygen, and detonation combustion of the mixture was 
achieved through the application of the electric discharge system of 
detonation initiation.

It was experimentally proved that the use of the gas-deto- 
nation charge instead of the pneumatic charge in pulsed fire-ex
tinguishing plants makes it possible to improve their parameters. 
An increase in long-range of a water jet, which was achieved in 
the developed plant, decreases the impact of heat radiation on a 
rescuer, which ensures the feasibility of application of such sys
tems for fighting large-scale fires. A decrease in gas pressure in 
cylinders due to transition from compression energy to chemical 
combustion energy ensures a decrease in the equipment weight 
and an increase in the number of shots w ith the extinguishing 
agent with the same dimensions of similar plants with the pneu
matic charge. Specifically, in the plant w ith the gas-detonation 
charge, effective fire extinguishing distance, depending on the 
initial pressure of the charge within 0.1^0.3 MPa was from 
8 to 19 meters for the mass of the extinguishing agent of 1 
kg and from 5 to 14 meters for the mass of the extinguishing 
agent of 2 kg.

The parameters of the electric discharge system, which ensure 
detonation initiation with minimal electricity consumption, were de
termined. Specifically, in the case of the use of a special spark plug by 
two synchronized spark discharges, at complete energy of the charge 
of 15 J and application of the capacitor of 1.75 and inductivity of 
the discharge curciut of 400 nH, detonation occurs in the pipe of the 
diameter of 73 mm under conditions of the conducted research at the 
distance of not more than 180 mm.

The obtained results could be used in designing the plants with 
a gas-detonation charge.

Keywords: pulsed fire-extinguishing plant, extinguishing agent, 
gas-detonation charge, fire extinguishing distance, dispersion of 
atomization.
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Electrochromic films have been deposited onto glass coated 
with indium-tin oxide (ITO) and glass with ITO and a thin layer 
of metallic nickel deposited onto it. Nickel was deposited onto the 
surface of the ITO coating from nickel electroplating solution. The 
metallic nickel was deposited onto the surface of ITO at the follow
ing parameters -  cathodic current density 0.5 A /dn2, deposition 
time 3 s. Such deposition parameters were chosen, because at longer 
deposition time and (or) higher current density, the deposited layer 
of metallic nickel became opaque. The two substrates were then used 
in the deposition of Ni(OH)2 electrochromic films using the ca- 
thodic template synthesis method. As a result, it was revealed that 
the electrochromic film deposited onto glass with ITO-Ni coating 
possesses higher specific characteristics than that deposited on bare 
ITO-coated glass: higher coloration degree and higher oxidation- 
reduction currents on the cyclic voltamperogram. However, it was 
also revealed that the film possessing better characteristics, on the 
contrary, has lower reversibility of the coloration-bleaching process. 
Based on the obtained data, the mechanism that explains the role of 
the intermediate metal layer was proposed. The mechanism is that 
the deposited layer of metallic nickel forms additional contacts be
tween the substrate surface and the electrochromic film. The nickel 
layer can also assist in securing the electrochromic film, and during 
film deposition has a positive effect on current distribution. On 
the other hand, the lower reversibility of the coloration-bleaching 
process of the film on ITO-Ni coating can be explained by gradual 
oxidation of metallic nickel in the basic medium. At the same time, it 
was revealed that deposition of metallic nickel leads to some decrease 
of the substrate transparency.

Keywords: electrochromism, electrodeposition, thin films, 
Ni(OH)2, nickel, indium-tin oxide, nickel hydroxide.
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acoustic oscillations. Acoustic oscillations act on the system wool- 
washing solution. The system wool-washing solution is in between 
grating conveyors. Conveyors form a grating of metal rods. To de
termine parameters of the acoustic system for the primary treatment 
of wool, we performed an analysis of three problems. The problems 
related to: the scattering of acoustic oscillations on a metal grating, 
on a layer of wool-washing solution, and combining the solutions to 
two problems into one using a scattering matrix method. Our study 
allowed us to define parameters for the system of primary treat
ment of wool with acoustic oscillations, which makes it possible to 
achieve greater effectiveness in cleaning wool compared to existing 
analogues. It was established in the course of theoretical and experi
mental studies that the washing of wool should be carried out at the 
following parameters of acoustic oscillations in a washing solution: 
frequency of the sound field is 1.1±0.1 kHz; the sound intensity is 
1.1±0.01 W /cm 2. In this case, the thickness of a layer of wool at the 
conveyor is 0.06±0.01 m; the motion speed of conveyor is 0.1 m/s; 
the number of converters per bath is 8±1 pieces.

The application of optimal parameters in process of continu
ous washing of wool fibers in an aqueous solution makes it pos
sible to obtain the residual fat on wool within 1.5 % of the amount 
of fat in the unwashed wool while GOST of Ukraine permits up 
to 2 %.

Keywords: primary treatment of wool, parameters of acoustic 
oscillations, coefficient of reflection of acoustic wave.
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