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NEED OF TECHNICAL ACCOUNTING AT ELECTRIC ENERGY QUALITY
REDUCTION UNDER CONDITIONS OF AC TRACTION SUBSTATION

Purpose. Justification of the need for electrical energy quality technical accounting based on the results of monitoring a 10 kV
traction substation transformer mode.

Methodology. Measurements of the current and voltage at secondary busbars of a 10 kV traction substation and monitoring of
the electrical energy parameters in the observation interval were carried out. Using the Fourier analysis methods, a current and
voltage harmonics level was analyzed. For the current and voltage fundamental harmonic, the positive, negative and zero se-
quences components are analyzed using the Fortescue transformation. Based on the secondary voltage side current discrete spec-
trum, the calculation of power loss growth in cable line and transformer windings was carried out.

Findings. As a result of measuring the electrical mode parameters on the transformer secondary voltage busbars, a significant
distortion of current and voltage, as well as significant fluctuations in active and reactive power, were established. During the ob-
servation interval, significant changes in the power factor are noted. Based on the calculation of additional losses from current
higher harmonics in the cable line, it has been established that the current load of the line can be reduced by 10 % while eliminat-
ing the current higher harmonics. A similar calculation of loss growth carried out for the traction transformer showed that in the
analyzed case its load should not exceed 87.8 % of the nominal one.

Originality. A significant level of harmonic current distortion on secondary voltage busbars of the traction transformer leads to
its underutilization, whereas the voltage distortion level, as an electrical energy quality indicator in accordance with current stan-
dards, remains within the permissible range. This requires a revision of electrical energy quality indicators, from the standpoint of
power, which is due to both current and voltage.

Practical value. The indicators obtained as a result of calculations can be used to correct the load of traction substation trans-
formers. The introduction of the obtained indicators into the set of parameters for electrical energy technical metering is a prereq-
uisite for the development of measures to improve the electrical energy quality.

Keywords: technical metering, electrical energy quality, traction substation transformer, current and voltage harmonics, power losses

Introduction. Railway transport complex is a great consumer
of electricity, which accounts for about 4 % of total electricity
supply in Ukraine. Active electrification of roads leads to a fur-
ther increase in the share of electricity consumption. Most of the
indicated share of electricity consumption is spent on the needs
of electric traction. The contact network, which provides energy
transmission directly to the electric locomotive, is powered by a
traction substation. As a rule, transformers of AC traction sub-
stations provide reduction of primary voltage of 110(220) kV dis-
trict electric networks. In the case of supply of main electric lo-
comotives, the voltage is transformed to the level of 27.5 kV AC.
However, DC traction substations are also in operation. Their
voltage is transformed to the level of 6(10) kV with subsequent
conversion to the constant level of 3.3 kV. At the same time,
transformers of traction substations can have windings of medi-
um voltage of 35 KV for non-traction consumers. Traction sub-
stations with a secondary voltage level of 6(10) kV have become
widespread among the enterprises of the mining complex [1].

The modes of movement of the electric rolling stock, the
number of units, the profile of the rail track, and the structure
of the traction electric drive form a complex load on the trac-
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tion power supply system. These factors significantly affect the
characteristics of traction transformers, especially at the min-
ing enterprises, where the electric rolling stock operates under
difficult conditions.

Literature review. Locomotives of electric rolling stock op-
erating on the electrified railway have various systems of the
traction electric drive. Electric locomotives with the following
structure of the electric drive: rectifier (network-driven invert-
er) — DC motor or frequency converter — induction motor —
are the most common electric locomotives at alternating cur-
rent electrified railways [1].

These electric drives cause higher harmonics of current and
voltage in the traction power supply system during the electric
locomotive operation [2]. The research on the modes of such
systems in operation makes some scientists [ 3] conclude that the
assessment of electricity quality is becoming not only a compu-
tational tool for designing and planning traction power systems,
but also an indispensable method for utilities in terms of accu-
rate assessment of the quality of electricity from railway systems.

The complexity of the formation of the load on the traction
power supply system is caused by the simultaneous processes of
electric locomotives movement and electric drives regulation.
Researchers [4] note that the spectral analysis of traction volt-
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ages and currents is the basis for assessing the level of electro-
magnetic compatibility and quality of power consumption in
electric transport systems. Carrying out such an analysis is com-
plicated by the fact that electric locomotives operate in non-
stationary dynamic modes. A solution to these difficulties is pro-
posed in paper [5]. The introduction of the concepts of current
and instantaneous spectra enables the spectral voltage analysis
not only in steady modes but also in transient ones. It is stated
that the method of discrete Fourier transform can be fully ap-
plied to determine the current and instantaneous spectra.

Measures have been developed and solutions are being
implemented to improve the quality of electricity in the trac-
tion power supply system.

The use of so-called four-square converters with pulse
control in the traction drive system of electric locomotives [6]
makes it possible to eliminate the problem of increased har-
monic distortions in the supply networks of traction substa-
tions. Such a decision requires large-scale modernization of
electric locomotives, which is extremely difficult under the
current economic conditions. A smaller but no less positive ef-
fect can be achieved by using filtration schemes, including ac-
tive ones, directly in the structure of traction substations [7].
As a result, the quality of the electricity supplied to electric
rolling stock is improved. The required level of electromag-
netic compatibility of the traction network with the systems of
railway automation and communication is achieved.

Obviously, it is impossible to completely exclude the influ-
ence of electric rolling stock as a consumer of the traction pow-
er supply system. In addition, it is proposed to include a certain
assessment of power in the traction power supply system and its
consideration in tariffs in the system of rating assessments of
the state of energy security when paying for electricity [8] In
this regard, there are tasks to assess energy consumption in the
presence of distortion. In [9] it is noted that the active power is
transmitted not only by the main component (DC or AC), es-
pecially in electrified railways. As a result, two indices are pro-
posed for preliminary assessment of the relevance of harmonic
active power conditions for 3 kV DC and 2 x 25 kV AC systems.

However, for all the diversity of views on the issue related
to the quality of electricity in traction power supply systems,
this problem in terms of measuring power or its components is
considered only by some researchers [3, 9]. At the same time
the distortions of power and electric energy are not taken into
account. The above tasks are extremely relevant for traction
networks of mining enterprises. Given the relatively simple
structure and complexity of power consumption modes, their
traction substations require special attention.

Purpose. Substantiation of the need for technical account-
ing of electricity quality based on the results of monitoring the
10 KV traction substation transformer mode.

Results. OPE-1A electric locomotives, which receive pow-
er from the 10 kV AC traction power supply system, are the
most widespread on the network of quarry railways [1]. The
electric locomotive is equipped with an ODCE-8000/10 trans-
former with a rated capacity of 7338 kilovolt-amperes.

Two traction windings, each of which is divided into four
sections, are designed for a rated voltage of 1900 V, the wind-
ings of their own needs — for a voltage of 250, 400 and 625 V.
The main controller ECG-21D located above the power trans-
former is used for current-free switching of its secondary
winding. Two VPB-6000 rectifier-converter units with B2-320
diodes and T2-320 thyristors allow smooth changing of the
rectified voltage by means of the BU39D control unit. Thyris-
tor voltage is smoothly regulated within each of the four zones
by changing the opening angle of the thyristors included in the
split arms of the bridges of the rectifier-conversion unit. Direct
and reverse transitions between zones are possible in the ab-
sence of switching current of the contacts of the main control-
ler. The electric locomotive also provides an automatic transi-
tion to self-excitation in the event of an emergency power
outage.

Thus, the electric locomotive provides smooth regulation
of the traction mode from the technological position, and a
complex mode of electricity consumption from the other one.

When calculating the power supply systems of quarry rail-
way electric transport, the circuit is considered, a fragment of
which is presented in Fig. 1. The circuit includes load (electric
locomotive or several electric locomotives (OPE)), contact
network (CN), traction substation transformer (TV) and dis-
trict high voltage network. The traction complex of the electric
locomotive is represented by a transformer (T), thyristor-di-
ode converter (TC) and traction motors (DCM). Due to the
complexity of the power consumption mode of the traction
train, the research on electrical parameters on the secondary
voltage busbars of the transformer TDN-16000/110 traction
substation (measuring point) of the mining enterprise was car-
ried out. The Fluke 434 measuring instrument was used to
control and record the electrical parameters of the mode.

Flukeview power quality analyzer profile software was used
to process the measurement results. Under the condition of
recalculation of indicators, the transfer coefficients and cir-
cuits of measuring transformers connected to secondary volt-
age buses are taken into account: 10 kV — 2NOM-10 voltage
transformers; 10 kV current transformers TSHL-10 2000/5.

Fig. 2 contains the timing diagrams of voltage and current
on the secondary voltage busbars of the transformer of the
traction substation. There is a voltage distortion and signifi-
cant current distortion. Obviously, the distortions are caused
by the switching processes of the rectifier units of electric lo-
comotives. This is evidenced by the difference in the shape of
the phase currents, the presence of steep fronts at certain in-
tervals, which correspond to the switching intervals of the
valves. As a result, voltage pulses occur.

Energy consumption during the day in the researched unit
is characterized by significant changes due to the modes of
movement of the electric rolling stock. Changes in active pow-
er consumption from minimum to maximum value are shown
in Table 1. Total active power P, during the observation period
varies in the range from 0.1 to 13 % of the set capacity of the
transformer of the traction substation. The active power varies
in phases over a wide range, the limit values of which differ for
different phases, i.e. there is asymmetry. Fixing the negative
values of the active power by phases should be emphasized. The
traction complex of electric locomotives cannot implement the
recovery mode. Thus, the negative values of the active power by
phases are caused by both the phenomenon of asymmetry and
the presence of higher harmonics of current and voltage.

Periodic overcompensation for reactive power by phases
and in general is determined. In particular, in terms of total
reactive power, the overcompensation ranges from —11 % to
-2 % (Table 1).

As a result of the mentioned distribution of active and re-
active powers, the power factor cosj has a complex form in
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Fig. 1. A simplified circuit-fragment of the traction complex
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Fig. 2. Voltage (a) and current (b) time diagrams of the traction substation transformer on the secondary voltage busbars

Table 1
Researched unit integral indices
P, kW P,, kW P, kW P, kKW
max 1296 1184 410.5 2159
min —11.2 —-137.5 -151.2 22.4
0,, kVAr 0,, kVAr 0., kVAr 0,, kKVAr
max 134.4 332 -5.6 -35.2
min -512.8 —-1113 —-1082 —1818
U, kV U,, kV U, kV
max 10.78 (8 %) | 10.89 (9 %) 11.37 (14 %)
min 10.11 (1 %) | 9.21 (-8 %) 9.91 (-1 %)
cos @, Ccos @, oS @,
max 0.99 0.99 0.71
min —-0.45 -0.29 -0.34

time — Fig. 3. The analysis of the minimum and maximum
values of the power coefficient reveals that the set power of the
existing compensation devices provides a high power factor at
some intervals at the level of 0.99 (Table 1), but at certain in-
tervals the power factor falls below zero.

This fact has negative consequences — high voltage and its
significant fluctuations. In particular, the ¢ phase voltage in
certain intervals exceeds the maximum allowable value of 10 %
and is 14 %. Voltage deviations in other phases do not exceed
the maximum allowable value.

For certain points in time, the level of current distortion is
fixed. Its harmonic composition is shown in Fig. 4. The total volt-
age distortion coefficient was 2.1 % at the time of fixation, which
corresponds to the quality standards of electricity. There is a sig-
nificant level of current distortion of 58.3 % (Fig. 4); the level of
the fifth harmonic exceeds the level of the third one. Current dis-
tortions cause voltage distortions that reach the following values
in phases THDy, =7.42 %; THD;,=5.56 %; THD .= 6.46 %.

Due to the connection circuit of the secondary winding of
the traction transformer to the contact network, there is a sig-
nificant current asymmetry (Fig. 5) which reaches the value of
82.5 % in reverse sequence.

This situation with current asymmetry leads to voltage
asymmetry in the reverse sequence K,; = 1/8 %, and in the
zero sequence Ky;=6.1 %.

Thus, additional heat caused by losses from currents of
higher harmonics in the phase conductors is added to the heat
released during the flow of the fundamental frequency current
proportional to the loss of active power.

The main source of heating of the power cable, as men-
tioned above, is the loss of current-carrying conductors with

resistance (R, ) under the influence of the acting value of cur-
rent (/), flowing in them

P=R_-I’. M

At alternating current additional losses are created, both in
the conductive core, and in an insulating layer, and in protective
metal covers. Additional losses in the cable cores at non-sinu-
soidal current are created due to the effect of current displace-
ment. In multicore cables there is an additional increase in re-
sistance compared with DC resistance caused by the effect of
proximity due to the influence of the cores on each other [10].

The electrical resistance of the core per unit length of cable
at direct current is determined by the following formula [11]

R =W’.(1+a20(7; ~20)), ?)

where p,, is core material specific electrical resistivity at 20 °C,
/is core length; S, is core cross section area; o, is temperature
coefficient of increase in the core material resistance; 7. is core
maximum operating temperature; k is the twist factor, taking
into account the length of the wires from which the core is
twisted (values from 0.03—0.05).

Additional power from higher harmonic currents

P =1j-R, 3)
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Fig. 3. The power factor change time diagram of the traction substation transformer on the secondary voltage busbars

Thus, when non-sinusoidal current flows through the

TapMOHMKKH >
FK___69 | phase core, power loss is as follows
o 0:00:23 9p m~E
" . }nn ................................................
hase _ 2 2
PPhse = [2. R+ I7-R,. (3)
)
..... soalll oo As a result, it is possible to determine the equivalent phase

sinusoidal current (thermal equivalent) in the absence of dis-
tortion

i i
I ...... .. II l.. l IO | [ T N | FO O, qu = |=X . (6)
THDDC 1 3 5 7 9 1 13 15 17 Rl

29711718 10:03:07 100U 50Hz36 WYE _ DEFAULT . ) )
m n“ [ HLE METER l;“.lmgglE ‘ HFI']lI'_'? IQ ky elqctrlclty is transferred via a copper three-wire cable to

— — the distribution device of the contact network. The parameters of
one core of the cable are as follows: length /= 1100 m; cross sec-
tion area .S = 400 mm? the cable rated current 7, = 880 A when

laid in the ground. Core diameter d,. = 22.57 mm; distance be-
tween the core axes = 33.85 mm. The results of calculations of

Fig. 4. Current harmonics

IvicbanaHc the active resistance of the cable cores are given in Table 2.

T 0:00:08 O p [om < Table 3 contains the results of the calculation of the two
Aq funa 0.682 variants: the first variant — according to the data obtained dur-
Ag funa 0.761 ing the experiment (Fig. 4) and the.acting Valqe Qf cgrrent
Ac funa 0.118 1,,s= 510 A; the second one — according to the distribution of
Hz 4999 harmonics recorded in the experiment (Fig. 4) and rated act-

’ ing value of current /,,,, = 880 A.

B ey 0 We can conclude by the results of the analysis of Table 3
GApey -174 that, due to the action of higher harmonics, the line is loaded
BAce -312 by 9.6 % more equivalent current. In this case, as proved in

[12], it is also rational to take into account the components of
the power transmitted by the line.

The decrease in the throughput of the transformer due to
non-sinusoidal currents is determined by the increase in ad-
Fig. 5. Current asymmetry ditional losses from currents of higher harmonics. The trans-
former, in contrast to the cable, is more complex electrical
equipment in which the losses of active power are concentrat-

29711718 10:03:36 100V 50Hz 38 WYE DEFAULT

UDLT| AP HOLD
a B & METER  TREHD RUH

where I, is the 4" harmonic root-mean-square current value;
R, is the core active resistance at the A" harmonic for 4 > 3, is

determined by formula [11] Table 2
The values of the phase core active resistance for current 4"
R, = Rc(o.187+0.532.\/2)(1+ys), ) harmonic
where y; is the coefficient that takes into account the skin-ef- h 1 3 5 7
fect of current displacement and proximity of cores.
. . 1, 100 22 34.5 12.3
For three- and four-core cables, it is determined by for- w %
mula [11] I, A 468.986 103.177 161.8 57.685
R,, Ohm 0.066 0.072 0.089 0.104
2 2
4 d 1.1 d
V= xs ~4(_cj ; 8 +0312[_¢ , Table 3
192+0.80; L r X5 +027 r Tabulated calculation results
192+0.86%
. . . Lo I, L, Is, I, Pphase 1o,
where r is the distance between the core axes, d, is the core w A A A A *W X

diameter.

510 | 468.986 | 103.177 | 161.8 | 57.685 | 20.61 | 558.992
880 | 809.23 | 178.031 | 279.184 | 99.535 | 61.38 | 964.535

s

X2 =8'T;J-1.159.10-4.

cx
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ed not only in the windings, but also in other structural parts
due to the action of an alternating electromagnetic field.

Losses from eddy currents (P,;, ) [13] increase in propor-
tion to the square of the load current and are proportional to
the square of the frequency. Losses from eddy currents due to
higher harmonic currents can be found as follows

heh (N
Pwinh = Pwin nom Z : 'h2’ (7)
‘ =

nom

where P,;, .n 1S losses in the winding from eddy currents under
rated conditions; 4 is the harmonic number; /, is the root-
mean-square value of the current harmonic #4; 1, is the root-
mean-square value of the fundamental harmonic current and
rated load conditions.

Subsequently, the coefficients of increase in eddy current
losses in the windings (K, ,), eddy current losses in the mag-
netic core (K, ) and additional losses in the structural parts of

the transformer (K., ;) are introduced

2
P. hh (T
K. = winh _ _ h . hz; 8
v Pwin.nom ; [Inom j ( )
2
P (1
ch‘h —_“meh _ z [1 h j .hlAOS; (9)
mc.nom h=2 nom
P, (Y
K —_“conh _ h . hOAB . 10
ot Pcon.m)m ; [Inom J ( )

The introduced coefficients of increase in losses due to
currents of higher harmonics will make it possible to write
down the equation of losses in the following form

APh = Kwin.h * Lyyin.nom + ch.h : Pcon.nom + Kcom,h : Pcon.m)m' (1 1)

The equivalent load capacity of the transformer is deter-
mined on the basis of the equality of active power losses in the
rated mode (AP,,,) and in the presence of current harmonics
(AP,). At the same time the increase in losses of idling from
higher harmonics of current is neglected because of their small
influence on idling losses.

As a result of increasing the equivalent current [14]

1

Inom
(12)

— APnom
NAP, 4K i Painnom + Koo Ponnom + Keonn* P

nom win.h " win.nom me.h "4 con.nom con.h " con.nom

The equation shows by what value the root-mean-square
value of the current should be reduced in the presence of high-
er harmonics of the current relative to the rated current of the
transformer.

We perform the calculation for the studied mode, accord-
ing to the level of higher harmonics of the current (Fig. 4) the
coeflicients of increase in losses are presented in Table 4.

Transformer TDN-16000/10 has rated power Sy =
= 16 000 kVA; rated voltage Uy, = 158 kV; U, = 11 kV; short
circuit voltage Uge= 11 %; losses AP,y = 19 kW; APg-= 88 kW,
idle current 1;;,=0.8 %.

The parameters of the equivalent circuit X, =
2 2
= Usc % Uiy =171.413 Ohm; active resistance Ry = Afsc Uy _
100S, Sy Sy
AP,
= 8.581 Ohm; active conductivity Gy = Ule =0.76uS’; reac-
HV
: i Ly Sy
tive conductivity B, =—2-—>-=5.127uS.

100 U%,

Losses in the winding taking into account eddy currents in
it under rated conditions AP, ;, ,,m = 32.31 KW, losses from eddy
currents in the core AP, ..., = 19 kW; losses in the structural
parts of the transformer AP, ., = 363.957 W.

Taking into account the specified levels of losses and the
coefficients of growth of losses given in Table 4, the operating
current of the transformer should make, p.u.

L=0.878.
I

nom

Thus, due to the action of higher harmonic currents, the
losses in the transformer are increased, without taking into ac-
count the factor of the connection scheme of the transformer
windings, which can cause a significant increase in losses from
current harmonics multiples of three.

Voltage harmonics whose level is significantly lower than
the level of current harmonics in this case are not taken into ac-
count. However, the influence of these harmonics on the losses
in the magnetic circuit of the transformer should not be exclud-
ed. In this case, if we rely on the current standards of electricity
quality [15], in particular the voltage, the quality of electricity at
the object under study is normal except in rare cases.

Knowledge of the observed impact, in this case, and its
calculation provide a certain assessment of energy processes
from the standpoint of losses. Accordingly, they contribute to
the formation of recommendations for the loading of the
transformer, cable line and their subsequent operation. It
should be borne in mind that the current spectrum, its asym-
metry and similar voltage characteristics change over time.
Thus, the electric energy is accounted only on active and reac-
tive capacities. Obviously, electricity quality cannot be mea-
sured by reactive power alone. This makes it impossible to take
into account the quality of electricity in terms of higher har-
monics, current and voltage asymmetry [16].

As a result, there is a need to modernize the existing system
of automated control and metering of electricity. The proce-
dure can be implemented by additional input of power compo-
nents or corresponding indicators that reflect the degree of vio-
lation of the quality of electricity, for example, as performed in
[16, 17]. Accordingly, there is a need to formulate integrated
indicators, which in combination with active and reactive pow-
er will be determined, registered. The order of direct or indirect
accounting of these indicators is no less important task.

Conclusions.

1. As a result of measurements of electrical parameters of
the mode on the secondary voltage busbars of the transformer,
significant current and voltage distortions were found, addi-
tional losses from which require a 10 % reduction in the load of
the transmission line and the traction substation transformer
by 12.2 %.

2. The level of voltage distortion, as an indicator of the qual-
ity of electricity in accordance with current standards, remains
within acceptable limits. Significant level of harmonic current
distortion on the secondary voltage busbars of the traction trans-
former leads to its underutilization. Thus, the regulated indica-
tors of electricity quality need to be revised from the standpoint
of power, which is determined by both current and voltage.

3. The introduction of the indicators used in the research
to a set of parameters of electricity technical accounting is a
prerequisite for the development of measures to improve the
quality of electricity.

Table 4
The calculating results of the increasing loss coefficients
h I I; h? HO8 | p10s Pop | Pon | Pt
p.u. | p.u p.u. p.u. p.u.
1| 1.000 | 1.000 | 1.00 | 1.00 | 1.000 | 1.000 | 1.000 1.000
310.220 | 0.048 | 9.00 | 2.41 | 3.169 | 0.436 | 0.117 0.153
510.045|0.002 | 25.00 | 3.62 | 5.419 | 0.051 | 0.007 0.011
710.020 | 0.000 | 49.00 | 4.74 | 7.715 | 0.020 | 0.002 0.003
Sum 1.051 - - - 1.506 | 1.126 1.167

ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2021, N 3 79



4. The development of methods for technical accounting of
electricity quality by power components, which will complement
the active and reactive power, will become topical in the future.
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O. B. Banobpacecouil', A. I. Inaoup', C. M. xumeup',
A. O. Cyaum?

1 — KpemeHuylLIbKHi1 HalliOHATBHUI YHiBEpcUTET iMeHi Mu-
xaitma Octporpancekoro, M. KpemeHuyk, YKpaina, e-mail:
seemal@kdu.edu.ua

2 — JlepxaBHe MiANPUEMCTBO «YKpaiHChKUIT HAYKOBO-A0CTiI-
HUIi IHCTUTYT BaroHoOyayBaHHsI», M. KpemeHuyk, YkpaiHa

Meta. OGrpyHTYBaHHSI HEOOXiTHOCTI TEXHIYHOTO O0JIiKY
SIKOCTI €JIEKTPUYHOI eHeprii 3a pe3yJbTaTaMu MOHITOPUHIY
pexuMy TpaHchopmaTopa TAropoi miacraniiii 10 kB.

Meroauka. [IpoBeneHO BUMipIOBaHHSI CTPYMY i1 HalIpyTru
Ha IIIMHAX BTOPUHHOI HAMPYTH TsAroBoi miactaHuii 10 kB i mo-
HITOPUHT TapaMeTpiB eJIEKTPUYHOI eHeprii Ha MPOMIXKY iH-
TepBaJly criocTepeskeHHsI. 13 Bukopucrtanasm metoniB Dyp’e
aHaJli3y BUKOHAHO aHaJIi3 piBHS rapMOHIK CTPyMY i1 HATIPYTU.
J1J1s1 OCHOBHOI TapMOHIKY CTPYMY ¥ HaIlpyrul 3 BUKOPUCTaH-
HSIM repeTBopeHHsT PopTecK’t0 MPOBEAEHO aHai3 CKIaI0-
BUX IIPSIMOI, 3BOPOTHOI Ta HYJIbOBOI IoctifoBHocTei. Ha min-
CTaBi JUCKPETHOIO CIIEKTpa CTPYMY Ha CTOPOHI BTOPUMHHOI
HAIIpYTV TIPOBENEHO PO3PAaXyHOK 3POCTAHHS BTPAT TMOTYX-
HOCTi B KaOeJIbHili JIiHii Ta 00MOTKax TpaHchopMaTopa.

PesynmbraT. Y pe3ynabTari NpOBeNeHUX BHUMipIOBaHb
eJIeKTPUYHUX MTapaMeTpiB pexkKrMMy Ha IIMHAX BTOPMHHOI Ha-
MPpyTY TpaHchopMaTopa BCTAHOBJIEHO iCTOTHE CITOTBOPEHHS
CTpyMY i HalpyIu, a TaKOX 3HAYHi KOJMBaHHSI aKTUBHOI Ta
peakTUBHOI oTyXHocTi. Ha iHTepBasi criocTepekeHHs Bif-
3HAYalOThCs 3HAYHi 3MiHU KoedillieHTa moTykHocTi. Ha min-
CTaBi pO3paxyHKy MONATKOBUX BTPAT Bill BUIIMX TapMOHIK
CTpyMY KabesIbHOI JIiHii BCTAHOBJIEHO, 1110 CTPYMOBE HaBaH-
TaXKeHHS JIiHii Moxe Oyt 3HUXeHe Ha 10 % Tipu ycyHeHHi
BUILMX FapMOHIK CTpyMy. AHAJIOTiUHUI PO3paxyHOK 3pOcC-
TaHHS BTPaT, IPOBEACHUI ISl TITOBOTO TpaHchopMaropa,
MOKa3aB, 1110 B aHaJi30BaHOMY BUIIAIKY 1Oro HaBaHTaxKEHHS
He MOBUHHE repeBuliyBatu 87,8 % Bilx HOMiHAJIBHOTO.

HaykoBa HoBH3HA. ICTOTHMII piBeHb rapMOHIMHUX CIO-
TBOPEHHSI CTPYMY Ha IIIMHAX BTOPUHHOI HATIPYTH TpaHCchop-
MaTopa TSAToBOI MiICTaHLIT MPU3BOAUTD 0 MOT0 HEIOBUKO-
PUCTaHHS, TIPU LIbOMY PiBeHb CITIOTBOPEHb HATIPYTH, SIK T10-
Ka3HMK SIKOCTi €JIEKTPUYHOI eHepril BiIMOBIAHO 10 YMHHUX
CTaHNIAPTIB, 3AJIMIIAETHCS B MOMYCTUMUX MexXax. Lle Bumarae
repersiay NOKa3HUKIB SKOCTi eJIEeKTPUYHOI eHePrii 3 MOo3uLLil
TTOTY>KHOCTI, III0 OOYMOBJIEHA SIK CTPYMOM, TaK i HaIIpyrolo.

IIpakTiyna 3HaYMMicTh. BuKkopucTaHi B po06OTi MOKa3HM-
KU Ta iX YMcebHi 3HAaYeHHST MOXYTh OYTU 3aCTOCOBaHi ISt
KOpeKlii HaBaHTa)Ke€HHsI TpaHC(hOPMATOpPIB TITOBUX ITilI-
CTaHIIii. YBeNeHHSI OTPUMAHUX MOKA3HUKIB 10 KOMIUIEKCY
rmapameTpiB TEXHIYHOTrO 00JIiKY eJIeKTpUYHOI eHepril € repe-
JIYMOBOIO JUISI pO3pOOKHM 3aXOJiB 1I0A0 IMiIBULLIEHHS SKOCTI
€JIEKTPUYHOI eHepril.

KimouoBi cioBa: mexuiunuii obaix, sAKicmov eneKkmpuvHoi
eHepeii, mpancgopmamop ms2060i nidcmanyii, eapMoHiKuU
cmpymy Ul Hanpyeu, 6mpamu NOMYICHOCHI
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