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Purpose. To establish quantitative indicators of the influence of non-sinusoidal loads on the parameters and oper-
ability of contacts of voltage control devices of transformers of power-consuming electrical installations

Methodology. In our research, we used the probabilistic-statistical methods to analyze the experimental findings.
Experimental studies were carried out applying advanced software-based methods for processing, systematizing and
visualizing the findings derived.

Findings. The analysis of the accident rate of transformers for power-consuming technological installations
showed that adjustable transformers, in particular, on-load tap-changers, are in many cases the cause of failure in the
operation of electrical installations. On the example of a switching device of the RNOA-110/1250 type, it was experi-
mentally established that the non-sinusoidality of the current caused by abruptly alternating loads, in combination with
an increase in the number of switchings, leads to an increase in the contact resistance, which significantly reduces the
reliability and serviceability of contacts.

Originality. The dependence of the transient resistance of the contacts of the voltage control device under the load
of the transformer on the degree of non-sinusoidality of the load current is obtained.

Practical value. The results of the work can be used in the development of new designs of on-load tap-changers
for special purpose operation under conditions of load fluctuations. In particular, the work is aimed to increase the
reliability of on-load tap changers contact systems, as well as in the study of the operating conditions of network and
furnace transformers in power supply systems of energy-intensive technological installations.

Keywords: transformer equipment; load fluctuations; on-load tap-changers; contacts; contact resistance; non-
sinusoidal current; reliability.

I. INTRODUTION ers, the reliability of which is largely determined by the
reliability of the on-load tap-changers (OLTC), in particu-
lar of their contact systems [2], [6]. This is due to the fact
that the maintenance of the directive task of the techno-
logical process is achieved by permanent voltage regula-
tion using tap-changing devices and is confirmed by the
data on the damageability of transformer equipment in the
power supply systems of energy-intensive industries, pre-
sented in Table 1.

Reliable functioning of power supply systems for
energy-intensive technological electrical installations,
such as arc steel-melting furnaces, rolling mills, transmis-
sion lines and back-to-back stations, rectifier and inverter
substations, as well as facilities for converting the AC
frequency 50 Hz to 60 Hz (Vyborg HVDC scheme), is an
important technical problem [6]-[8], [10]-[12]. It is
known that the key and most critical element of such sys-
tems are power (furnace) on-load tap-changing transform-

Table 1. Emergency rate of transformer equipment by its components and voltage ratings

Voltage ratings, kV
Component 35 110 220 330 500 Aggregate
N % N % N % IN| % | N| % N %
Windings 61 30 43 13 | 10 7 1 8 0 0 115 | 16
On-load tap changers 4 2 61 18 | 26 19 |1 8 5 24 | 97 | 135
Bushings 27 13 77 23 | 44 32 | 3] 23 7 34 | 158 | 22
Other components and causes | 81/31 | 40/15 | 126/31 | 37/9 | 55/1 | 41/1 |8/0| 61/0 | 9/0 | 42/0 {279/0|39,5/9
Total 204 100 338 | 100 | 136 | 100 | 13| 100 | 21 | 100 | 712 | 100
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The data presented in Table 1 show that the acci-
dent rate of transformer equipment due to failures of
OLTC is relatively low compared to other components.
However, a more detailed analysis shows that defects
in OLTC, which are often latent in behavior, are the
cause of failures on bushings, windings, other compo-
nents of transformer equipment and the system as a
whole [6].

II.ANALYSIS OF RECENT RESEARCHES

An essential feature of the OLTC operation is
that, in the tap-changing process, they carry out multi-
ple tap-changing operations under conditions of load
fluctuations [2], [7], [10]-[12] and a significant incom-
pliance of the power quality characteristics with stan-
dardized ones [16]. In the process, non-stationary elec-
tromagnetic processes and, accordingly, more severe
operating conditions are initiated, which are usually not
taken into account when developing OLTC contact
systems [1], [2], [4], [5], [9]. In the given case we are
dealing with higher harmonics and current unbalance,
which, as it is well known, significantly affect the op-
erability of the OLTC contacts, in particular, the con-
tact resistance and switching wear resistance [4], [5],
[13], [14]. Therefore, they are imposed by increased
requirements.

A significant number of publications are devoted
to the study of the effect of load fluctuations on trans-
former equipment [7], [10]-[12], [15]. Such kind of
research has also been carried out for OLTC [10]; how-
ever, they require further development due to the spe-
cific functioning of their contact systems. In particular,
the influence of higher harmonics and unbalance in the
current on the parameters of electrical contacts and
their reliability has been insufficiently studied.

III. FORMULATION OF THE WORK PURPOSE

The purpose of this work is to analyze the operat-
ing conditions, to determine the cause-and-effect fac-
tors that lead to a decrease in the reliability of OLTC
contact systems. The main task of the study is, first and
foremost, to determine quantitative characteristics of
the influence of load fluctuations on the parameters of
the OLTC contacts. The task of the research is also the
use of the derived scientific findings for the purpose to
modernize operable devices and to develop new engi-
neering and technical solutions.

IV. PRESENTATION OF THE BASIC
MATERIAL AND ANALYSIS OF THE
OBTAINED RESULTS

The object of the study was the contact system of
the contactor of the switching device of the RNOA-
110/1250 type, the appearance of which is shown in
Fig. 1, and its electrical characteristics are given in
Table. 2.

Figure 1. Appearance of the PHOA-110/1250 type
OLTC

The following designations are accepted in Figure
1: 1 and 2 are arcing and main contacts, respectively; 3
and 4 are spring and hinge mechanisms, respectively.

To execute the experimental research, a special-
ized installation has been developed. Its structural dia-
gram is shown in Figure 2.

The following designations are accepted in Figure
2: 1 — switch; 2 — non-sine waveform generator; 3 —
current THD regulator; 4,5,6 — measuring transducers
of power, voltage and current, respectively; 7 — test
object (arcing contacts); 8 — transformer; 9 — electric
drive of the OLTC; 10 — load; 11 — movie camera; 12 —
movie camera drive; 13 — block for coordination of
starting the all mechanisms drives; 14 — short-circuiter;
15 — chromel-copel thermocouples; 16 — thermal imag-
ing camera.

Table 2. Technical parameters of the investigated switching device of the RNOA-110/1250 type

No. Parameter name, measurement unit Value
1 | Rated voltage, kV 110
2 | Rated current, A 1250
3 | Mechanical life, thousand switching operations (not less) 500
4 | Switching life of arcing contacts, thousand switching operations (not less) 50
5 | Time of changing over operation from one fixed position to another one, seconds 3,8+£20%
6 | Number of switching operations before oil change in the contactor, thousand (not less) 50
7 | Mass of the on-load tap changer without oil, kg 1300
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Figure 2.Block diagram of a specialized device for experimental study of electrothermal processes in the contacts of
switching devices.

The research were performed using a single-phase
model of the on-load tap-changer contactor, which was
connected to phase A of the physical model of an elec-
tric furnace transformer. Supply voltage was applied to
the installation from an AC power source using a
switch 1. The current THD was adjusted using a shaper
2 controlled by unit 3. The parameters to be researched
were measured with devices 4, 5, 6, 15. A movie cam-
era 11 made filming to visualize the contact opening
process and further analysis. The contact heating tem-
perature was measured using chromel-copel thermo-
couples 15 and thermal imaging camera 16. Unit 13
was used to coordinate the operation of short-circuiter
14, movie camera 11, thermocouples 15 and the trans-
former physical model 8. After each series of tap-
changing operations, the contact resistance of the con-
tacts being investigated was measured. The experimen-
tal research findings for six values of the THD current
are shown in Table 3.

It is known that the contact resistance is a random
variable [1], [4], [5], therefore, Table 3 presents the
mathematical expectations of the contact conductance,
derived from the probabilistic-statistical analysis of
several parallel measurements [3]. The mathematical
expectation of the contact conductance at certain values
of the number of tap-changing operations is selected as
the arithmetic mean of the results of parallel measure-
ments:

ey = (1)
n

where i is the serial number of the measurement;
n is the number of parallel measurements; o; is the con-
tact conductance at the i-th measurement.

The sample values of the general variance and the
root-mean-square error of a single measurement of the
contact conductance were calculated using the follow-
ing formula:

Table 3. Findings of the contact conductance
measurements in relative units

THD, %

40 | 63 | 9,5 | 13,5 22,0 31,7

o | Number of switching
operations,-10*

1,00 | 1,00 | 1,00 | 1,00 | 1,00 | 1,00
0,99 10,99 10,97 10,97 (0,97
0,96 | 0,94 | 0,92 | 0,90 | 0,88
0,92 1 0,88 | 0,84 | 0,80 | 0,76
0,88 | 0,83 | 0,77 | 0,72 | 0,66
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09 1092085]0,7910,73 | 0,66 | 0,60
1,2 10,88080]0,73|0,65]0,58 | 0,50
1,6 1086077 ]0,68]0,60] 0,51 0,42
20 10,79 10,71 | 0,64 | 0,56 | 0,49 | 0,41
24 10,7510,68]0,62]0,54 | 048 | 0,41
2,7 10,71 ]0,65]0,59]0,53]0,47 | 0,41
30 10,69 0,64 ]0,58]0,52]0,46 | 0,41

The correlation function of the contact conduc-
tance, depending on the conditional numbers of the
measurement series and the number of tap-changing
operations, was determined in accordance with the fol-
lowing relationship:

%(01—1 -5,-1\o; -5)

_1=2
kb= 2-m+1 ’ @

where 1 is the serial number of the measurement
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series corresponding to the number of tap-changing
operations; m is the number of experiments in a series
of studies.

The probability densities of the contact conduc-
tance values (in the form of discrete values of the prob-
ability of their falling into the given intervals) were
determined according to the expression:

kj
f_j(Gi):ns “4)

where £; is the number of conductance values fal-
ling into the interval 6, , <o, <o, k is the total num-

ber of conductance values obtained in the experiments;
h is the interval width 7=0, -0, ;.

The mathematical expectation and variance of the
contact conductance, calculated from experimental
findings, depending on the number of tap-changing
operations, are shown in Figure 3.
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Figure 3. Experimental dependency the contact con-
ductance vs the number of tap-changing operations:
e — mathematical expectation; X — variance

An analysis of the invariance indicates that the
largest deviations in the contact conductance occur in
the range of 10 to 24 thousand tap-changing operations
(region II, Figure 3). This can be explained as follows.
In the initial stage of testing (region I, Figure 3), the
contacts surfaces wear in less degree due to erosion
processes. As the number of tap-changing operations
increases, the contact wear effect due to arc erosion
increases significantly (region II, Figure 3). However,
when a certain level of wear is reached, their influence
begins to decrease (region 111, Figure 3).

Figure 4 shows the graphical dependence of the
correlation function depending on the serial number of
the series of experiments It is indication of the relation-
ship between the conductance values in adjacent series
of experiments at the corresponding values of the num-
ber of tap-changing operations (i.e. the influence of
values in the previous series of experiments that char-
acterize the degree of wear of the contact surfaces).
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Figure 4. Correlation function of the contact conductance

Figure 5 shows the probability distribution den-
sity of the contact conductance, which in this case
complies with a uniform law. The presented depend-
ence makes it possible to estimate the number of con-
ductance values that fall into the corresponding inter-
vals.
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Figure 5. Density of the probability distribution of con-
tact conductance

The analysis of the findings derived made it pos-
sible to establish certain regularities of decreasing the
reliability of the OLTC in systems with load fluctua-
tions in comparison with general-purpose systems. This
can be explained by the fact that, due to electric arc
erosion, the alloy structure of the metals used for mak-
ing the contacts of the OLTC is partially destroyed. In
the process, the contact resistance after each series of
tap-changing operation increases resulted from a
change in the state of the contact surfaces. Ultimately,
the contact surfaces take a shape that is significantly
different from the initial one.

From 40% to 80% of the contact surface is de-
structed, depending on the duration of the arc discharge
during the tap-changing process. Contacts are de-
stroyed most intensively at small distances between
them. A significant role plays the cumulative effect
when the contact surfaces are repetitively exposed by
an electric arc discharge. It is well-known that the
shorter the arc during the switching process, the less
wear and the higher the reliability of the contact system
and the tap-changer as a whole [1], [2], [4], [S]. As an
example, Figure 6 shows the contact surfaces exposed
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by arcing after 10,000 tap-changing operations.

Figure 6. Photographs of the contact surfaces of the
OLTC after experimental studies

The results of the studies of the contacts make it
possible to formulate technical requirements and tech-
nical specifications for the design of new standard ver-
sions of OLTC for special purposes and the reconstruc-
tion of general-purpose developments.

IV. CONCLUSION

1. Based on the analysis of the accident rate of
transformer equipment in the power supply systems of
energy-intensive industrial enterprises, it was found that
one of the possible root causes of the development of
accidents is damage to switching devices. At the same
time, they refer to hidden factors, since when investigat-
ing accidents, primary attention is paid to obvious con-
sequences, such as failures bushings, systems for excit-
ing a magnetic field, magnetic circuits, electrodynamic
effects, etc.

2. Indicators of accident rates of transformer
equipment due to OLTC failures in power supply sys-
tems of energy-intensive industries, especially at load
fluctuations, are 52% higher compared to general-
purpose systems. However, if the hidden behavior of
the OLTC failures is taken into account, then the given
indicator can increase significantly.

3. In the existing literary sources, there are practi-
cally no investigations of switching processes in OLTC
for the purpose to determine the cause-and-effect fac-
tors of reducing their functional reliability in systems,
where the power quality characteristics do not comply
with the standard requirements.

4. A specialized device was proposed and a tech-
nique was developed for the experimental study of
switching processes in tap-changers at variable THD of
the exciting current, which made it possible to obtain
specific results that explain the cause-and-effect factors
of contact damage.

5. The contact resistance directly increases with
the increase in the number of tap-changing operations,
as well as the THD of the exciting current. It is shown
that the largest dispersion in the contact resistance oc-
curs in the range from 10 to 24 thousand tap-changing
operations.
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Mema pobomu. Bcmanosumu KinbKicHi NOKA3HUKY 8NAUBY HECUHYCOIOATbHUX HABAHMANCEHb HA NApAMempU i po-
OOMOCHPOMONCHICIE KOHMAKIMIE NPUCMPOI8 pecyT08aHHA HANpYau MpaHchopmamopis nio HA6AHMAXNCEHHAM (npu-
cmpoig PIIH) Ona enepeoemuux mexHono2iuHux yCmaHosoK.

Memoou oocnidoicennss. Y pobomi euxopucmani memoou iMOBIPHICHO-CIAMUCMUYHO20 AHANIZY Pe3yIbmamie
eKCHnepUMeHmMAanbHux 00cniodcens. Excnepumenmanshi 00CHiONHCeHHA GUKOHAHI 3 8UKOPUCIMAHHAM CYYACHUX HPOSPAM-
HUX Memodie 00poOKu, cucmemamusayii ma 8i3yanizayii OMpUMAHUX pe3yiomamie.

Ompumani pesynomamu. Ananiz asapitinocmi mpancghopmamopis 0jis eHep2OEMHUX MEXHON0IUHUX YCIMAHOBOK NO-
Kasas, wo npucmpoi PIIH € ¢ bacambox sunaokax npudunor 30010 6 pobomi mexHono2iyHux ycmanosok. Ha npuknaoi
npucmporo PITH muny PHOA-110/1250 excnepumenmanbHo 8CMAHOBIEHO, WO HECUHYCOIOANbHICIb CMpPYyMYy, WO € HAC-
7NIOKOM Pi3KO3MIHHO20 HABAHMANCEHHS, Y NOEOHAHHI 3 3DOCMAHHAM KiIbKOCI NEPEeMUKAHb NPU3800Ums 00 30i1bUleHH s
nepexionoeo onopy KOHMAKmis, Wo iCMOMHO 3HUNCYE NOKAZHUKU HAOIIHOCMI I pabomocnocoOHOCHb KOHMAKMIG.

Hayxoea nosusna. 3a danumu excnepumenmy i ix cmamucmuunoi 00pooKu ompumana 3a1exiCHicmy nepexiono2o
onopy koumaxkmis npucmporo PIIH 6i0 koeghiyicnma HecunycoioanbHOCmi CIMpyMy HABAHMAICEHHS NPU PIZHUX KLTbKO-
CMSIX nepemMUKanb nio Ha8aAHMANCEHHIM.

Ilpaxmuuna yinnicme. Pezynemamu pobomu modicyms 8UKOPUCMOBY8AMUCL npu po3podyi HOBUX MUNIe Npu-
cmpois PIIH cneyianvrnozo npusnauents 01a pobomu npu pizKO3MIHHUX HABAHMAICEHHAX, 30KpeMd, NiOGUWEHHS Ha-
OiHOCMI IX KOHMAKMHUX CUCEM, d MAKOMC NpU O0CTIONCEHHI MONCIUBUX PEXHCUMIB HAOIIHOI pobomu Mepercesux i
RIYHUX MPAHCHOPMAMOPIE 8 CUCEMAX eIeKMPONOCMAYAHHA eHEPLOEMHUX MEXHON0IUHUX KOMNIEKCI8.

Kmiouoei cnosa: mpancgopmamopne obnaonanmus; piskoaminni naeanwmaoicenns,; npucmpoi PITH; xonmaxmuuii
onip; HecuHycoioanvHuli cmpym,; HAOTHICM®b.
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noaumexnuxay, 3anopodicve, Ykpauna, super_znvw@ukr.net;
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Yxpauna, e-mail: blizn1953@gmail.com,

Llenv pabomui. Ycmanosums Konuvecmeenuvle NOKA3AMeny 6IUAHUA HECUHYCOUOATbHBIX HASPY30K HA napamem-
pbl U pabomocnocoOHOCHb KOHIMAKMO8 YCMPOUCE Pe2yIuposaHus HAnPaXCcenus mpanc@opmamopos noo Hazpy3Koil
(vempouicms PITH) 01 sHepeoemMKux mexHoi02uieckux yCmaHo8ok.

Memoovwt uccredosanus. B pabome ucnonv306ansvi Memoobl 8eposmMHOCINHO-CIMAMUCTIUYECKO20 AHATU3A Pe3Yilb-
mMamog KCNepUMeHmManbHblX UCCIe008aHUll. DKCNEPUMEHMANbHbIe UCCIeO08AHUsA 6bINOTHEHbL C UCNONb308AHUEM CO-
8PEMEHHBIX NPOSPAMMHBIX MEN0008 00PaAdOMKY, CUCIEMAUZAYUY U SU3YATUZAYUY NOTYYEHHBIX Pe3YTIbINaAmos.

Tonyyennvie pesynomamol. Ananus asaputinocmu mpanc@hopmamopos Ojia IHeP2OeMKUX MEXHOI0SUUECKUX YCma-
HOB0K nokasan, umo ycmpoticmea PITH sgnsaiomca 60 MHO2UX CIYYAAX NPUYUHOU cO05 8 pabome mexHONI02UYeCKUx yc-
manoeox. Ha npumepe ycmpoticmea PIIH muna PHOA-110/1250 sxcnepumeHmanbHo yCmaHo81eHo, 4mo HeCUuHycou-
0anbHOCMb MOKA, 8bI3bI6AEMAS PE3KONEPEMEHHBIMU HASPYIKAMU, 8 COYEMAHUU ¢ POCIOM KOIUYECMEd NEPEKIOUeHUll
NPUBOOUM K YBETUUEHUI) NEPEXOOH020 CONPOMUBTEHUS KOHMAKIMOE, YMO CYWECMEEHHO CHUJCAem NOKA3amenu Ha-
oexcHocmu U pabomocnocOHOCIU KOHMAKMOS.

Hayyna noeusna. 1o 0aHHbIM 3KCriepumeHma u ux cmamucmuyeckoli 06pabomku noxyuena 3a8UcUMocms nepe-
X00H020 conpomusnenus koumaxmos ycmpoticmea PIIH om kos@guyuenma necunycouoanbHocmuy moxa HacpysKu
npU Pa3IUYHbIX KOAUYECMEax nepekuouenull no0 Hazpy3Kou.

Ilpaxmuueckas yennocms. Pesynomamul pabomuvl MO2ym UCHONb306aMbCA NPU pa3pabomKe HOBbIX MUNO8 YChi-
poticme PIIH cneyuanvnoz2o nasnauenus 015 pabomvl npu pesKonepemMeHHblX HAZpY3KAaX, 6 YACHHOCU, NOSbIUUEHU
HAOEHCHOCMU UX KOHMAKMHBIX CUCIEM, 4 MAKJICe NPU UCCTIe008AHUU 803MOICHBIX PEXCUMO8 HAOEXCHOU pobombl ce-
MesbIX U NeYHBIX MPAHCHOPMAMOPOE 8 CUCIEMAX INEKMPOCHADICEHUS IHEP2OEMKUX MEXHOIOULECKUX KOMNIIEKCOB.

Kmiouesvle cnoea: mpaucgopmamophnoe obopyoosanue; peskonepemenmvie nazpysku; ycmpoiicmea PIIH;
KOHmMAaKmmuoe conpomueéienue; HeCUHYCOuOAnbHblL MOK; HA0EHCHOCHD.



