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TOPOLOGICAL REVERSIBLE MODEL OF THREE-PHASE FIVE-LIMB

TRANSFORMER
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Purpose. The paper continues the authors’ studies devoted to transients in three-phase five-limb transformers. The
main purpose of the work is to propose a method of evaluating model parameters, which cover transformer operations
in saturation. This purpose is achieved by using the concept of the model reversibility.

Methodology. The method of obtaining model parameters employs magnetic transformer model and is based on
the idea of the model reversibility. The solution is found by equating input reluctances seen from the terminals of the
innermost and outermost windings to the reluctances of the corresponding windings on air.

Findings. The modeling of GIC events represented in the paper is the most accurate ever obtained for three-
phase, five-leg transformers. The model is validated by close agreement of the predicted values and waveforms of the
phase currents and reactive power with those measured in tests performed on two 400 MVA transformers connected
back-to-back and to a 400 kV power network. The validity of the model was verified at 75 and 200 A dc currents in the

transformer neutral. It is shown that the model is a reliable tool in evaluating inrush currents.

Originality. The originality and advantage of the method proposed is its ability to determine the model parameters
without fitting to experimental data obtained in regimes with highly saturated core. The method ensures the reversibility
of the three-winding transformer model that is its correct behavior regardless of which winding is energized.

Practical value. The practical value and significance of the paper is caused by the fact that the model proposed is
a simple and reliable tool for power system studies. As a practically important example, time domain response of trans-
former subjected to geomagnetically induced currents (GIC) is analyzed and compared with results of a comprehensive

field experiment.

Keywords: five-limb transformer; topological model; reversible transient model; current waveforms; experimen-

tal validation; geomagnetically-induced

I. INTRODUTION

The paper continues our studies on transient model-
ing three-phase five-limb transformer started in [1].
Speaking generally, the structure of corresponding topo-
logical models has been sufficiently elaborated in [2] —
[4]. So, the main difficulties are related to choosing model
parameters and their verification under abnormal condi-
tions. As the core approaches saturation, an appreciable
magnetic flux is closed outside the core. So, the model
behavior becomes increasingly dependent on elements
determining the off-core fluxes.

It was shown in [1] that accurate model of five-limb
transformer, which covers regimes with highly saturated
core, can be developed without resorting to a detailed tank
representation. So, the main elements, which control the
off-core fluxes, are linear reluctances of the magnetic
transformer model or corresponding inductances of its
electrical equivalent.

In the presence of reliable experimental data, these
elements can be found by trial and error method, which

currents;

transformer test; inrush currents.
can be time-consuming, requiring some practical skills or

special accelerating techniques [4].

In this paper, we propose a method to determine the
model parameters without its fitting to test data obtained
in regimes with highly saturated core.

A suitable approach is to make the model reversible
— that is, accurate in deep saturation, irrespective of which
transformer winding is energized [5]. Reversible models
for single-phase transformers were then also proposed in
[6] and [7]. In this paper, the method in [5] is extended to
five-limb, three-winding transformer. The model is veri-
fied by comparing its predictions with results of the GIC-
immunity test [8] carried out on two five-limb 400 MVA
transformers connected back-to-back and to the Fingrid
power network. The accurate model predictions in a wide
range of dc currents in their neutrals demonstrate that the
model is a reliable tool independent of the core saturation.
As another limiting case, we show an adequate model
behavior during inrush current events.

© Zirka S.E., Moroz Y.I., Arturi C.M., Elovaara J., Lahtinen M., 2018
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I. TOPOLOGICAL TRANSFORMER MODEL

The model employed in the study was described in
[1]. To make the paper self-contained it is shown in fig. 1
where F), F, and F; represent the sources of magnetomo-
tive force (MMF) of the innermost, middle, and the out-
ermost windings 1, 2, and 3 with number of turns N, N,,
and Nj; respectively. The innermost channel 0-1 and the
equivalent leakage channels 1 -2 and 2 - 3 are character-
ized by the linear reluctances Ry, Ri», and Ry; respec-
tively. The negative (fictitious) reluctances R, are added
to match all three binary short-circuit inductances [3].

Figure 1.Magnetic circuit of five-limb, three-winding
transformer.

Rinf
Pifs %
L 3Le Loa Lbc Rinf
4 W%H
L HM
g LO3
3 3
P

. é—sﬁN\/‘
Lf

N

Rinf%

Figure 2.Electrical model of the three-winding five-limb
transformer.

The winding resistances rl, r2, and r3 are brought
outside the inductive part of the model. Resistances
Rinf =109 Q make the innermost windings 1 effectively
open-circuited and the delta-connected windings 3
unloaded in accordance with [8].

To match the binary short-circuit inductances LS12,
LS23, and LS13 measured in [8], the conventional star-
connected inductances L12, L.23, and Lp are used in the
model of fig. 2. The negative value of Lp is found as
(LS12 + LS23 - LS13)/2 [1], then L12=LS12 - Lp, and
L23 =LS23 — Lp. Going back to the magnetic circuit in

fig. 1, we find its reluctances as R12=N22/L12,
Ry3=Nj3/Ly;,and R, =N3/L,.

In the derivation, we will also use the air-core in-
ductances of the windings [8], calculated by the manufac-
turer in the absence of the core. Their values are provided
in Section IV together with nameplate data of the trans-
former considered.

II1. OBTAINING REVERSIBLE MODEL

The method of obtaining reversible model is to find
its parameters so that the inductance of any single wind-
ing of the saturated core is equal to its air-core inductance
L™. Consequently, the parameters of the magnetic model
in fig. 1 should be chosen so that the input reluctance R™
seen from the terminals of any MMF source associated
with an N-turn winding is equal to the reluctance corre-
sponding to the inductances of this winding on air,

R™ = N?/I*, when the other windings are open, i.e. the
corresponding MMF sources are short-circuited.

The reluctances of completely saturated legs (Ry),
yokes (Ry), and the end limbs (Rg) are calculated as
R=1/(u,4A) where | and A4 are their lengths and cross

sections, and p=47-107 H/m. The core air gaps are in-
cluded into the saturated legs, so we can accept that R,=0.
Consequently, only four elements of the magnetic scheme
in fig. 1, namely Ry;, Ro3, Ross, and Ry, remain to be
evaluated.

Accounting for the central symmetry of the five-
limb transformer, we can consider the windings of only
two neighboring legs and thus write six equations of the
type of R™ =R, so the problem is overdetermined. Sig-
nificant facilitation of its solution in comparison to that in
[9] is achieved when building the model reversible for
two windings, innermost and outermost. This simplifica-
tion is justified by the fact [10] that the winding induct-
ances in air, and thus their binary short-circuit induct-
ances are determined by the geometry and relative posi-
tion of the actual coils. The reversibility of the model for
the middle winding is then verified at the end of the deri-
vation.

When building reversible model of fwo-winding
transformer, we should remember that the windings of all
three legs are identical. This allows us to divide the prob-
lem into two parts. The first one is finding reluctance Ry,
of the innermost channel, and the second is the calculation
of reluctances Ry, Ro3p, and R,.

In the derivation, we take into account that the open-
ing of a winding shorts the corresponding MMF source.
This means that supplying the windings of only one of the
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legs (A, B or C) and keeping the other transformer wind-
ings open, the scheme in fig. 1 is reduced to that in fig.
3(a). If, in addition, the middle winding 2 becomes open-
circuited, the scheme is further simplified to that in fig.
3(b).

I Rlp

@ A

Rrest

O

a)

b)

Figure 3.Per phase equivalent models of (a) three-
winding and (b) two-winding transformers.

Here Ry, is the equivalent reluctance of the inner-
most channel merged with the saturated leg:

_ RoiRy

R, = .
R01+RL

(1

Ip

The leakage reluctance between the windings 1 and
3 is determined as

Roum RipRy3
BET.
Ri>+Ry;3

)

The element R, represents the resultant reluctance
of all magnetic paths outside the outermost winding of
any leg. As the windings of all three legs are identical, the
values of R, and Ry, are the same for all three legs. So,
regardless of the leg (A or B), the scheme in fig. 3(b) has
only two unknown parameters, Ry and Ry,,. To find them,

we can write relationships for two input reluctances, R|"
and R, seen from the MMF sources F, and Fj in fig.
3(b). Then the imposed equalities R} = R and

R" = R/" become two simultancous equations for R,
and R eq:

RisRip air
Ryey +———=R3", ®)
R13 + RIp
R;3R ;
I 13 rest :R;nr. (4)
R13 + Rrest
Expressing R,y from (3),
Riyest = R?W - ’ ®)
R13 + ij
and inserting it in (4), we arrive to the quadratic
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equation for Ry,

Rjy + Ry (2R3 =R )+

R?l}"
whose bracketed coefficients are determined by the
known “air” reluctances, which are independent of the
structure of the transformer core.

The positive root of (6) is substituted back into (5) to
give R, Then, at given dimensions of the core (given
Ry), we find from (1) that:

(6)

+Ry3 [RB ~R{" -Ry;

Ry Ry

S %)
RL _Rlp

Ry,

Returning to the scheme in fig. 3(a), we can check
the model reversibility for the middle winding. In its ex-

panded form, condition R = R¥" becomes
-1

; -1
] =RS" . (8)

Ry

RipR;;
R]p +R12

R23 Rrest
R23 +R

rest

In the examples of Section IV, the error in fulfill-
ment of (8) does not exceed 0.4%. This is within the accu-
racy of the measurement (or calculation) of R;‘" and cor-
roborates the reversibility of three-winding model. The
mentioned negligible error can also be viewed as model's
ability to correctly predict the value of R:", which was
not used in the derivation.

Now we can return to the scheme in fig. 1 and de-
termine reluctances Rg3, Rosp, and Rys. Since all the ele-
ments of the scheme in fig. 3, except R, are present in
each leg of fig. 1, reluctance R can be calculated as the
input reluctances R.qa and R g of the scheme seen from
nodes A—A' and B-B' at shorted MMF sources in the rest
of the scheme.

For nodes A—A', R is seen as:

-1
1 1 1
R.i=R = —+—+— , 9
rest restA ( RE R03 RAA J ©
and for nodes B—-B' of the central leg,
TR
Rt =Rosip =| —+——| . 10
rest restB (R03B RBB ] ( )

Here reluctances Rgg and Raa seen from the nodes
A—A'"and B-B, respectively, are expressed as:

R; R R; »R
Rpp =Ry, + CALESY 39 =Ry +PEBE )
RLp +RE RLpB +RBB

where
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-1
R@B:[R] +E}—+§LJ ;
038 Rz Rpp
] (12)
RLp_ L_FL_FL )
Ros Ri3 Ryp
= L (13)
P R04 +RY

With the above-found value of R, relationships (9)
and (10) are two simultaneous equations with three un-
knowns: Ry, Rosp, and Rys. In virtue of the excessive
number of variables, they can be found by minimizing
function

F(X) = [Rrest _RrestA(x)]2 + [Rrest _RrestB(X)]2 (14)

where X = [R03,R03B,R04] is a vector of sought variables.

Since the order of R, is 10° and the found minimum of
(14) is near 107, the iterative solution of (14) can be con-
sidered precise.

The peculiarity observed in minimizing (14) from
different initial points is that R4 does not practically leave
its initial value. This means that for any fixed R4 there is
a pair of Ry; and Ry3p, which nullifies (14). This suggests
to exclude Ry, from vector X and chose Ry, from physical
considerations.

IV. PARAMETERS AND BEHAVIOR OF THE
REVERSIBLE MODEL

The results in this Section relate to YNynOdl1
400/400/125 MVA transformer described in [8]. Its wye-
connected 120-kV windings are nearest to the core, the
410-kV windings are in the middle, and the outermost are
delta-connected 21-kV windings. The numbers of turns
Ni, N,, and N; in these windings are 224, 766, and 68.
The air-core inductances of the windings are as follows:
L™ =249 mH, I3 =496 mH, and [3" = 7.1 mH.

Model parameters. In accordance with the method
in Section III, reluctances Ry, Ry, and Rg of the saturated
core are calculated using the lengths and cross sections
given in [1].

The percentage short-circuit reactances provided in
[8] yield the following binary short-circuit inductances
referred to N, turns: Lg;, = 263.5 mH, Lgy; = 540.4 mH,
and Lg;; = 877.5 mH. These give the following induct-
ances of the electrical model in fig. 2: L, = 300.313 mH,
Ly3=1577.216 mH, and L, =—36.787 mH.

To use the method in Section III, inductances Lj,,
Ly, L, as well as three air-core inductances L™ from [8],
are recalculated into corresponding reluctances. Then
using (6) and (5) we find that R;, = 1.888 10° 1/H and R
=1.575 10° 1/H. Now, it follows from (7) that R,, = 4.605
10° 1/H and thus Lo, is 127.42 mH or 0.095 pu.

Following [3], we can use the coefficient K =
Ly/Lg1, whereby Lo, is related to the inductance Lg;, of

11

the nearest leakage channel 1-2. It is remarkable that the
found value of K (0.4835) is close to the value of 0.5
hard-coded in the hybrid transformer model [11].

To evaluate the influence of Ry, it is convenient to
use the corresponding inductance, Ly, = N, /R,, . Three

per-unit values of Ly in Table I are for the cases when
Loy = Ls1, (= 0.197 pu); when Ly, is equal to the induc-
tance of the saturated yoke (0.064 pu), and when induct-
ances Ly, are absent in the model of fig. 2. The compo-
nents of vector X =R, Ry, which nullify (14) for

each Ry, (i.e. Lyg), are represented in Table I by pu values
of corresponding inductances.

The fact that Ly; and Lsp are by order of magnitude
greater than Lg), is explained by different “cross-sections”
of the corresponding flux paths: the zero-sequence flux is
distributed over the whole transformer volume, whereas
the leakage flux is confined to the thin tube of the channel
1-2.

Table 1. Parameters of Reversible Model

Loy Ly Loz O [Mvar] 0 [Mvar]

[pu] | [PU] | [pu] | (1g.=200A) | (Iee=T75A)
0.197 | 2.512 | 2.313 53.1 20.18
0.056 | 2.639 | 2.566 53.9 20.27
0 2.692 | 2.673 53.9 20.27

Model verification under the GIC conditions. The
electrical model in fig. 2 was verified by simulation of the
experimental setup in [8] consisting of two 400 MVA
transformers (T1 and T2) arranged in parallel relative to
the power network and connected in series regarding the
common dc current in the transformers' neutrals. This
model configuration and its parameters are shown in fig. 4
of [1].

It was assumed that the cores of these transformers
are assembled from grain-oriented steel 27ZDKHS85. The
DHM-inductor of this steel can be taken at [12] or in the
current version of EMTP-ATP [13].

To observe transformer dynamics in the presence of
the geomagnetically-induced current (GIC), it is supposed
that the biasing step voltage appears at # = 2 s. The fol-
lowing transient is characterized by a growth in the reac-
tive power Q consumed by transformers and increasing
winding currents as shown in fig. 4(a).

The model parameters in Table I were first used to
check the model's ability to reproduce transformer behav-
ior at maximum dc current in the neutrals (/5. = 200 A)
reached in [8]. As the currents obtained are almost indis-
tinguishable from those in [1], we do not show them in
this paper. We only note that the reactive power Q, con-
sumed by transformer T2 at I, = 200 A is close to 55
Mvar reported in [8].

In the context of the present study, it was important
to verify the model at Jower neutral current, say at /4. = 75
A. The corresponding transient is illustrated by fig. 4(a),
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which shows the evolution of phase currents B and C of
T2. The current waveforms in steady-state are given in
fig. 4(b) to show their close agreement with the measured
currents in fig. 5 recorded at 75 A dc current in the HV
neutrals. The same agreement with test results was also
obtained for the currents in the network as can be seen
from comparing the waveforms in fig. 6(a) and fig. 6(b).
The values of the reactive power Q,, given in the last col-
umn of Table I, are in a fairly good agreement with the
linear dependence Q,(/4.) observed in [8].

The importance of these findings lies in the fact that
the model parameters found for completely saturated core
are also valid for modeling other transformer transients.

50

=50

=100 4

-150

=
I
2
E
=
=
o
Z
E
=
]
£

-100 =

=150 =

=200

0.00 0.01 0.02 0.03  tsl 0.04

Figure 4.Predicted transient (a) and steady-state (b)
phase currents of transformer T2 at the neutral GIC of 75
A.

50 |-

100 Af RS TR S 1

(was not measured)
200 : :
0.10 011

Measured phase currents [A]

150 A

0.12 013 tlsl 0.4

Figure 5.Measured phase currents B and C of trans-
former T2 at the neutral GIC of 75 A. Note that current A

was not measured and is assumed by analogy with that in
fig. 4(b).

It should be noted that the model is not very sensi-
tive to changes in its parameters if the model remains
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reversible. For example, the currents calculated for the
model parameters in all three rows of Table I are not visi-
bly different from those in fig. 4(b). As seen in the last
columns of Table I, only a small difference is observed
between the values of corresponding reactive power O,
consumed by T2.

It was found by numerical experiments that all the re-
sults calculated in the presence of GIC with non-
hysteretic outlined in [1] and hysteretic model in fig. 2
almost coincide. This relates, for instance, to the current
waveforms in fig. 4(b).

200
a) Predicted
=
5
5
<
0.00 0.01 0.02 0.03 t[s] 0.4
200
b) Measured
.r\' f
=
u
[~
2
S
=200

0.00 0.01 0.02 0.03 t[s] 0.04

Figure 6.Predicted (a) and measured network currents at
Lic =75 A (b)

Model verification by simulation of inrush cur-
rents. The hysteresis and non-hysteresis transformer
models were also compared against each other in simulat-
ing inrush currents. To concentrate on the transformer
only and compare the first (maximum) current peaks, we
have assumed an idealized (410-kV) power network and
the worst condition of excitation, when the phase voltage
v(t) =V sin(wt) is switched (at £ = 0) to the winding (N
turns) of the leg with cross section Sy, Before exciting
hysteresis transformer model, all the core sections were
brought into the demagnetized state using an inbuilt pro-
cedure of the DHM.

The currents in fig. 7 are calculated by the trans-
former model in fig. 2 supposing that the sinusoidal volt-
age is applied to the high-voltage (HV) winding of phase
A.

It was instructive to compare the height of the first
current peak in fig. 7 with the value calculated analyti-
cally. For the case considered, i.e. for the zero initial in-
duction in the leg and the idealized sinusoidal voltage
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source, the well-known formula (1) from [5] is rewritten

as
wBgNS
I, =—m {2— S ’eg} (15)
a)Lair Vm

where the saturation induction Bg of steel 27ZDKHS85 is
2.00825 T, and in accordance with the data above,

Ly, = L"=0.496 H, N = N, = 766, and Si¢; = 0.8309 m’.

2000 LG

1500 ¢

1000 4

Currents [A]

1000 T 5 G
0.00 002 .04 4.96

498 5.00

Figure 7.Predicted inrush currents in phases of the HV
winding. The horizontal mark shows the current peak
calculated with (15).

The value I, = 1719.7 A, calculated with (15), is
shown in fig. 7 by the horizontal line (15), which is at the
same level with the current peaks calculated with hystere-
sis and non-hysteresis transformer models (1718.0 A and
1720.8 A respectively).

The same negligible difference between the current
peak (10039.3 A) calculated with (15) and that predicted
by the models (9987.5 A) takes place when the trans-
former is excited from its MV side, i.e. from the inner-
most windings. Finally, when the outermost delta winding
of the model is opened, the calculated current peaks are
decreased by 1.9% at the HV excitation, and by 0.05% at
the MV energizations.

It worth noting that (15) is derived supposing a coil
whose core material has piecewise linear B-H curve with
two slopes and the bending point at B = Bg. The first seg-
ment of the curve is strictly vertical, while at B>Bg the
coil's inductance becomes equal to L,;. This means that
the slope of the second segment is equal to .

The modeling above illustrates the model reversibil-
ity and corroborates the conclusion in [14] that the two-
slope magnetizing curve can be used to evaluate inrush
currents in large three-phase transformers. At the same
time, it was noted in [14] that it is critical to identify the
proper saturation level (knee point). It was pointed out in
[5], however, that the notions of saturation and knee are
somewhat ambiguous. For this reason, it is better to use
the whole B-H curve, which can be represented easily by
several dozen points in the EMTP software. Such a uni-
versal representation is also preferable in predicting in-
rush currents accompanied by moderate saturation, when
the flux density does not exceed 1.9-2.0 Tesla [14].
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When using the non-hysteresis version of the model,
the single-valued B-H curve of the steel employed is con-
verted into the flux-current curves of the core sections
using the well-known relationships A=B-N-S and
i=1[-H/N ,where S and / are cross section and length of
the section, and N is the common number of turns at
which the model is referred to (here N = N;).

The users of ATP can employ DHM-inductors, in
which the chosen steel, as well as N, S, and [ are set in the
inductor window. It should be remembered that the hys-
teretic (DHM-based) transformer model retains the rema-
nent flux densities in the core sections and is more accu-
rate in predicting current peaks during subsequent trans-
former energizations. It can be also fitted so as to repro-
duce the measured no-load transformer losses in a wide
range of terminal voltages [15].

V.CONCLUSION

This paper has proposed a method of obtaining a re-
versible topological model of five-limb, three winding
transformer. A distinguishing feature of the method is its
ability to determine the model parameters without fitting
to experimental data obtained in conditions with highly
saturated core. The validity of the obtained model was
verified by simulating transformer behavior under GIC
conditions. To do this, we have used parameters and field
test results from two 400 MVA transformers at 75- and
200-A dc currents entering their neutrals.

We have observed that both hysteretic and non-
hysteretic transformer models are equally suitable to re-
produce the behavior of the five-limb transformer in the
presence of GIC.

In the general-purpose modeling of five-limb trans-
formers, the users of ATP may also employ the hysteretic
version of the model. In this case, the dynamic hysteresis
model (DHM) included in the current version of ATP [13]
can be used.

In general, the model proposed does not require de-
tailed information on the core, and the preliminary model-
ing was carried out using the core geometry different
from the real one [1]. If the air core inductances of the
windings are unknown and it is impossible to ensure the
model reversibility, the linear inductances Ly; and Losp in
the model of fig. 2 may be set equal to 2-3 pu, as seen in
Table 1, or 10 — 15 times the short-circuit transformer
inductance.

The hysteresis and non-hysteresis transformer mod-
els were also compared against each other in simulating
inrush currents when model reversibility was verified by
comparing current peaks on the HV and MV sides with
accurate analytical predictions.
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Mema pobomu. Cmamms npodosaicye 00CHiONHCeHHsI A8MOpi6, NPUCEAYEH] NePeXiOHUM npoyecam 8 mpugasnux
n’amucmpudicHesux mpancgopmamopax. I onosna mema pobomu — 3anponoHyeamu MemoouKy po3paxyHky napament-
i Mooeni, wWo 0XonIoms poOONy MpaHchopmamopa 3 HacudeHuM oceposam. L{a mema 00csa2acmovcs WAAXOM GUKO-

PUCAHHAM KOHYenyii 06epHeHoCcmi Mooeii.

Memoou Oocnidscennn. PospaxyHok napamempie Mooeni GUKOHYEMbCS 3 UKOPUCTAHHAM MACHIMHOL cXemu 3a-

6XIOHUX MASHIMHUX ONOPI6, PO3PAXOBAHUX 3 OOKY BHYMPIUWHBOI | 306HIUHbOT 0OMOMOK, | MASHIMHUX ONOPI8 YUx 06MO-
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MOK Y nOGIMpiI.

Ompumani pezynemamu. Tounicms modeniosanns npoyecie ¢ npucymuocmi I'IT nepesuwye mounicmo iodomux
Mooenetl mpugasnHux n’amucmpudichesux mpancgopmamopis. Adexsammuicms Mooeni niomeepoAICyemvcst OAULKICHIO
NPOSHO308AHUX (DPAZHUX CIMPYMIE [ CHONCUBAHOL PEAKMUBHOL NOMYAICHOCT, 00 GIONOBIOHUX 8ENUYUH, GUMIDAHUM 8 eKC-
nepumenmi Ha 06ox 400 MBA mpancopmamopax, sxi 6yau nio ‘eOnani 0o enepzocucmemu Hanpyeorw 410 kB. Obrpy-
HMOBAHICMb MOOei nepesgipena npu nOCMitlHuUx cmpymax 6 weumpani cunoro 75 i 200 A. Ilokasano 3acmocosHicme
MoOeni 015 OYiHKU KUOKI8 CIPYMY 8KIIOUEHHS.

Hayxoea Hosusna. OpuzinanvHicms i HOBU3HA MemOOy NONAAE 8 MONCIUBOCMI GUSHAUAU NAPAMEMPU MOOei
0e3 6UKOPUCMAHHS eKCNEePUMEHMANbHUX OAHUX, WO OMPUMAaHi npu HacuieHomy ocepoi. Memoo 3abesneuye obepHe-
HICMb MOOeIi MPUOOMOMOUH020 Mpanchopmamopa, moomo il Kopekmuy noeedinky npu 30yodcenni 6yob sKoi 3 00-
MOMOK.

Ipaxmuuna yinnicms. Ilpakmuuna yinHicms [ 3HAYUMICMb cmammi 00YMOGAEHI MUM, Wo 3anpONOHOBAHA MOOEIb
mparcgopmamopa A61i€ cobor npocmull i HAOIUHULL IHCMPYMeHMm 0151 O0CNIONHCEHHs eNeKMPUYHUX cucmem. B axocmi
NPAKMUYHO 8AANCTUBOSO Pe3VIbMamy, NOKA3AHO NPABUTIbHE NPOSHO3Y8AHH MOOELII0 YaAC08020 i02YKy mpancopma-
mopa, wo cnocmepi2ascs 8 eKxcnepumeHmi.

Knrouosi cnoea: n’smucmpudicneeuti mpancgopmamop; mononoziuna mooeis, 06opomua mMooenb; nepexioHut
npoyec; hopmu cmpymie; excnepumenm, 2e0MazHimHO-iHOYKOBAHI CIPYMU; CIPYMU BKIIOYEHHS.

TOIHOJOI'MYECKASA OBPATUMASA MOJIEJIb TPEX®A3ZHOI'O
IIATUCTEPKHEBOI'O TPAHC®OPMATOPA

31UPKA C. E. I-p TexH. HayK, mnpodeccop Kadeapsl CHCTEM aBTOMATH3MPOBAHHOTO YIIPABIIEHHUS
JlHempoBckoro  HaNMOHANBHOTO  yHHBepcuTeTra,  JHemp,  Ykpamna,  e-mail:
zitka@email.dp.ua

MOPO3 1O. 1. KaHJ. TEeXH. HayK, JOLUEHT Kaempbl CHCTEM aBTOMATH3UPOBAHHOTO YIIPABJIEHHS
JIHENPOBCKOTO ~ HALMOHAILHOTO  yHuBepcuteTa,  JlHemp,  Vkpauna,  e-mail:

yuriy_moroz@i.ua

APTYPU LI. M. npodeccop (BakyabTeTa SJIEKTPOHUKH, HHOOPMALMK W OHOMHXKEHEPUH MUIaHCKOIO
[MomutexHuueckoro uHCTUTYTa, Miuas, UTamust, e-mail: cesaremario.arturi@polimi.it;

2JIOBAAPA 4. 1-p TexH. Hayk, Fingrid Oyj, Xenscunku, Oumisaausd, e-mail: jarmo.elovaara@fingrid.fi;

JJAXTHUHEH M. o-p  TexH.  Hayk, Fingrid  Oyj,  Xenbcuuku,  @uaiasHius,  e-mail:
matti.2.lahtinen@gmail.com.

Lenv pabomvr. Cmamusi npoOodICAem UCCIeO08ANUSL ABMOPOE, NOCEIUEHHbIE NEPEXOOHBIM NPOYECCaM 8 Mmpex-
asnvix namucmepaicresvix mpancghopmamopax. Inasnas yerv pabomvl — npeonoANcUms MemoouKy paciema napa-
MEMPO8 MOOeIU, OXEAMbBLEAIOWUX PABOMY MPAHCHOPMAMOPA ¢ HACLIWEHHBIM CEPOSUHUKOM. Dma yeib O0CmuUu2aemcsi
UCHONb308AHUEM KOHYENnYUU 0OpamumMoCcmu MoOeu.

Memoovwr uccredosanusa. Pacuem napamempog mooenu 6bINOTHAEMCA € UCTIONb308AHUEM MASHUMHOU CXeMbl 3a-
Mewjenus mpaHc@opmamopa u 0CHOBAH Ha udee ee obpamumocmu. Peuenue naxooumcs nymem npupagHu8anus 6x00-
HbIX MAZHUMHBIX CONPOMUBTEHUL, ONPeOeisieMbIX CO CMOPOHbL BHYMPEHHEN U GHeWHEel 0OMOMOK, U MACHUMHBIX CO-
NPOMUGLEHUL IMUX 0OMOMOK Ha 8030yXe.

Ilonyyennvie pesynomamoi. Tounocms modenuposanus npoyeccos npu Haauduu I'UT npesviuiaem mounocms u3-
B8eCMHBIX MOOeell MPex(a3HbIX NAMUCMEPIICHESbIX MPAHCHopmMamopos. A0exeamHocms MoOOenu noOmeepIcoaemcs
OUZ0CMBIO NPEOCKA3AHHBIX (PA3HBIX MOKOG U NOMPeDAEMOLU PeaKMUSHOU MOUHOCMU, K COOMBEMCMEYIOUUM BEIUYU-
HaM, U3MeHeHHbIM 8 JKcnepumenme Ha 08yx 400 MBA mpancgopmamopax, noOKIOHUEHHbIX K 3Hepeocucmeme ¢
Hanpsaxcenuem 410 kB. ObocHosannocmes Mooenu nposepeHa npu NOCMOSHHbIX mokax 6 Heumpanu cunou 75 u 200 A.
Toxazana npumenumocms Mooeau 0st OYeHKU OPOCKO8 MOKA BKIIOYEHUS.

Hayunas nosusna. OpucunanbHocms U HOBU3HA NPEONIONCEHHO20 MEMO0ad COCTMOUN 8 BO3MOICHOCIU ONPeOeisinG
napamempol Mooeau Oe3 UCNONb308AHUSL IKCNEPUMEHMANbHBIX OAHHBIX, NOJYYEHHLIX NPU HACLIWYEHHOM CepOeyHUKe.
Memoo obecneuusaem obpamumocms mooenu MmpexooOMOmMOUH020 MpaHcghopmamopa, mo ecmov ee HpPasuIbHOe
nosedenue npu 8030YAHcOeHUU 000U 0OMOMKU YCMPOUCMEA.

Ipaxmuueckas yennocme. [Ipaxmuueckasi yeHHOCMb U 3HAYEHUE CMAMbU 00YCIO6IEHO MeM, YMO NPeoiodCeHHas
Modenb mpauchopmamopa SAGAAEemMcsi NPOCMbIM U HAOEHCHLIM UHCTNPYMEHMOM O/l UCCAEO08AHUSL DNIEKMPULECKUX
cemell. B xauecmee npakxmuuecku 6ajicHO20 pe3ynbmama, NOKA3AHO NPABUTbHOE NPEOCKA3AHUE MOOEIbI0 8PEMEHHO20
OMKNUKA MPAHCHOpMamopa, Habooaemoeo 8 IKCHepuUMeHme.

Kniouesvle cnosa: nsamucmepiicresol mpancgopmamop; monoaosuyeckas mooenb;, obpamumas mooens; nepe-
XO0OH®Il npoyecc; opma moKos; SKCHEePUMEHM,; 2eOMAZHUMHO UHOYYUPOBAHHbIE MOKU; MOKU GKIIOYEHUSL.
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PO3ITIOALT ITOTYXKHOCTI BOJABTOAOJABYOI'O TPAHCO®OPMATOPA
CNJIOBOI'O AKTUBHOI'O ®UUIBTPY IIPHU PEI'YJIIOBAHHI
KOE®IINIEHTA HEJIHIMHUX CIOTBOPEHb HATIPYTH

BOHJIAPEHKO C.C. acmipanT kaelpu CHCTEM €IEKTPOCIIOKHBAHHSA Ta EHEPreTHYHOTO MEHEIKMEHTY
KpemeHuybKOro HalioHaJIbHOTO yHiBepcuTeTy iM. Muxaiina Octporpaicbkoro,
Kpemenuyk, Ykpaina, e-mail: sergj1994@gmail.com;

BAJIOBP)KECBKIMMUM O.B. kann. TexH. HayK, DOUEHT, JOUEHT KaelpH CHCTEM ENEKTPOCIOKHBAHHS Ta
EHEePreTHIHOr0 MEHEDKMEHTY KpeMeHdyIbKOro HalliOHAJBHOTO YHIBEPCUTETY iM.
Muxaiina Ocrporpaackkoro, Kpemenuyk, Ykpaina, e-mail: seemAl@kdu.edu.ua;

Mema pobomu. /locrioumu napamempu pexcumy ma po3nooiny HOMYHCHOCHI 80IbMOO00ABHO20 MPAHCHOPMA-
mopa npu pecynioeanti Koe@iyieHma HeiHiiUHUX CHOMBOPEHb HaNpyau.

Memoou oocnidocernns. Memoou erekmpomextiku, Memoou YUCEIbHO20 MOOEIO8aHH s, Memoou psdie Dyp’e.

Ompumani peynomamu. B pobomi npogedeHo ananiz 3acmocy8ants 8i00MUX cxem 3aMiugeHHs 0Jis 80abmMo000as-
Y020 mpaucopmamopa. B cepedosuwyi 8i3yanbH020 NPOSPAMYSAHHS pO3POOAEHO MOOelb, Wo iMimye pobomy ginom-
pa. Pozenanymo ma npogedeHo 00CaiodicenHs npoyecie, siKi npomikaroms ¢ mpancgopmamopi. Ha niocmagi ananisy
pe3yibmamie MOOe08aNH s, NOKA3AHA CKAAOHICHb CReKMpPY NOMYICHOCME MPAHCHOPMAmopa 3a yMos 1o2o pobomu 6
pedicumi 801bmo00baAGKY NPU CNOMEOPEHHI hopmu cmpymy ma Hanpyeu. B paszi cnomeopenns nanpyau scusieHts eu-
KOpUCIO8YIOMb NOCTIO08HULL CULOBULE AKMUBHUL Dinbmp, AKU NIOKTIOUAEMbCA 00 Mepexci uepes 6016mo0o0asyi
mpancopmamopu, wo npuzeooumb 00 3MIHU NAPAMEMPIE eKGIBANEHMHO20 CUN08020 KOHMYPY HAGAHMACEHHs. B
pe3ynbmami 00CIONCeHb 6CMAHOBLEHO, WO MPAHCHOPMAMOP HOCIIO06HO20 CUNOB020 AKMUBHO20 Pitbmpa 6 pedicumi
8016bMO000ABKU, NPU KOMHEHCAYil CNOMBOPEHHS HANPY2U MEPENC 8 3A2ANbHOMY 8UNAOKY MAE HANpyey ma Cmpym 00-
MOMOK, 2APMOHIUHUL CKIAO AKUX 8IOpI3HAcmbCs. Lle npuzgooums 00 WUPOKO20 2APMOHIUHOZ0 CKIAOY NOMYHCHOCMI
mpancgopmamopa, wo nompebdye 061Ky 3pOCmanus, 6mpam 8 oomMomrax ma mMazuimonpogooi. Cihopmynvosano 6u-
CHOBKU 1000 8NIUBY NAPAMEMPIE 801bM0O000ABY020 MPAHCHOPMAMOPA Ha pOOOMY AKMUBHO20 Pitbmpa.

Hayxoea nosusna. Bnepuie po3pobiena mooensb eK8iBaIeHMHO20 CULOBO20 KOAAd 0OHOMA3HO20 NOCNIO08H020 (Di-
bMPa, AKA HA 8IOMIHY IO ICHYIOUUX 8PAXOBYE BNIUE 80bMOO00ABH020 MPAHCHOPMAMOpa HA NAPAMEMPU PENHCUMY.

ITpaxmuuna yinnicme. Buympiwnii onip mpancgopmamopa ma cmpym HAGAHMAICEHHS NPU3E00Mb 00 GUHUK-
HEHHSI 2APMOHIK HAnpyeu, sIKI 000amKo80 6NIUAIOMb HA I AKICMb, MA 30 NPOBEOCHUM EKCNEPUMEHMOM CKAA0a0mb
2,35%. 36invwenna empam nOMYHCHOCHI 8 MPAHCHOPMAMOPI CUNO8020 AKMUBHO20 Dinbmpy nompedye Kopecy8anHs
MemOOUKU 1020 8UOOPY 3 YPAXYBAHHIM CNOMBOPEHHSL HANPY2U MA CIPYMY.

Kmiouoei cnosa: axicme enekmpoenepzii; nocioogruii cunoeuti akmusHuti ginemp, 6016mododasuuti mpancgop-
mamop.

L BCTYIl IL. AHAJII3 MOMEPEHIX JOCJIIPKEHb

YrpaBiiHHA pe)XKMMaMH €HEProcUCTEM MOBHHHO 3a-
0e3IeYnTH BUKOHAHHS TPhOX OCHOBHHMX BHUMOT: €KOHOMi-
YHICTH pOOOTH €HEPrOCHUCTEMH, HANIWHICTH EIeKTPOIOC-
Ta4aHHS CIOXHMBAYiB, HOPMAaTHUBHA SIKICTh €JICKTPOCHEPTil
[1]. CnoxwuBaui enekTpoeHepril i amapaTy BIUIMBAIOTH Ha
PEeXUM POOOTH Mepexi 1 uepe3 Mepexy OIMH Ha IHIIOTO.
Hecumetpist, HeCHHYCOiZadbHICTh, NPOBATH HANPYTH
MPU3BOJATH 0 MOTIpIICHHS POOOTH MPHUCTPOIB Ta BHHU-
KHEHHS JI0JIATKOBHX BTpAaT aKTUBHOI MOTYXHOCTI y BCIX
€JIEMEHTaX CHCTEeMM eJeKTpoIocTadaHHs [2], a 1me, B
CBOIO Yepry, MPU3BOJUTH O CKOHOMIYHUX 30UTKIB. ToMy
Ha Cy4acHOMY €eTall pO3BHUTKY €JEeKTPOCHEPreTHUKH, 3a-
Oe3redeHHs SKOCTI EJIEKTPOEHEPrii € 3aBlaHHAM, SKe
BUPILIYETHCS [UIIXOM 3aCTOCYBaHHS (LIBTPOKOMIICHCY-
I0YUX TIPHUCTPOIB, SIKMM, 3aBISKH BHKOPHCTAHHIO HAIliB-
MPOBITHUKOBHUX NEPETBOPIOBAYIB BIACTHBA KEPOBAHICTb.

[MacuBHi (QinbTpU 3 HE3MIHHOIO CTPYKTYPOIO BCE
MEHII 33JI0BOJIGHSIOTH BUMOTaM OO0 MiTPUMKHU SKOCTI
enekTpuyHoi eHeprii [3]. Ik HacTimOK, po3poOISIOTECS Ta
BIIPOBAKYIOTECSA CHIIOBI akTuBHI ¢inbtpu (CAD) [4].
CydacHi akTuBHI (QiIBTpU € e(EeKTUBHUM 3aCO00M LIS
pPO3B’sI3aHHA HU3KH 3a]ad, MMOB’S3aHUX 13 MOKPAIICHHSIM
MOKAa3HUKIB AKOCTI eNeKTpu4HOi eHeprii. B 3amexnocTi
BiJl TOCTaBJICHOi 3a/Jadyi BUKOPHCTOBYIOTH IMapajieibHe
200 TOCITIIOBHE MiIKIIYCHHS PUIBTPY.

[Tapanensauit CA®D 3acTOCOBYETHCS, B OCHOBHOMY,
JUIsl 3HYDKEHHS! PIBHSI TApMOHIK CTPyMY, KOMIEHcalii pea-
KTUBHOI ITOTYXHOCTI, 10 OOyMOBIICHI HAasBHICTIO TpH-
CTpOiB 3 HENIHIHHIMHU BOJBT aMIICPHUMHU XapaKTePHCTH-
KaMH, sIKi BXOJIITh JTO CKJIaly HaBaHTaXCHHS [5].

B pasi cnoTBopeHHs1 popMH HaNpyTH JKUBJICHHS He-
3aJI€KHO BiJl IPUPOJY BUHUKHEHHS X CIIOTBOPEHb BU-
KOpHUCTOBYIOTh TociinoBauit CAD [4], [5]. IIpu upomy

© Bbonnpapenko C.C., banoop:xkecbkuii O.B., 2018
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BIUIMB Ha CTPYMH HABaHTa)XEHHS HE BiOyBa€TbCs, He-
3BaKal0YM Ha JAESKUil BIUIMB 32 PaXyHOK 3MiHU HalpyTH.

Jlare TexHiuHe pilIeHHS € BKpaid HEOOXiTHNUM B Iie-
BHHUX BHIIJIKaX pOOOTH €KCIUTyaTylo4ol opraHisamii, Ta-
KHX, SIK:

— THUMYacoBE OIepaTHBHE BUPIIICHHS INPOOJIeMHU
Brpat Hampyru B JIEII Bemmkoi mpotspxHOCTI (Oimbmie 1
KiJloMeTpa);

— nocrtiitae pimenss g JIEIT 3 BincyTHICTIO MOX-
JIUBOCTI PEKOHCTPYKINi, 3BaXal4Yd Ha OCOOJUBOCTI
naeamadTy MICIHEBOCTI Ta IHIMUX OOMEKEHb, a TaKOXK
IPY HasIBHOCTI C€30HHOTO HaBaHTAXXCHHS 1 HEAOUIJIBHOC-
Ti IPOBEIEHH TIIMOOKOT MOJICPHi3aIlii MEpexi.

Jns mignpueMmcTBa, 1O EKCIUTyaTye pO3MOJiIbay
Mepexy, IepeBaraMn BOJIbTOI0JaBUOTO TpaHc(hopMaTopa
€ MOXIIUBICT aBTOHOMHOI pOOOTH, HasBHICTh €JIEMEHTIB
IHTETIEKTYaIbHOTO PETYJIIOBAHHA, BIICYTHICTh HEOOXif-
HOCTI eKCIuTyaTalii 1 MiHIMaJIbHI KamiTajdbHi BUTPATH NPU
BBEJICHHI B €KCILTyaTalliro [6].

[ocnigoBHE MiIKIFOUYCHHS aKTHBHOIO (ilbTpa pea-
J3yeThCs dYepe3 BOJBTOJNOIABOYHHMK TpaHC(HOpPMATOp
(BAT). 3actocyBanns BJIT no3Bossie BUAKO pearyBaTu
Ha TOTIPIIEHHS SIKOCTI eJIEKTPUYHOI HAIPYTH Ta BUKOHY-
BaTH TEXHOJIOTIYHE MPUETHAHHS CII0)KUBAUIB.

Beenennss B/IT B kOHTyp NpHU3BOIUTH A0 MEBHOIO
MapaMeTPUYHOTO PEryNIOBaHHA. TakuM YMHOM BCTaHOB-
JeHHsT Ta BUKopucTaHHs nociigoBHoro CA® 3 B/T e
KOMOIHAITIEI0 PETYJIOBAaHHS MapamMerpy Ta pexumy. Jo-
CTaTHA KiJbKICTh pilleHb [7] 3 peryitoBaHHS Harpyru
nocuigoBHIM CA®, 3anumiae BiAKPUTHM MUTAHHS BIUTH-
By TpaHcdopmaropy CA®D Ha Horo pexxum Ta, K Haci-
JIOK, Ha €(peKTUBHICTh PETyTIOBaHHS ITOKA3HUKIB SKOCTI
€JICKTPUYHOI EHeprii.

II1. META POBOTH

JlocnmipKeHHsT TapaMeTpiB peXHMYy Ta PO3IOILTY
MOTY>KHOCTI TpaHCopMaTopa BOIBTOIOOABKH MPH pery-
JIIOBaHHI SIKOCTI HAaNPyry HaBaHTa)KEHHSI.

IV. BUKJIAJEHHSI OCHOBHOI'Y MATEPUAJLY 1
AHAJII3 OTPUMAHHUX PE3YJIBTATIB

ITocmigoBuniit CA®, cunoBa cxema SKOro Ma€ Ha-
HIBIPOBIAHUKOBUI MPHUCTPIH, 32 YMOB peaitizaliii aaropu-
TMY peryitoBaHHs [9] ycyBae CIIOTBOPEHHS HAIIPyTH Me-
PEXi KUBJICHHS 32 PaXyHOK 1HXEKIii TapMOHIK HalpyTrH B

Mepexy JKuBJICHHSA B mpoTH-(azi. Takum umHOM CAD
dopMye y CBOIX MEPEKHHX MPOBIJHUKAX HAMPYTy, 3a
rapMOHIWHMM CKJIQJIOM aHAJIOTIYHY Hampy3l HaBaHTa-
JKEHHS (32 BHHITKOM MEpIIOl TapMOHIKH), ajie MPOTHIIe-
XKHY 32 3HaKOM. Y pe3ynbTaTi BinOyBaeTbcs B3aeMHa
KOMITEHCAI[isl FTAPMOHIK HANPYTH HABAHTAXXEHHSI.
[ocnigoBHM CUIOBHI aKTHBHUAN (PUIBTP ITiIKITFO-
4aeThCs J0 MEpPexki uepe3 Tpu oaHO(a3HI TBOOOMOTKOBI
BOJIbTO/I0/1aBY1 TpaHCHOPMATOPH, IEPBHHHOIO 0OMOTKOIO
JIO MEpEeXIi Ta HAaBaHTaKEHHS, 2 BTOPHHHOIO OOMOTKOIO /10
CHIIOBOT YaCTHHH MEPETBOpIOBava (ijgbTpy A0 SKOrO Ta-
KOX I1i1’€/IHaHNH HaKonm4uyrounid konaeHcarop C; [10].
Jlis BU3HAuUEHHS BIUIMBY TpaHchopMmaropa Ha pe-
JKAM PO3TJISAAEThCs eleKTpuuHa cxema (puc. 1,a). Ha
cXeMi Mepeska 31 CIIOTBOPEHOI0 HAMpPYTow U, MOCTIZ0B-

HO 3’€JHaHA 3 HABaHTAXEHHSM, AK€ 3aJa€ThCsl OIOPOM
R, Ta mKeperoM CHOTBOpeHOro cTpymy i,. OOMoTKa

TpaHc(hopMaTopa 3aMUKAE KOHTYP, KA 3a0e31edye KOM-
MIEHCAIIII0 CIIOTBOPEHHSI HAIIPYTH MEPEXI 3a PaXyHOK ITif-
KITIOYEHHS JIO 1HIIOi OOMOTKH TpaHchopMaTopa mprepena
up . JInsg mociipkeHHs BIUIMBY TpaHC(opMaTopa po3ris-

HEMO JeKiIbKa cXxeM 3amimenHs: [1-moxiona (puc. 1,0) ta
T-nonioHa (puc. 1,B). [Ipu npoMy XapakTepucTHKa Hama-
THIYyBaHHS MarHiTOIPOBOIY MPUHMAETHCS JIHIHHOIO.

KoskHa 3 cxem Mae€ 3aCTOCYBaHHSI Y KOHKPETHHX BH-
majkax. B OULIBOIOCTI BWITAAKIB BHUKOPUCTOBYETHCA -
moioHa cxema 3aminieHHs TpaHcdopmatopa. [loknanaro-
yn KoedimieHT TpaHcopMaIlii OMMHIIHIM, BH3HAYAETh-
Csl CTPYM HaMarHiqyBaHHS:

1 1 =1l -1 (1)

Je i;— CTpyM IepBHHHOI 0OMOTKHU TpaHC(opMaTopa, i) —
CTPYM BTOPHHHOT 0OMOTKH TpaHchopMmaTopa.

BinmoBimHO BH3HAYAETHCS HANpPyTa MEPBHHHOI 00-
MOTKH:

di, diy,
uy=iRj+L;,—+i, R, +L,—— 2
1 =R Ly Ry L (2)
B pesynbrati — Hanpyra BTOPUHHOT OOMOTKH:
di, di,
Uy =i Ry+L,—~+i,R,+L,—— 3
2 =Ryt Ly PRy Ly — (3)

M .
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B)

Pucynok 1. Cxemu 3amimeHHs: a — HociimKyBaHoi moxedni; 6 — [I-moxibHa cxema 3amimeHHs TpancdopmaTopa; B — T-

monibHa cxeMa 3aMileHHs TpaHchopmaropa.
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BigmiTHoO ocobmuBicTio I1-00pa3Hoi cxemu 3ami-
HIEHHA € 30epexeHHs] TpaHCPOPMATOPHHX 3B'I3KIB 0OMO-
ToK TpaHcdopmaropa [11]. TIpu upoMy HamarHiuyBaHHS
PO3MOUISETHCS. MK MEPBUHHOIO T2 BTOPHMHHOIO OOMOT-
kamu. lle 103BOJIsIE BpaxyBaTH IUIMB HA HaMarHidyBaHHS
MMOTOKY CHepTii i 31 CTOPOHW MEPBHHHOI OOMOTKH, 1 3i

.. .1
CTOPOHH BTOPHMHHOI 06MOTKH. CTpyM NepBHHHOI / 06-
MOTKH TpaHc(hopMaTopy HOB'I3aHUH 31 CTPYMOM BTOPHH-
HOT OOMOTKH:

—1 “4)

12:ls_l/12:ll_l 2o

ul
ne i u Il 42 — CTPYMH HaMarHi4yBaHHs, BITHECEHI JIO
BIIMOBiTHOI OOMOTKH, IO BiAMOBigarOTh BHpazy (1) a

i, =i, +i,2. IIpu 1bOMY 3MIiHIOETBCS CTPYKTYpa Gana-

u
HCY HaIpyr NEpBUHHOI Ta BTOPMHHOI 0OMOTOK:
di
i ul
U= l/l]R/jI +L/u1 r A
; ©)
. dl/lz
Uy = lﬂzRyz +L,U2 i s
ne Ry, R, ,— onopu rinok Hamaruidysauss; L,;,L,, —

IHIYKTUBHICT TUIOK HamarHiuyBaHHs. Harmpyra BTOpHH-
HOI OOMOTKH u, BIJIPI3HSAETHCS BiA HAIPYTd HNEPBHHHOI

OOMOTKH Ha BEJIWYMHY IaJiHHS Hanpyru B TpaHchopma-
TOpI:

(6)

. di
up=uy+ug=uy+igRi+ L 7:

Je ug— TajalHHA Hanpyru B TpancdopmaTopi, R, — ormip
TpaHcdopmaropy, L — IHIYKTUBHICTb TpaHC()OPMATODY.

TakuM 4MHOM, CXEMH peali3yloTh Pi3HHH PO3IOALT
Harnpyr B Tpanc(hopmaTopi Ta BiJIIOBIAHO NaJiHHS HAIpY-
ru. [Ipu po3paxyHKax i MOIETIOBaHHI pEXHUMIB POOOTH
TpaHchopmaropy T-moniOHa cxema 3aMillleHHs 3HaHIIIa
HaliOinbIe po3noBcromkenas [11], [12].

Jna mocnimKeHHs BIUIMBY TpaHC(HOPMATOpy OOMOT-
Ka SKOTO 3’€JHAaHA MOCTIJOBHO 3 HABAHTAXKEHHSIM BHKO-
pHUCTaHO MOIENh HaBeneHy Ha puc. 2. B mocmimxyBaniit
MOZIeJl IMITYETBCSl PEryJIIOBaHHS KOMIIEHCAIl CIIOTBO-
pEHb HAmpyTd TOCTIJOBHAM CHJIOBHM aKTHBHUM (iIbT-
POM, HiIKIIOYEHNUM Yepe3 BOJIBTOJ0AATOYHUI TpaHchop-
Marop. Cxema IocIiIoBHOTO (QiIbTPY MpeJICTaBIeHa JKe-
penom e.p.c. [kepermo KHUBICHHS OCHOBHOI T'apMOHIKH
(AC voltage source 2), mociiTIoBHO 3’€THAHO 3 JOJATKO-
BuM mxepenom (AC voltage source 3), sike reHepye Ha-
IIPYTy TPEThOI TapPMOHIKH, CIIOTBOPIOIOYH PE3YIBTYIOUY
Hanpyry. IlocmigoBHO 3 mKeperaMu 3’€JHAHA BTOPHHHA
obmotka Tpanchopmaropy (Linear Transformer). Kontyp
3aMHKa€ HaBaHTAXKCHHSA, SIKE IMITY€ETBCS IPKEPETIOM CTpPY-
My (Controlled Current Source).

3Bakaroun Ha crenuiky MOJCIIOBAHHS JDKepena
CTpyMY, NapajielbHO MHiIKIIOYEHO DPE3UCTOP 3 BEIMKUM
ormopoM (R). Ctpym HaBaHTa)XeHHSI TPEICTABICHHHA Cy-
MOIO JIBOX CHTHAJIB, SIKi TeHEpYIOThCs Oyokamu Sine
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Wave 1 Ta Sine Wave 2. Jl)xepenio KOMIIEHCYIOYOi HaIpy-
ru (AC voltage source 1) 3’eHaHe 3 MEPBUHHOIO OOMOT-
KO0 TpaHchopmaTopy.

o

AC Voltage ‘l ;1 : c
Source 1 Linear
T~~~  Transformer
ol
AC Voltage
Source 2 Controlled[ ¢
Current R
) AC Voltage Source| = '
Source 3
'r B
l—‘ ‘
Add l
I I —é— Ground
\V \V
Sine Wave Sine Wavel

Pucynox 1. [locnijpkyBaHa MOJIENb ITOCTIJOBHOTO CHIIO-
BOTO aKTUBHOTO (LIBTPY.

TakyuM YMHOM EMITYETBCSI PEKHM E€JIEMEHTapHOTO
KOHTYPY 31 CIHOTBOPEHOIO HAIpPYTOI0, CIIOTBOPEHUM CTpPY-
MOM HaBaHTAXEHHSI, IPUIOMY BBEICHHSIM IIOCIiIOBHOTO
TpaHcdopmMaTopy peaslizyroTh KOMIICHCAIIiI0 CHOTBOPEH-
Hs Hampyru. Ilapamerpu enementiB cxemu: AC voltage
source 1: U=(sqrt(2)-40)/3.455 B, 0=180 deg, f=3-50 I'i;
Linear Transformer: Un=380B, In=10A, R1=0.057 Om,
R2=0.6770m, Rp=180510m, L1=2.958-10-5TH,
L2=3.53-10-4I'n, Lp=57.455T'w, Sn=4000 BA, fn=50 I'm;
AC voltage source 2: U= sqrt(2)-200 B, =1-50 I'm; AC
voltage source 3: U= sqrt(2)-40 B, £=3-50 I';; R=1000w;
Sine Wave 1: U= sqrt(2)-2.8 B, ©=21:50-5 c-1; Sine
Wave 2: U= sqrt(2)-5.07 B, ®=2-1-50 c-1.

B xoni mpoBeneHHs TOCTiIKEHb POOOTH MPUCTPOIO
OynH OTpHMaHi OCIHJIOTpaMH Ta TapMOHIN CKIJIaj Hampy-
TH Ta CTPYMY HaBaHTaXeHHS (puc. 3).

BuxigHe BUKPUBIICHHSI HAIIPyTH JKUBJICHHS CKIIA/IA€
20%. B pe3ynbrari podoTn cxemu, HuIsiXoM (GopMyBaHHs
HaNpyru KOMIIeHcallil, Ta BBeAeHHs ii y nmpoTu-¢asi BTo-
PHHHOIO OOMOTKOIO TpaHc(opMmaropa, BUKPHUBIICHHS Ha-
NpYyTH HAaBaHTaXEHHS ckianae 2.35% npu BUKPUBICHHI
ctpymy 91.19% (puc. 3). Ilpu pomMy mif gietro 5-1 rapmo-
HIKM CTpyMy HAaBaHTaKCHHS 32 PaxyHOK BiJIOBiZHOTO
MaTiHHSA HAIPYTH y OOMOTII TPaHC(POPMATOPY Y CIIEKTPH
Halpyr'd HaBaHTAKCHHS BUHHUKAE 5-a TapMoOHiKa, fKa
cknagae 2%.

3Bakaro4d Ha [iI0 B 0OMOTKaxX TpaHchopmaropa ra-
PMOHIK CTPyMy Ta Halpyrd pi3HOrO MOPSIAKY BHKOHaHO
nociimpkenns. Tak sk TpaHcopMaTop BIUIMBA€E HA PEXKUM
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Pucynok 2. OcuuinorpamMu Ta TapMOHIHHHAN CKIIaJ]: a — HAIIPYTH HaBaHTKEHHS, O — CTPyMy HaBaHTa)KCHHSI.
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Pucynoxk 3. [Tapamerpu pexxumy nepBuHHOI 0OMOTKH TpaHcopmaropa: a — Harpyra; 6 — rapMOHIHHUIA CKJia] Harpy-
I'M; B — CTPyM; I — TApPMOHINHUI CKJIa] CTPyMY; 1 — OTYXHICTb; € — FTapMOHIMHHI CKJIaJl TOTY>KHOCTI.

po0OTH TOCIIIOBHOTO aKTHBHOTO (UIBTPY HPOBEAEMO
aHai3 mapaMeTpiB peKUMy NEepBHHHOI (puc. 4) Ta BTO-
puHHOI (puc. 5) o6mMoToK Tpanchopmaropa. CroTBOpEH-
HS Mepexi 3aJjaHe Harpyror TpeTboi rapmoHiku (AC
voltage source 3), TOMy 3 NPOTHJICKHUM 3HAKOM 331a€Th-
cs Hampyra kommeHcarii (AC voltage source 1) — puc
4.a,6. B pesynbpTari BOrO CTPYM TEPBHHHOI OOMOTKH
TparchopmaTopy (puc 4. B, T) OKpiM MepIIoi Ta I’ sATol
TapMOHIK 3yMOBIICHHX CTPYMOM HaBaHTa)KEHHS (pHcC. 5 B,

19

I) Ma€e CKJIaJOBY TPEThOi TapMOHIKM 3yMOBJIEHY Hampy-
roto KoMmneHcanii. TakuM, YMHOM B3aeMOJis CTPyMy Ta
HAaIpyry MpU3BOAUTH 0 MOTY>KHOCTI IEPBHHHOI OOMOTKH
(puc. 4 1, e), sika Ma€ B CBOEMY CIHEKTpi rapmoHiku 0
(13BA/5.6%), 2 (231BA/100%), 4 (122BA/52.8%), 6
(13BA/5.6%), 8 (111BA/48%). Hanpyra BTOpHHHOI 00-
MOTKH (puc. 5 a, 6) OKpiM TPeThOi TapMOHIKH, SKa KOM-
MIEHCY€E CIIOTBOPEHHS HANPYTH MEpeXi 3a paxyHOK BTpat
HanpyTrH (2) B OOMOTII NpH MPOTIKaHHS CTPyMy HaBaH-
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TaXeHHS (puc. 5 B, T'), JOJATKOBO Ma€ IEpIUIy Ta II'ATy
TapMOHIKH, SKI CKJIaIalTh BiIHOCHO TpeThoi (12.3%) Ta
(14%) BinmnosinHo. B pe3ynbTari MOTYXHICTH BTOPHHHOT
OOMOTKH Mae

Tpy notyxHocTi nepBuHHOI ooMoTkH — 10 (13BA/4.9%).
SIKIIO 0aTKOBO BU3HAYUTH PI3HHUINIO MIXK MOTYKHICTIO
MEPBUHHOI Ta BTOPUHHOI OOMOTOK OTPHMA€EMO TOTYXK-

B CBOEMy cmekTpi rapmoniku: 0  HiCTb 0OMOTOK Ta MarHiTONPOBOXY TpaHC(opMaropa, sKa
(24BA/9.1%), 2 (262BA/100%), 4 (137BA/52.2%), 6 Mmae JIyxKe CKJIaJHUH CHEKTP (puc. 6).
(25BA/9.5%), 8 (102BA/38.9%), Ta Ha BigMiHYy Bif CIIeK-
60 _UWZ)B
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Pucynok 4. [Tapametpu pexxumy BTOPHHHOI 0OMOTKH TpaHchopmaTopa: a — 0 — rapMOHIWHHMNA CKJaJ HAmpyru; B —
CTPyM; T — TApMOHIHHUH CKIIaJ CTPyMYy; I — HOTYXHICTb; € — TApMOHIHHUI CKJIa/l MOTY>KHOCTI.

1001 AP,BA 30 AP,BA
50 ﬂ
)2 be WAL
0.02 0.04 0.06 0.08 0.1 0 200 400 600 800 1000
Pucynoxk 5. I'apmoHniitanit cKiaj Ta ocuuiorpama BTpar MOTYHOCTEH B Tpanchopmaropi
3 ypaxyBanHsaM popmyn (1)-(3), moTyXHICTh B 00-
MOTKAax Ta MAarfiTonpoBOJi TpaHc(OpPMATopy MaTume AP = AP, + AP (8)
BUTJISII
ne AP, — Brpatu B cram, AP ,— BTpaTd B 0OMOTKax

Pwi—Pw2 = =i R +i3R, +iy, R, +

(7

VY 3aranbHOMY BHIIAIKY IHTErpalibHy IIOTYXHICTh
BTpaT B TpaHC(HOPMATOPi MPEACTABISAIOTH Y BUTIISAL CYMH
BTpAaT MOTY>KHOCTEM:

20

TpaHchopMmaTopa. 3BaXKarOud Ha XapakTep MHOTYXKHOCTI
TpaHcdopmaropy (puc. 6) Tpeda BpaxoByBaTH 0 BUIINX
rapmoHik. JlomaTkoBi BTpatu B 0OMOTKax TpaHcdopma-
TOPY BHKJIMKaHI 3pOCTaHHAM OIOPY JUIS CTPYMIB BHIIHX
rapMoHik v [3]:
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2 2
4P, = Z (I].VR].V + [Z.VRZ.V) )
v

JlomaTkoBi BTpaTH B CTaJli BUKIMKaHI 3POCTaHHIM
YaCTOTH NepeMarHiayBaHHS MarHITOIIPOBOY:

2 1.3
_ Y| (Lo
APcm.v_ cm.n%(U ] (50)

n

(10)

ae U,— Hampyra rapMoHIKM; f,, — 4acTOTa IapMOHIKU
AP,

 m.n — BTPaTH HAMarHidyBaHHs TpaHchopMaTopa.

BUCHOBKH

EdekruBHicTh KOMIEHCAlii BUKPUBJICHHS HANpyru
3aJeKUTh HE TUIBKH BiJ| SKOCTi ()OPMYyBaHHsS Hampyru
KOMIICHCAIlIT, a i BiJ mapameTpiB pexumy TpaHchopma-
TOPY SIKUH TOCIIJOBHO 3’€THAHUM 3 HaBaHTAKEHHSM, Ta
3a0e3neuye pexxuMm.

CrBOpEeHa MOAENb €KBIBaJIEHTHOI'O CHIJIOBOTO KOJa
omHO(a3HOTO TOCTIIOBHOTO (UIBTPY, B PE3yNbTaTi JOC-
JiPKEHHS SKOT BCTAHOBIICHO, IO BHYTPIIIHIN OIip TpaH-
chopmaTopy Ta CTPyM HaBaHTaXXEHHS INPU3BOAATH MO
BUHUKHEHHS TapMOHIK HAIPYTH, AKi JOJAaTKOBO BILUIMBA-
I0Th Ha ii SKICTh, Ta y pa3i MPOBEACHOTO EKCIEPUMEHTY
cKI1aaTh 2,35%.

Bcranosieno, 1mo TpaHchOpPMATOp MOCIIIOBHOIO
CHJIOBOTO aKTHBHOTO (iIbTpa B PEXKHUMI BOJIBTOA0AATOY-
HOTO, ITPY KOMIIEHCAllli COTBOPEHHS HAIPYTd Mepexi B
3araJbHOMY BHIIQJIKy Ma€ Hampyry Ta CTpyM OOMOTOK,
TapMOHIWHHUN CKJIQJ SIKUX BIAPI3HIETHCA, 1€ MPU3BOIUTH
J0 ITUPOKOTO TapMOHIHHOIO CKIIagy HOTY>KHOCTI TpaHC-
(dopmaropa, mo noTpedye 00MIKy 3pOCTaHHS BTpAT B 00-
MOTKaX Ta MarHiTONPOBOI.

301IpIICHHS BTpAT MOTYKHOCTI B TpaHC(hopMaropi
CHIJIOBOTO AaKTHBHOTO (iIbTpy NOTpedye KOperyBaHHS
METOIMKH HOro BHOOpPY 3 ypaxyBaHHSAM CIIOTBOPEHHS
HaIpYTU Ta CTPyMy.
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PACHHPEAEJEHUE MOIHIHOCTHU BOJbTOAOBABOYHOI'O
TPAHC®OPMATOPA CHJIOBOI'O AKTUBHOI'O ®UJILTPA IIPH _
PET'YJIMPOBAHUU KOE®PUIIMEHTA HEJIMHEWHbBIX NCKAKEHUHU
HAIIPAKEHUA

BOHJAPEHKO C.C. acnupaHt Kadenpsl CUCTEM DIIEKTPOCHAOKEHHS M SHEPreTHYECKOr0 MEHEKMEHTA
KpeMeHUyrcKkoro HalMOHATBHOTO YHHBEpcuTeTa MM. Muxamna OcTporpajickoro,
Kpemenuyr, Ykpanna, e-mail: sergjl994@gmail.com;

BSUUTOBP)KECBKUIM O.B.  kani TexH. Hayk, JOUEHT, HOLEHT Kabeapbl CHCTEM JJIEKTPOCHAGKEHHS W
9HEPreTHYecKoro MeHePKMeHTa KpemMeHuyrckoro HalMoHalIbHOTO YHHBEPCUTETA
UM. Muxauna OcTtporpanckoro, Kpemenuyr, VYkpauHa, e-mail:
seemAl@kdu.edu.ua;

Llenv pabomei. Hccneoosams napamempuvl pexcuma u pacnpeoeneHus MOuHOCMY mpancoopmamopa 601bmooo-
baeKu npu pe2yruposanuu KO3QPGUYUeHma HeauHeHbIX UCKAXCeHUT HANPAIHCEHUSL.

Memooul uccnedosanusn. Memoowl 21eKmMpoOmMexHuKu, Memoobl YUCIEHHO20 MOOENUPOBAHUS, Memoobl psoog Dy-
poe.

ITonyyennvie pesynomamul. B pabome npogeden ananus npumeHeHus U3GeCMHuIX cxem 3amewjerust O 8016mo0o-
basounozo mpancgopmamopa, 8 cpede 8U3YANLHO20 NPOSPAMMUPOBANUS PA3PAOOMAHA MOOETb, UMUTHUPYIOWAs pa-
bomy ¢urempa, nposedeno ucciedo8anue U paccmMompensl npoyeccyl, npomexaiowue 6 mpawcpopmamope. Ha ocno-
8AHUU AHANU3A PE3YTILIMAMO8 MOOETUPOBAHUS, NOKA3AHA CTIONHCHOCMb CHEKMPA MOWHOCMU MPaHchopmMamopa 8 ycio-
8UAX pabomvl 8 pedcume 01bMOO0OABKYU NPU UCKANHCEHUY POPMbI MOKA U HAnpsAdceHus. B cayyae uckascenus Hanps-
JHCEHUS NUMAHUA UCHOTLIVIOM NOCIe008AMENbHIIL CUL0BOU AKIMUBHBIN PUILMP, KOMOPbIIL NOOKTIOYAEMCS K Cemu ye-
pe3 60abMmo006asoyHble MPAHCHOPMAMOPBI, NPUBOOUN K USMEHEHUIO NAPAMEMPO8 IKGUSANCHINHO20 CU08020 KOHMLY-
pa Hazpysku. B pesynomame ucciedo8anuli yCmaHo8ieHo, Ymo mpaHchopmamop nociedo8amenbHo20 CUlo8oeo aK-
MUBHO20 PUILMPA 8 pedcUMe 80abMOO0OABOUHO20, NPU KOMNEHCAYUU UCKANCEHUS HANPAXCEHUS 8 00WeM cayyae ume-
em Hanpsicenue u Mmox 0OMOMOK, ApMOHUYECKUIl COCMA8 KOMOPbIX OMAUYAEMCA, MO NPUBOOUT K WUUPOKOMY 2ap-
MOHUYECKO20 COCMABA MOWHOCIU MPAHCHOPpMAmopa, 4ymo mpedyem yuema pocma nomeps 6 00MOMKAX U MASHUMO-
npogode. Cehopmynuposansl 6b18600bl KACAMENLHO 8030€UCMEUI0 NAPAMEMPOE 80IbMO00OABOUHO20 MPAHCHopmMamopa
Ha pabomy akmugHo2o gurempa.

Hayuna nosusna. Bnepgvie paspabomana mooens 3K6UBANEHMHOLU CUTOB0U Yenu 00HOPAZHO20 NOCIe008AMENbHO-
20 hunvmpa, Komopas 6 omauuue Om Cyuecmayrouux yuumvleaem iusHue 60abmo000agoyHO20 MPAaAHCHOpMamopa
Ha napamempbol pe’cuma.

Ilpaxmuueckas yennocms. Buympennee conpomusnenue mpancopmamopa u mox HazpysKu npueooam K 603HUK-
HOBEHUIO 2APMOHUK HANPANHCEHUS, KOMOpble OONOTHUMENbHO GIUAIOM HA ee KaYecmeo, U 8 ciyyae npo8edeHHo20 IKC-
nepumenma cocmasasiom 2,35%. Yeenuuenue nomeps MowHocmu 6 mpancghopmamope cuno8020 akmugHo20 uibmpa
HYJHCOaemcesi 8 KOppeKmuposKe MemoouKy e2o 8b100py € YUeMoM UCKANCCHUS HANPAINCEHUS U MOKA.

Knrouesvie cnosa: xauecmeo snexmposmnepauu; NOCre008AMeEnb bl CUN080U AKMUSHbIY Gunbmp; 6016mo0o0a-
B0UHBIY MPAHCHOPMAMOP; UCKANCEHUE HANPANHCEHUS.

DISTRIBUTION OF THE POWER OF THE A POWER ACTIVE FILTER
BOOSTER TRANSFORMER FOR REGULATING OF THE NONLINEAR
VOLTAGE DISTORTIONS COEFITIENT

BONDARENKO S.S. post-graduate student of the Department of Power Supply and Energy Management
Systems of the Kremenchuk National University, Kremenchug, Ukraine, e-mail:
sergj1994@gmail.com;

BIALOBRZHESKYI O.V. Ph.D, Associate professor, Associate professor of the Department of Power Supply
Systems and Energy Management of the Kremenchug National University.
Mikhail Ostrogradsky, Kremenchug, Ukraine, e-mail: seemAl@kdu.edu.ua;

Purpose. Investigate the parameters of the mode and distribution of the power of the transformer of the booster
when adjusting the coefficient of the nonlinear distortion of the voltage.

Methodology. Methods of electrical engineering, numerical simulation methods, Fourier series methods.

Findings. The analysis of the transformer is carried out, the processes taking place in the transformer are consid-
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ered, the filter model is developed in the visual programming environment, based on the analysis of which the applica-
tion efficiency of the proposed solution is shown by the load voltage distortion. To assess the influence of the trans-
former on the operating mode of the device, a series of experiments was carried out. In the case of distortion of supply
voltage, a serial active power filter is used that connects to the network through series transformers, which results in
changes in the parameters of the equivalent power load circuit. As a result of the research it was established that the
transformer of a series power active filter in the series mode, in case of compensation of voltage distortion of the net-
work in general, has the voltage and current of the windings, the harmonic composition of which is different, this leads
to a broad harmonious composition of the power of the transformer, which needs to account for the growth of losses in
windings. and the magnetic circuit. The conclusions are drawn that to the effect of the parameters of the transformer on
the operation of the active filter.

Originality. For the first time a model of an equivalent force single-phase sequential filter has been developed,
which, unlike the existing one, takes into account the effect of the series transformer on the parameters of the mode.

Practical value. The internal resistance of the transformer and the load current lead to the emergence of voltage
harmonics, which additionally affects its quality, and in the case of an experiment made up 2,35%. An increase in
power losses in a transformer of a power active filter requires an adjustment of the method of its selection, taking into
account distortion of voltage and current.

Keywords: power quality; serial power active filter; series transformer; voltage distortion.
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CUCTEMHI BUMOTH 10 E®EKTUBHOCTI T'IIPOEJEKTPOCTAHIIIA

PAJYEHKO B. B. KaHJ. TEXH. HAyK., JIOUEHT, JTOUEHT Ka(eIpu TEIUIOEHEPTETHKH Ta TiAPOEHEPrETHKH
3amopi3pKkoi  JepkaBHOI iMKeHepHOI akanmemii, 3amopixoks, YkpaiHa, e-mail:
radchvv(@ukr.net,

Mema pobomu. Busnauenns pesepsié 0cHo6H020 00IAOHAKHA 3 NO2AAOY CUCMEMHOT PO 2I0POeNeKmpOCmanyill.

Memoou docnidxcens. Komnnexcrutl nosinpedmemuuti nioxio 00 aHaizy i UsHAYeHHs OIIOHYUX CKAA008UX 2eHe-
Ppayii ma 0CHOBHO20 eHepeemuyHO20 0ONAOHAHHS.

Ompumani pesynomamu. Hasedena akmyanoHicme i 0CHO8a CUCTEMHUX 8UMO2 00 eDeKMUBHOCTI eHepeemUiHO-
20 001A0HAHHA 2I0poeneKMpOCMAanyill, Wo 00360a0Mb 3abe3neyyeamu PopmyeanHs HeoOXIOH020 QYHKYIOHANbHO20
pisus npoyecy cenepayii. Posensnymi ocobnugocmi 0CHOBHUX KOMNOHEHMIB MexXHON02ii nepemeopeHHs i ix 83aemooii.
Bioobpaoiceni eniugu ckiadosux HAcKpizHo2o mpaxmy npoyecy 2enepayii. Ompumani Xapakxmepucmuxu eqhexmuenoc-
mi nepemeopeHHs 8 yM0o8ax CUCTNEMHOI pexcumHoi mobinbnocmi. Iloka3ani 0CHOBHI MONCIUBOCI U WLTAXU Op2aHi3ayii
epexmusHo20 eHep2oinpopmayitinoco 0OMIHY Ha pieHi 2i0poceHepamopa. 3anponoHO8aHI ULIAXU NIOGUWEHHSL eheKxmu-
6HOCmi pobomu 004020 00NAOHAHHS 2I0POEIeKMPOCMAHYI.

Haykosa nosuszna. 3anpononosano nouinpeomemuy KOHKpemu3ayiio CUCHeMHO20 ni0xXody 0Jis 6UHAYEHHS pe3ep-
818 0ONAOHAHHS Ma NIOGUUEHHS eDEeKMUBHOCI 2eHepayil, W0 O0380AE GUHAYUUMU OUHAMIYHI CKIA008I 2eHepayii ma
Kpumepii eghexmusHocmi 0ito4020 001AOHAHHS 2I0POEIeKMPOCMAaHYI.

Ilpakmuuna yinnicme. Busnaueno cucmemmi 6umocu 00 HACKPI3ZHO20 MPAKMY eHePemUYHUX NepemeopeHs ma
niosuuyerHs epekmugHoCmi eenepayii OCHO8HO20 0ONAOHAKHS 2i0POENeKMPOCMAHYI 3d 11020 CUCEMHOI POJL.

Kniouogi cnoea: ziopoenepzemuxa; pezepe nomyicHocmeil; Ounamixa ziopoazpezamy; ziopozenepamop; egex-
mueHicmb.

I. BCTYII IL. AHAJII3 JTOCJLIKEHD I ITYBJIIKAIIA

INmpoeneprernka Mae 0coONMBY i BaXKIJIUBY CHCTE- I'EC Ta ix eHeprernyHe oOJagHaHHS 32 O3HAKAMH
MHY poib B (opmyBaHHI 30amaHcOBaHOi HAI[iOHAIBHOI  TOBHOIO MipOIO BiIIOBINAIOTH TEXHIIl BETHKHX CKIIATHIX
eHepreTuuHoi cepu Ta Haga€ MOKIMBOCTI OMEPATHBHO-  CHCTEM [1], 1[0 BUMArae BiAMOBIAHOT AeTaIi3allii CHCTEM-
ro pearyBaHHs Ha 3MiHY Ti peKHUMIB. HUX MiIXOMIB J0 aHamizy e()EeKTUBHOCTI Ta MOOYyIOBH

HauioHanbHi TigpoeHepreTHuHi cucTeMu gocuts — CKJI3IOBHX NpOLIECIB TeHepallii. TOM.y HEeoOXiTHOIO ¥
NOTYXHi ¥ BaK/IMBI TEXHIYHI 00'€KTH, BTLIIOIOTH HE Tip- ~ CBOCTACHOIO € yBara HPakTUMHO N0 BCIX JIAHOK MPONeCy
KH CKIajHi, 6araTocTyleHeBi eHepreTHuHi neperBopen- — CHEPIETHUHHMX NEPETBOPEHb 3 MOMAAY ix eeKTHBHOI
Hs1. BOHM BHPILIYIOTH wie i HU3KY TifpPOTEXHIYHMX, KIi- peadizarii, .[2].. .OCHOBHI/IMI/I. eJleMeHTaMH 3a3Hz}qu0I
MaTHYHHX Ta CKOJOTTYHHX MpoOJeM, B TOMy 4ucii i pe-  JTAHKH Ha DIBHI TApOarperaris I'EC e rigporypGina ta
rioHanbHEX. TOMY 10 MiJBHIICHHS iX MOKa3HWKiB yBara  [APOTCHEPATOD.

HE BUIIaJIKOBA. CxeMH 3aMillleHHS TiIpOreHepaTopiB 3 €JIEeKTpPHU-

CHCTeMHa POJIb BITYM3HSHOI MiApOCHepreTHKy, Bu-  HAM eKBiBaHeHTOM.M§XaHiQHOT MOTYHOCTI TIEBHOIO Mi-
3HAYCHA Y BUIVIS/AL JMHAMIYHOrO pesepBy MOTYKHOCTeii — POIO CHIPHSIOTH yHiikaiii METOJWK Ta anropuTMis jo-
EHEPreTUYHOI CUCTEMH, OOYMOBIIOE MifBHIIECHHI BuMory  C/PKCHB 33 OCHOBHMMH TIPUHIMMIIAMU CHCTEMHOCTI [3],
0 TIOTOYHMX TEXHIYHHX XAPAKTEPUCTHK oOnaqHauHs, B~ OAHAK BOHU HE JIETATN3YIOTH poOOUHX CKIIA/IOBHX TEXHO-
TOMY 4HCII AMHAMIYHNX, Ta eeKTHBHOCTI HOro Bukopu- JIOTIYHAX TIPOIIECIB, ocobucro 'EC. Pazom 3 Tum, HEoO-

CTAHHS XiIHO BpaxoBYBaTW OCOONAMBOCTI # 6a30Bi NPHHIMIK

M . 5 . . NMoOyAOBH Ta BIACTHBOCTI €IEKTPOMEXAHIYHHX MEPETBO-
Moxumsics poboru 'IEHmpOBUcmfm TiapoeNeKTpo- piosauis TEC, [4].
cranuii (I'EC) y komneHcaniiiHOMy i MiKOBOMY pexXumMax ] C ) ]
Ta Maii’Ke XBUJIMHHA TOTOBHICTB Tifipoarperaris, 3abe3me- ~ Tinpomexanivni eHepreTyHi MepeTBoproBati — Ty-
qye He TiIbKM CTaGUILHICTL CHCTEMHY, ane if MoMipHe pOiHK po3paxoBaHi pO3pOOHHKAMHU TIEPEBAKHO Ha CTadi-

(biHAHCOBE HABAHTAXEHHS CIIOKHMBAYIB BiHOCHO mikopux  PHI PEKMMH HaBAHTAKEHB, WO 3a6e3MeyroTh iX 0CHTh
CHCTEMHHUX TIPOLIECIB. BHCOKY €(eKTHBHICTb, [5], [6]. OnnHak maHi AMHAMI4HOT

e(heKTUBHOCTI TipaBIiuHUX TYpOiH, BIJMOBIIHI Cy4acHil

Came TOMy e(eKTHBHICTH POOOTH €HEPreTHYHOTO oy L . .
CHCTEMHIH PoJIi TiIPOSHEePreTHKHU, IPAKTUYHO BiCYTHI.

oOagHAHHSA CYTTEBO 3aJICKUTHh Bill BPaxyBaHHS OCHOB-

HHMX CHCTEMHHUX CKJIAJI0BUX, BAXKJIMBHMX 3 TOMIISALY Cydac- P“}"CHL Ta SIKICTh IH(OPMAIIHHOTO 3abe3neueHHs
HHX BUMOT JI0 peai3allii TeXHOJIOTIYHHUX mpolieciB repe-  UPOUCCIB KCPYyBaHH: (7], 18] TCXK NOCHTE CYTTEBO BIUIH-
pauii TEC. Bac Ha e(eKTHBHICTL reHepauii. OcoOIMBO BaXKIUBO 1€

3a YMOB PEXHUMHOI peamizamii 3a3Ha4e€HOr0 MOOLIBHOTO

© Paguenko B.B., 2018
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pe3epBy notyxxHocrei arperaramu ['EC.

ToMy aKkTyaqbHUM Ta CBOE€YACHHM € HAIIPSIM JTOCIHi-
JUKEHb ¢(hEKTHBHOCTI MEPBHHHUX IEPETBOPIOBAYIB CHEP-
rii TEC 3a geramizoBaHuM CHCTEMHHMM TmigxoaoM. Lle Ba-
JKJIMBO TAaKOX 3 IMOIVISIY MOKIIMBOCTEW MPaKTUYHOI MO-
JepHizarii eHepreruynoro ootnagananus ['EC 3 mormsamy
CYyYaCHHUX CHCTCMHUX BUMOT.

III. META POBOTH

Mertoro poboTH € BU3HAYCHHS TOTOYHNX PE3EPBIB Ta
[UIAXIB MIBUIIEHHS e()EeKTUBHOCTI OCHOBHOTO 00maj-
HauHst [EC 3 mormsimy #ioro cydacHoi cucTeMHOI poii -
MOOITPHOTO PE3epBy MOTYXHOCTEH HAIllOHANBHOI eHep-
TETUYHOI CUCTEMH.

IV. BUKJIAJEHHA OCHOBHOI'Y MATEPUAJLY 1
AHAJII3 OTPUMAHHUX PE3YJIbTATIB

VY skocti 6a30Boro o00'ekTa IOCHTIKEHb OOpaHa
Juinposcbka 'EC. I 11p0r0 € IIOHAWMEHIIE ACKUIBKO
BaroMux npuuuH. lle ogHa 3 Halimepmux Ta HaHNOTYX-
Himumx BitunmsHsaHMX ['EC, peanizoBaHunx 3a CHCTEMHHM
IUTAHOM JIepKaBHOI enekTpudikanii. 3 nmovaTky il mooy-
JIOBH MUHYJIO Bke Maibke 90 pokiB. Lle TocuTh moBasKHMIA
BIK U Takol MOTYXKHOI TiAPOTEXHIYHOI CIOPYIH, 3Ba-
Kalo4YM Ha Te, [0 BCTAHOBJICHI MOTY)KHOCTI 3a mei vac
TeX CyTTeBO 3MiHmncA Bix 640 mo 1500 MBT. Tomy #
yBara /10 Hei IiIBUIIICHA.

3 iHmoro OOKy, MPOBEACHI JOOYIOBU i MOAEpHi3a-
1ii 32 3a3HaYeHUH 4ac, Mo (HaKTUIHO MOJBOLIM BCTAHOB-
JIEHY TIOTY>KHICTh OOJIaHAHHS, CYTTEBO IIiIBUIIHIN 3ara-
JbHE TEXHOJIOTiYHE HAaBaHTAXEHHS. 3MIHMIACH TAaKOX 1
CHCTEMHA POJIb TiAPOCHEPTETHKH, 1[0 TSK CYTTEBO BILIHU-
Ba€ Ha eKCIUTyaTaliiiHi pexxuMu oOmamgHanHsI. OHAK,
HaBITh 3MiHA CHCTEMHOI pOJIi TeX (haKTHYHO HE BpaxoBa-
Ha B TOBHIH Mipi, IIO 3araJioM He crpuse eQeKTUBHIN
renepanii 'EC — 1ocuTh KOIITOBHMX €HEPreTUYHHUX
00’€eKTiB, 110 3a0€3MeUyIOTh HAHHIDKYY BapTICTh MIKOBOT
eHeprii.

Crinx 3a3HaunTH, mo €Bporna, He MAlOYH TaKUX MO-
JKITMBOCTEH, BUMYIIEHO 3a0e3redye MiKOoBiI MOTpeOH BU-
KOPUCTaHHSM JIOPOTUX ra30TypOIHHUX CTaHIiH, 3 JOCUTh
HusbkuM 3aranbHuM KK, 0mm3bko 25% Ta dyHKIIOHA-
JILHOIO TOTOBHICTIO MpHOIM3HO 10 XB., O CYTTEBO TiI-
BHUIIlye BapTicTh mikoBoi eHeprii. Tomy mpobiema mo-
KPUTTS TIKOBHX HABAHTAXXCHb B CYYaCHIH CHEPTeTHII
JIOCUTH 3ar0CTpeHa.

OpnHak, came Taka pobora odnanHanus ['EC, B sikoc-
TI JUHAMIYHOTO PE3EepPBY CHUCTEMHU, MA€E HACHIJKOM IIiJ-
BUIIIEH]I HABAHTAXXCHHS Ta BTPATHU MEPEXiHUX MPOIIECIB, 3
SIKHMH HEMOJKJIMBO HE paxXyBaTHUCs, 3BaKAI0OYU HA CTATHC-
THKY 3pOCTaHHS POOOYUX MHUKIIIB arperaTis, MPUTAMaHHY
3a3HAYCHIN BUIIIE POJIL.

VY3arajgpbHeHa TEXHOJIOTUHA CXeMa MIEPBUHHOIO EHE-
preruuHoro neperBoproBada ['EC — rimpoarperata HaBe-
neHa Ha puc. 1. BoHa MICTHTH peryisaropu mporecy Ta
OCHOBHI JTit04i BIUTHBH [2].

Taka MoJienb 103BOJISIE CHCTEMHO PO3TIISIATH JIi04i

25

BIUIMBHM TEXHOJIOTIYHOTO TPOIecy Tifpoarperary. Peaii-
3y€ KOMIUIEKCHHMH MiAXiM 10 aHamizy W BH3HAYEHHS II0-
TpiOHUX CKJIAJOBHX, IO JO3BOJISAE MPOBECTH aHAI3 Ha-
CKPI3HOTO TEXHOJIOTIYHOTO TPAKTY MEPETBOPEHHS €HEPTii
I'EC [9].

BaxnuBuM € Te, 110 HACKPI3HMH TEXHOJIOTIYHUIMA
tpakT 'EC mpakTuuHO pealtizye CKIIaJHy CXeMy €Hepre-
THUYHHX IIEPETBOPEHB, 1110 MOCITIJOBHO BKIIIOYAE TiapaBIIi-
YHY, MEXaHIYHY Ta €NeKTpUIHy ckimaaoBi: ' — M — E.
KosxHa 31 cKI1aloBUX Ma€ CBOI TEXHOJIOTIYHI OOMEKEHHS.

) —

)/'—J
L
-

O

" — nomix ciopasniunuii; M — nomik mexauiunuii; E — nomik erexmpuuy-
nuil; PH — pecynamop nanpyeu,; PLL — pecynamop wuokocmi.

Pucynoxk 1. Y3aransHeHa TEXHOJIOTYHa

neperBoproBada 'EC.

MOICIIb

3anpornoHoBaHUi MiAXix O3BOJIMB BH3HAYUTH iC-
HYIOUMH CTaH ¥ nuisxu minsuieHHs epexrusHocti [EC
JnedinuT MOOUIBPHHMX IOTYKHOCTEH SIKMX JOCHTH TOCTPO
BiTUyBa€THCSA B CHEpreTWuHid cucremi. Jlnsg mporo
3’5ICOBaHO HACTYIIHE:

- BUTpAaTU aKTHBHOI EJIEKTPUYHOI eHeprii Ha 30y-
JUKEHHSI TiJpOTeHEpaTopiB pa3oM CKianarTb 3,71% Bin
3arajbHUX 00CATIB BUPOOIIEHOT eHeprii;

- BUTPATH €HEPTii riAporeHepaTopamMu B peXuMi CH-
HXPOHHOI KOMIIeHcaIlii cTaHoBIATh 2,44% Big 0OCsTiB
BUPOOJICHHSI aKTUBHOI €Heprii 3a pik;

- BJIAcHI MoTpedn craHmii ckragaroTh 3,14% Binm 06-
CATiB BUJIAHOI €HEPTii;

- BTpaTH Ha IMIMHAX PO3MOJIILYOr0 MPUCTPOIO CTa-
HOBJIATH 3,97%;

- piBeHb e(eKTHBHOCTI Tijgpoarperara CyTTEBO 3a-
JISKUTH BiJl HABAHTAXKCHHS, Tak Ha piBHI 50%, KK/ 3me-
HIIyeTbes Ha 22%;

- BUTPATH €Heprii B peXkKnMi CHHXPOHHOI KOMITEHCa-
il cTaHOBIATH 5%, [0 MaiXKe BABIUI MEHIIIE BUTPAT XO-
JIOCTOTO XOJY, SIKi JUIsl KOXKHOT'O Trifipoarperaty JHinpoB-
cekoi 'EC piBHO3Ha4HI BTparam 7,2 MBT. TOJI. Ha PiK;

- BTpaTH I'eHepalil CYyTTEBO 3pOCTAIOTh NPU BiJXH-
JICHHI MTOTYKHOCTI Tifjpoarperara noHan 5%;

- BTpaTu Ha MEPeXiJTHUX PEKUMaX, IO CTAHOBIATH
710 60 cex. mepeBaXkHO IOB’sI3aHi 3 TPOTOYHUM TPAKTOM.;

- XapaKTEepPUCTHKH TiJjpoarperara HejliHiiHi, CyTTEBO
3anexuTh Bij HaBaHtaxeHHs, KKJI Ha piBai 50% 3mMeH-
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mryeTbes 3 92% no 70%;

- BHTpaTH Hepobodoro xoxy ckiamaiots 10% mpo-
TOKY Kpi3b TypOiHy AJIs1 KOXKHOTO Tigpoarperary;

Crnixg 3a3HaYUTH — BHUTPATH NEPBUHHOTO JDKEpena
€Heprii MaroTh TCHJICHIIO MTEPEBaYKHOTO BIUIMBY Ha ede-
KTHUBHICTH Tifpoarperary. Tomi 3arampHmici KKJ| T'EC
CTaHOBHTH IoHaMeHIIe 95, 12%. OnxHak oro xapaxre-
pHUCTHKA CYTTEBO HeMiHilHa (puc. 2).

0.9

08

0.6

P/Py
0.8 1,0 1,2 1,4 16

0,4 0,6

Pucynoxk 2. 3mira KK/ 'EC 3a HaBaHTa)KeHHAM.

Crig 3a3HA4MTH, 110 HABEACHI 3HAYCHHS BimoOpa-
JKAIOTh TEPEBAKHO CTAaTH4HI YMHHUKU €(EKTHBHOCTI B
poOoTi rifipoeHepreTHYHOro obmagHanHA. [Ipu 1BOMY
ICHYIOTb TI€BHI TEXHOJIOTI4HI, TEXHIYHI pe3epBH i MOXK-
JIMBOCTI TOJIIIIECHHS SKICHUX XapakTepucTHk. [Ipore, Ha
MPaKTHIlI HAWYACTINIe TaKi MOJIMIICHHS JOCITAIOTHCS
LIHOIO HEBHITPABIAHOTO TEXHIYHOTO YCKJIaJHEHHs 00Ja-
THAHHS, IBHOI (PYHKIIIOHATBHOT HAIMIPHOCTI i HECHIiBPO-
3MipHOi BUTpaTH eHeprouocis. Lle, y cBoro uepry, cupu-
YHHSE Macy TEXHIYHHX, €KOJIOTIYHUX 1 COI[iallbHUX IIPO-
6mem, 6e3mocepeHbO BIUTMBAE Ha €EKTHBHICTH MPOIlE-
ciB ta oomnmaguanus 'EC.

OCHOBHMM YHMHHUKOM, CYTTE€BO CTPUMYIOUHM pO3-
BHUTOK Cy4YacCHOI EHEPTeTUKU € BUPAXKCHI YMOBH i1 €KOJIO-
rigaocri. [lommpene pimeHHs BKa3aHOi MPOOIeMH TITBKH
3acobamMm eHepro30epeKeHHs, TOUHIIIe OOMEKEeHHS eHe-
pro BUKOpHUCTaHHSI 0€3 ICTOTHOTO MiJBHUILEHHS e(EeKTHUB-
HOCTI TIPOIECiB NEPBUHHOTO MEPETBOPEHHS €Heprii Ha
Cy4acHOMY €Talli TEeXHIYHOrO NpOorpecy NpakTHYHO He-
MOXJIMBE. TiTbKM KOMIUIEKCHI PIICHHS 3AaTHI BUPIIIUTH
TaKy Ba)XXJIMBY M HarajbHy Mpo0OJiieMy IiIBUIEHHS Biaaa-
4i EHEpPreTHKH, a TaKOXK 3HATH 0araTto iCHyIYMX TEXHId-
HUX 1 €KOJIOTTYHUX OOMEXEHb.

OpHak icHyrOWi OUHAMIYHI CKJIAZOBI TMEPeXiITHUX
MIPOLIECIB CYTTEBO 3HMKYIOTHh €EKTUBHICTH POOOTH TEp-
BUHHUX eHepreTnuHux nepersoproBauiB ['EC. Cnix Bpa-
XOBYBaTH, IO 4YKCIO0 pobounx nukiie obmagHanus ['EC
MIPOTATOM OCTaHHIX POKIB Ma€ CTIifKy TEHJEHILII0 3poc-
tanHs. Tak rigpoarperaru J{Hinposcokoi 'EC 3a ocranHi
poku nononanu BiamiTky 5000 poboumnx IUKIIIB Ha piK W
JOCHTb IIBUIKO HAOIMKAOTHCS 10 3HA4YCHb, IO HepeBa-
*karoth 8000 mukiiB. Ile o3Havae, mo vac cranoi podoTu
arperary, Juid sIKOl BU3HAQYE€HO i HOPMOBAHO IPAKTUYHO
BCi po0O0Ui XapaKTEpPUCTHKH OONaIHAHHS, HEYITHHHO CKO-
POYYETHCS, a AMHAMIYHA CKIIaZ0Ba 3POCTAE.

Kpurepiit epekTHBHOCTI MPOIECY TiApOCHEPTeTHY-
HOTO NEPETBOPSHHS B 3arajJbHOMY BUTJIAI

26

Kp=G/P, @)

ne G — mepBHHHUIA pecypc MEpPeTBOPEHHH B €IEKT-
PHYHY CKJIaZoBY; P — eHepreTHuHuii pecypc NpoTOYHOrO
TPaKTy Tifpoarperary.

TakuM YMHOM MO’XKJIMBO OLIIHUTH 3arajbHy e(eKTH-
BHICTb HE TLIBKM HACKPI3HOTO TPAKTY MEPETBOPEHHS €HE-
prii, ane i riipoeHepreTHYHOro nepeTpoprosaya. [Ipore B
JTAHOMY BHIIQJIKY iCHy€ TpoOieMa TOYHOCTiI OOJIKy BaXK-
JIMBOI CKJIaJI0BOT — PeCypCy MPOTOYHOTO TPAKTY.

EdexTuBHiCTh TipoeHEPreTHYHOT CUCTEMH Ha TpH-
KJIaJi OCHOBHOI (pyHKIIOHAIBHOI OJMHMII — Tifpoarpera-
Ty, BU3HAYAETHCS [IOHAHMEHIIIE TPhOMa OCHOBHUMH TPY-
MaM# CKJIAJOBUX: TiAPABIIYHAMHA, MEXaHITHUMH H €IeKT-
PHYHUMH, IO MPUPOJHO BHTIKAE 3 CXEMH TEXHOJIOTTYHO-
ro npouecy 'EC. Came ix moegnaHHs 3a0e3medye 3ara-
JBHUN PiBeHb (YHKIIOHATBHOCTI 1 €(EKTHBHOCTI.

N M J
Rp=2.Gi+ XMy + 3 Ep, @)
=0 k=0 1=0

ne Gi, My, E| — BiamoBigHO TigpaBiivHi, MeXaHIdHI i
€JIEeKTPHYHI J1if04i CKJIaZOBi €()EeKTHBHOCTI.

CucremHi BUMOTH 10 eEeKTUBHOCTI TiJpoarperaris
MAIOTh W TUHAMIYHHUA acriekT. [IMHaMivHI CKJIaJ0Bi Tepi-
OJIMYHOI [ii, MO3HAYAIOThCS MEPEBAKHO HA MEPEXiTHUX
mpoIiecax i 3MiHaX PoOOYHX PEKUMIB

dG dM dE
n= o + o + o 3)
TX iHTerOBaHy I[iIO MOKJIMBO MPEACTABUTU AK
t t t
Rﬂ=£Gﬂ+(j)Mﬂ+(j)Eﬂ, 4)

ae Gy, My, Ej — nuHamiyHi cKki1a1oBi IepexiHOro
MpoIieCy Tigpoarperary.

[IpoTe maHi MO AMHAMIYHUM CKJIAZIOBUM €(PEKTHBHO-
CTi TIAPOCHEPTETUYHHX IIEPETBOPIOBAYIB MPAKTHYHO Bif-
cytHi. ToMy BaXJIMBO BH3HAYaTH CHUCTEMHHH BIUIUB
OKpeMUX TpyM (i3NIHNX YHHHUKIB.

BaxmuBy ponb B e(heKTHBHOCTI Tipoarperaty Bifi-
rparoTh XapakTepucThku perynstopis: PH ta PIII. Po6o-
Yy OCHOBY BKa3aHUX pETyJSATOPIB CKIAJA0Th TEXHIYHI
3acobu udppoBoi 06podku curHaiis, [10] — [12] a Takox
SKICTh 1H(OpMALifHOTO 3a0e3MeYeHHSI TEXHOJOTIYHOTO
MpoIiecy reHeparii.

Jns  GaraToBHMIpHOTO EHEPreTHYHOIrO O0O0'€KTY,
SIKIM 32 CBO€IO TEXHIYHOKO CYTTIO € Timpoarperart, 00'el-
HaHUI yMOBaMM PEXHUMHOI €IHOCTI TEXHOJOTiYHOTO
MIPOLIECY, CTPYKTYPHO—(YHKIIIOHATHHUH OMHC MOXIIHUBO

NpeACTaBUTH B HACTYITHOMY BI/IFJ'ISIZ[iZ
ua=Xa1a+GUf (5)
P=Ma, ’

[epmre MaTpudHO—BEKTOPHE OIEPaTOPHE PIBHIHHA
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OesnocepeiHbO BigoOpakae mpouec (HOpMyBaHHS DPIBHS
OCHOBHOT'O €JIEKTPHYHOTO MapaMeTpa TrifporeHeparopa —
Horo Hampyru u,. BoHO BKJIIOYae B3aeMOZi0 (hi3WIHUX
mapaMeTpiB MAalIMHA 1 YOpPaBIiHHA 30YIKCHHAM, e
MHOXkUHa G (hakTudHO BimoOpaxkae iH(opMmaliifHy ckia-
JIOBY 3MiHH HAIIPYTH TiIporeHeparopa.

Jpyre, 3 HaBe#neHUX pPiBHSAHb, Pi3MYHO BimoOpaxkae
3arajbpHy IMOTYXXHICTh TeHepallil uyepes3 Ailo TiJpoMexaHi-
YHOI YaCTHHM arperary 3 peryjsiTOpoM IIBHAKOCTI, IO
3a0e3medye ApYTHi BaXITMBUH CHCTEMHUH MapaMmerp —
yacToTy f, Ta peanizyeTbcs OamaHCHUM METOJOM E€HEepro-
iHpopmanitHoro o6MiHy rimpoarperaty. Tomi YHMHHUK
iHpopMaLiiHUI € BiTOOpaKEeHHIM

G:Txu—1. (6)

[Tpy 1bOMY BHHHKA€E psiIl NPAKTHYHHUX NUTAHb PO
Te, IO caMe MpEeNCTaBisde Taka iH(OpMAIlis, SKOK Mae
OyTH i B IKOMY BHIIIAII HEOOXiqHA, a TAKOXK SK BOHA I10-
3HAYA€THCS HAa CTPYKTYPax i XapaKTepHCTHKaX BiANOBif-
Hux cucreM, [13], [14]. OdeBumHO, MO Aif0Yi KiIBKICHI
MIXOAX HE BIAMOBIAAIOTH YMOBaM CHCTEMHOTo iH(popma-
uiifHoro 3abe3neueHHsT i He CHpPUSIOTh eQEeKTUBHOCTI
renepanii [EC. IIpogyKTHBHUM IUISXOM CHCTEMHHUX pi-
nmieHb B 1H(GOpMALiiHI TEXHOJNOTIUHIM IIapHHI MaroTh
OyTH 3MiCTOBHI CKJIaJIOBi mporiecis, [17].

OCHOBHUM YHMHHUKOM TI€PETBOPEHHS KiHETHYHOL
eHeprii pinuHu € ii wBuaKicTh [5]. MexaHika piiuHu BH-
3HaYa€ NIBUIKICTh MOTOKY Ha 0cHOBI popmynu Topiuemti

V=py2¢h, (7)

IIe Py — KOeQIIiEHT MBUAKOCTI Ta BTPATH HATHCKY.

[Tpu upomy icHye 00'eMHa PyXJIMBICTH PiJKOTrO Ce-
peloBHIa Ha PiBHI €EeMEHTApHUX YacTOK IIOTOKY, MO-
JIeTIb SIKOTO MOXKJIMBO MTPEACTaBUTH y BUTIISII pHC. 3.

Y

a) oOuHuYHULL 00'€M; 6) cK1ad08I HepigHOMIpHOCHI U Depopmayii

Pucynoxk 3. Y3aransHeHa piakoro

CepeloBHILa.

MOJEIb  PYXYy

Hagenena o0'eMHa Momenb BifoOpakae xapakrtep
PYXY OKpEMHX 4acTOK HOTOKY pianHu B 4aci. KoxHa Ma-
Jla YacTWHKA PIAMHM TNPH PYCi 3MIHIOE HE TIJIbKH CBOE
BITHOCHE MOJIOXKCHHS, ane ¥ (opmy. 3MiHa dhopmu Oe3-
MOCepe/IHBO MOB'I3aHa 3 THM, IO LIBHJKOCTI B PI3HUX
TOYKAX YaCTWHKH Pi3HI 32 BEIMYMHOIO Ta HANpPSIMOM. Bi-
IMOBIOHI KyTOBi nedopmamii 3a KOOpAMHATAMH MAlOTh

BHTJIS:
Ou, N 1
oz

ou
e

_1 My
2\ ox

2

Ouy

z

Oox

y+a”_x

» o

(8)
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HageneHi 3anmexHOCTI BiIOOpaXarOTh TigpOCHEpTe-
THYHI IPOLIECH MIKpPO i MakpopiBHIB. Y 3araJbHUX €HEp-
TeTUYHHUX XapaKTepPUCTHKaxX NpOLECiB BOHM HalyacTilie
IHTETPYIOThCS H YCEPEIHIOIOTHCS, ajle BIUIMBAIOTh HA 3a-
ranpHy e(peKTHBHICTh IPOIIECY.

Kanan renepaiiii eHeprii ripoarperatoM IMoOB'sS3ye
MK c0000 JBi Pi3HOPIZHI NPYXKHI CHCTEMH TiPaBIiuHY
i enextpuuny (puc. 4). [IpencraBneHHS HACKPI3HOTO Ka-
HaJly TEpPEeTBOPEHHS €Heprii TifpoarperatoM y BHITISAI
MPY>KHOI TiIpOENEeKTPOANHAMIYHOI MOZETIi JO3BOJISIE PO3-
TJIIHYTH €THICTH BIUIMBIB pi3HOpimHUX ctuxiil. [Tpu mpo-
My OOHIIBI CHCTEMH MOXYTh OyTH IpEICTaBJICHI €KBiBa-
JICHTHUMH TPYXHUMH €JIEMEHTaMH 3 NEeBHUMH XapakKTe-
PHUCTHKAaMHU.

G

Pucynok 4. Jlo ananily BIUIMBIB KaHAIy IEPETBOPEHHS
eHeprii.

Enement G BiAmoBimae BIACTHBOCTSAM TiApaBIidHOL
CKJIaJIOBOI mporiecy 3 ii oOMexeHHsAMH, a eneMeHT E —
BINIOBITHO EJNIEKTPHYHOI CKiragoBoi. Takuil mimxinm mo-
3BOJISIE TIOETHATH TEXHOJIOTIYHI CKJIAJOBI MPOIECy TeHe-
pauii Ta BpaxyBaru Jiroui BIacTHBOCTI i oOMexeHHs. Lle
TaKOX MOKe OyTH OCHOBOIO TEOPETUYHOI MOJENI B3a€EM-
HUX BIUIMBIB cepefoBuIl (puc. 5).

Pucynok 5. OcHOBa TiJpo eNeKTPOMHAMIYHOT MOJIEIT.

HaBeneHna mojenb IO3BOJSE CUCTEMHO PO3TIISIATH
poboTy TifipoarperaTy 3 ypaxyBaHHAM (haKTHYHHUX BILIH-
BiB JIBOX METACHCTEM: TiPABIIYHOI W ENEKTPUYHOI, IO
MOB'SI3YIOTh HACKPI3HUH MOTIK TepeTBopeHoi eHeprii. To-
Ili TMHAMIYHA CKIIAJIOBa TiApoarperaTy Mae BUTIISA

N
dM[‘A = ZdMGi +
i=0

K
> My, . )
=0

PiBHsHHS oOepTaHHS Bayy Tifpoarperaty Mae BU-
LIS

ow
J —=Mr+Mpgy,
ot r EJl

(10)

ne J — MoMeHT iHepmii poTopa, @ — 4acTtoTta odep-
TaHHs, Mgy — €NEKTPUIHAN MOMEHT pOTOpa TigporeHepa-
TOopa, My — TiipaBIi9HNil MOMEHT TypOiHH.

Takum unHOM, B poOOYOMY CTaHi, Ha BaJ rigpoarpe-
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raTy IiIOTh JBI OCHOBHHUX aKTHBHHX CKJIaJI0OBUX MOMEHTY,
CIIPSIMOBaHI MPOTUIIKHO: TiAPOMEXaHidHA U eleKTpoMe-
xaHi4Ha (puc. 6).

1 — mypb6ina, 2 — ciopoeenepamop, 3 — éan ciopoazpezamy.

Pucynok 6. Cxema B3aemomii aKTHBHHUX
TiIPOCHEPreTHYHOTO MPOLIECY.

CKJIaJ0BUX

[Tpore Ha mMpakTULi HaBEAEHI CKJIAJOBI IOCUThH Yac-
TO € IOTOYHOK MHOXHHOIO [IIIOUUX 3ycwib {Mt} =
{Mr}.

Cuipg 3a3Ha4YUTH, 1110 KOMIIOHEHTAMHU 0araThboX CKJIa-
JIOBUX 3a3HAYCHUX MHOXKUH € BEJIMYMHHU IEPEBAXKHO
3MiHHi. [Ipu 1mpomy, icHyIO4Yi IHTErpaJibHI MiAXOJH IO
OIIIHKM BKAa3aHUX BIUIMBIB HAa JOCTaTHROMY DIiBHI BijO-
OpakaroTh IX ycepeIHEHI 3HaueHHs, aje He B 3MO03i 3a-
Oe3reunTH OO'€KTHBHI JaHI MpO TOTO4YHI 3MiHU. Tomy
OCHOBHI JMHAMIiYHI YMHHUKHA ICTOTHUX CKJIaJOBHUX MO-
JKYTh 1 MAlOTh BHIUTATUCS ¥ PO3TIISAATUCS K CAMOCTiHHI
CKJIaJIOBi BKa3aHHX IPOIIECIB.

PiBHsIHHS pyXy poTOpa arperaTy MO>KHa 3amucaT y
BUTJISL:

20

o’

00

+D5+MC~9:M2, an

J
k
ne 0 — KyT HaBaHTaXeHHS; M¢ — TUTOMHHA CHHXPO-
HI3YIOUHH MOMEHT.

B cBoro 4epry, 11e € piBHSHHSA TapMOHIIHOTO OCIIH-
JIATOpa 3 BJIACHOK YacTOTO Ta JMoOpoTHicTiO. Hacmin-
KOM € Te, IO MiJ Ji€l0 30yproYoro MOMEHTY, CHHXPO-
HHa MaIlliHa 3A1HCHIOE CHHXPOHHI roiaanHs. [Ipu mpomy
3MIHIOETBCS KYT 0. BigmoBimqHO 3MiHIOIOTHCS €IIEKTPHY-
HUIl MOMEHT i MIOTYXHICTh TeHepaTopa. YacToTa CHHXPO-
HHUX TOHIaHb TiporeHepaTopa 3HaAXOIUThLCS B Jiana3oHi
0,5 — 3 T'u. OxHak, HA HUX BIUIMBAIOTH III€ ¥ KOJMBaHHS
MIPOTOYHOI YACTHHU Tipoarperary.

BrnmBarote Takok ictotHi mocrtidHi wacy ITIJI-
peryisTopa IIBHIAKOCTI TypOiHH. BoHHM TakoX BHOCSATDH
BaroMuii BHECOK 38 KOHTYPOM YIIPABITiHHS B KOJIUBAIbHY
CKJIaJIOBY POOOTH arperary, A€Biallilo ¥ MOTOYHI BTPaTH
MOTY>KHOCTI, @ TaKOX ICTOTHO 3HIDKYIOTH 3arajbHUH pi-
BEHb HOro JTMHAMIUHOI eekTuBHOCTI. KpiM TOTO, Ba)IIu-
BOIO IIPUYMHOI0 TYypOYJICHTHHUX MYyJbCallill MOTOKY € He-
CTIHKICTD PyXY PiJIMHHU.

[Ipy KpUTHYHUX MapaMeTpax MOTOKY, BH3HAYyBa-
HUX 4Y#uciaoM PeifHombaca, BUMankoBi XBuili 30ypeHb B
pioMHI HE 3aTyXaloTh, a HABMAKH IOCHIIOIOTHCS. llpm
[bOMY BIJIOYBa€ThCsl SIKICHA 3MiHA CTPYKTYpH MOTOKY H
Xapakrepy Horo pyxy. I3 cramionapHoro, JamiHapHOTO
PYXy, MOTIK MNEepexXoguTh B TypOyneHTHUi. YacTUHKM

28

PiIMHM TpU LIEOMY HE PYXaIOThCS MO CTAa0IIBHUX TPA€K-
TOPIsIX, @ 3MIHIOIOTECS Y TIPOCTOPI Ta Yaci, HOTIK CTOXac-
THUYHO MYJIbCYE H 00'€MHO MEpeMilIy€eThCS.

[Ipy nepexiHUX mnpolecax, HEPO3PaXyHKOBHX pe-
KHMMax 1 IHIIMX HEITaTHUX CUTYallisiX Y BIICMOKTYIOYil
TpyOi 32 MEBHUX YMOB MOXJIMBO BUHHKHEHHS TypOYJICH-
THOTO BUXPOBOT0, 200 KaBiTaliiHOTO JHKryTa (puc. 7).

.

P
\I
P ol

<_

|

Pucynok 7. 3aranpHa cxemMa (OpMyBaHHS BHXPOBOTO
JUKTYTA.

Tak, B rizmpotyp0iHi BiiOyBa€eThCs yHIKaJIbHE IOE]-
HaHHS PI3HOPIAHMX UYMHHUKIB BIUIMBY, Y TOMY YHCH i
nepepaxoBaHUX MEXaHi3MiB HecTiiikocti. Teuis BinOyBa-
€THCSI HE TUIBKM 3a BEJMKUX 4ucen PeifHonpiaca, ane it Ha
MOJIATINBIH, BIOPYIOUill MOBEpXHi, B YMOBaX 3aMKHYTHX
00'eMiB y BHTJISAAI JOBIHX BOIOBOIIB, SIKIi MOXYTH OyTH
CBOEPITHUMH PE30HATOPAMU XBUIIb 30ypEHHS.

Tak Moxke 3'SBIISITHCA CTifiKa CHCTEMA CTOSYHX
XBWJIb. 3a TIEBHUX YMOB IIi XBHJI 3/IaTHI 30Y/DKyBaTHUCS B
poboyoMy Tporeci TimpoarperaTy, i HaKOIHYyBaTH IO-
CUTPH 3HauHY eHepriro. Toxi B cucTemi BOJOBI — Tigpoar-
peratT MOXXyThb BHHUKATH aBTOKOJHMBaHHS. Bpaxomyrouw,
10 Ha BJacHiI (OPMH KOJMBAHHS BiTUYTHO BIUIMBAE iM-
MEaHC BOJSHOTO CTOBIIA, 3AJEKHHUN Bif MIBHIKOCTI 3BY-
Ky y Bincacyrouiii TpyOi, Lile BUKJIHMKae BiOpariro, KaBiTa-
{10 ¥ TiApOyIapy B MPOTOYHIN YaCTHHI.

VY HaTypHUX TypOiH B AEAKHX poOOYMX 30HAX 3'SB-
JSIOThCS IyNbCAlil TUCKY HMPOTOYHOI YAaCTHUHH, 3HMKY-
erbest KKJI. CrnoctepiraeTscs TakoXX 3HAYHE TOWTAHHS
MOTY>KHOCTI Tipoarperaty. B pe3ynpraTi 1[b0oro 3MeHIIy-
€TBCSl PETYJIOBAJBHUN Jiana3oH, rigpoarperar He MOXe
BUITH Ha IIPOEKTHY MOTYXHICTb.

limporenepaTtop B €HEProCHCTEMI MOBOAMTHCS SK
TapMOHIHHINA OCIIMIIATOP. Y 4acTOTHOMY Aiama3oHi 0, 5 —
3 I'm y HBOrO (aKTHYHO iCHYE TMOJOTHH HHU3BKOJ00pPOT-
HU#l pe3onanc. Lle o3Hauae, mo rigpoarperar JOCUTH Uy-
TIMBUA IO KOJMBaHb 00EPTOBOTO MOMEHTY, 3aJI€)KHOI'O
BiJl IyJIbCAIlid TUCKY Y BoAOBOMIL. [IpH 1IbOMY KOJHBaHHS
MOMEHTY, Y CBOIO Yepry, NPUBOAATH 1O KOJHMBaHb KyTa
HaBaHTAXXCHHS TiporeHepaTopa B €HEProcucTeMi 3 amIl-
JTY1010:

I
Jem

c

MZ
D

I~

o (12)

TakuM YMHOM iCHyIOYa Baroma HeCTaOlIbHICTh Tif-
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POMEXaHIYHOTO TPaKTy MEepeTBOPEHHSI €Heprii BigOWBa-
€THCS HAa poOOTI 1 epeKTUBHOCTI Tiipoarperary B IiJIOMY.
[{poMy crpusie i nuHAMiKa eIEKTPOMEXaHIYHOI YaCTHHU
SHEPreTHYHOT0 MepeTBOpIoBaya, 00yMoBieHa il iHepIiii-
HicTIO, [15].

I I-perynsTop cucteMu 30yIHKEHHS B KOJI 3BOPO-
THOTO 3B'S3KY IiJBHIIY€E CTYIiHb IHEPIIHHOCTI CHCTEMH
KEepyBaHHS Halpyru, M0 CYTTEBO 3HMXKYE CTIHKICTH Ta
MUHAMIYHI SIKOCTI TIEPBUHHOTO MEPETBOPIOBAYa EHEPTii
I'EC. 3aranpHuii Tiaxix Ao ynpaBiiHHA poOOYHM IIpole-
COM TiZ[poarperaty CTaHOBHUTb:

Pm - Pe = Pa
abo

Pm-Pe=2192 .
dr

(13)

ne Pe — enekTpuuHuii MOMeHT; Pm — MexaHiuHUMiA
MOMEHT Bally poTopa; Pa — npuckopioroua moTyKHICTh; ®
— KyToBa WBHJKICTh; H — nocriiiHa yacy iHepuii; J — Mo-
MEHT iHepuii.

_ Uf'Uoo
Pe(fu) - Xy (fu)+ X,

U lao)ry (0]
N2 P P e A 79 P

ne: U — Hanpyra 30ymkenns; U, — Harpyra Mepexi;
0 — KyT HaBaHTa)XXEHHS; Xy — CUHXPOHHUH 1HIYKTUBHUH
OMip 3a MOJIOBKHBOIO BiCCIO; Xq — CHHXPOHHHH iHTyKTHB-
HUH OIip MOINEPEeYHOi BiCi; X, — 30BHIMIHIN IHIyKTUBHUN
ortip; f — 9acToTa KOJIMBaHB.

sin(9)+
(14)

3 piBHSHHS BUXOIWTh, IO €NEKTPUIHUNA MOMEHT Pe
npornopuidHui Hanpy3si 30ymkeHHs Uy Takum duHOM,
MOXJIMBO DEryJIOBaTh eJIEKTPUYHUN MOMEHT, IIPONOp-
UifHO 3MIHIOIOYM Hanpyry 30y/UKEHHs, a MeXaHIYHHH —
mBHAKICTIO oOepTaHHs. IIpore ymoBM iHepIiiHOCTI pe-
TYJSITOPIB MPH IBOMY JIOCHTh YacCTO MAlOTh KPUTHYHE
3Ha4YeHHS. P0o3po0ieHHH KOMIUIEKCHUH MOJIMpPeIMETHUIHA
migxin [16], [18] mo peamizamii TeXHOJIOTIYHOTO MPOIIECY
miguirye edextuBHiCTh renepanii [EC. Takuit migxin
JO3BOJISIE TIUIIXOM MOJICPHI3amii CHUCTEMH 30YIKEHHS
(C3) rigporeneparopa Ha OCHOBI CHCTEMHO PO3pPOOIEHUX
pIlIeHp YHUKHYTH 1HEpUIHHOCTI, IMEpeperyIroBaHHA I
BIJIMOBITHO KOJIMBaHb B IIEPEXiAHOMY MpOIECi BiTHOB-
JICHHsI HANpYTH rigporeHeparopa (puc. 8). MonepHizauis
cucteMu 30yIDKEHHS TiJpOreHepaTopa IMOoJsrac B 3aMiHi
[I/I-perynaropa Ha HeiHepuUiliHMH, 110 3a0e3nedyye BU-
KITFOYCHHS 1HEPIIIHOCTI KOJIa 3BOPOTHOTO 3B’S3KY, IO
3HIKYE TOPSIOK CUCTEMHU KEpyBaHHS U IMiJBUINYE JHHA-
MiuHy e(eKTHBHICTb reHepalii. 3pocTae CTIHKICTh cHC-
TEMH PETYIIOBAaHHS, PO3IMIHPIOIOTHCS MOMIHUBOCTI (hop-
CyBaHHS 30YDKEHHS, TEPEXiTHWHA MpOoIleC BiTHOBICHHS
HaIPyTH CYTTEBO CKOPOUYETHCS.
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U

Al

AU

Xy T

T

T; — uac gionosnenns 3a inepyitnoi C3; T, — ¢iocymuicmo inepyitinocmi
C3.

Pucynok 8. XapakrepucTuka BiTHOBICHHS HATIPYTH.

[omepenHio OIMIHKY OWHAMIYHHX BTpAT TeHEpamii
NEPBHHHUM EHEePreTHYHUM OOJagHaHHAM JIHIPOBCHKOT
I'EC MoX/MBO BH3HAUUTH HAcTyIHMM 4nMHOM. CymapHa
MOCTiHA iHepIil rigpoarperata CKIagae B cepeIHbOMY 8§
cek. Toxi BTpaTu MOTY>KHOCTI MEPEXITHOTO Ipolecy Tif-
poreHepaTropa MOXKIHUBO OLIHUTH K

AU=04Ucr =552kB, 4P=0,2-80=16 MBm
Brpatu renepauii arperata 3a pik
AW = 4P-t=16-8/60-8000=17 066 Mem -2

BuzHaueHi XapakTepUCTHKH i oJiepkaHi IapaMeTpu
MEPEXiTHOrO MPOIECY MEPEKOHIMBO JOBOAATH HEOOXis-
HICTh CYTTEBOTO 3HIDKCHHS JUHAMIYHHAX BTPAT MEpexii-
HOTO TIPOIIECy 32 paxyHOK HOro ONnTHMaibHOI peasizaii,
1110 TEPEBAYKHO JTOCATAETHCS BIJICYTHICTIO IHEpPIIHHOCTI Ta
JIOCTAaTHIM piBHEM eHepro iHpopMauiiHoro oOMiHy Koia
30y/KeHHS TigporeHepaTopa. Hamemeni mami BimoOpa-
JKAIOTh TIPOAYKTHBHICTh MOJIMIPEAMETHOTO IMiIXOAy Ta
OKpeMHUX HOTO TMPOEKIliii 0 MiIBUIICHHS ePEeKTHBHOCTI
rizpoeneprernanux mnporecis renepauii I'EC ta B dop-
MyBaHHI JIOCHTh BUCOKOTO €HeproiHpopMamiiHOro more-
HIllaly BIUIMBIB, O€3MOCEpeIHbO 3aJIEKHOTO Bifl peainiza-
i1 IEpBUHHKUX NEPETBOPIOBAYIB KOHTPOJIHOBAHUX MPOIIE-
CiB.

V.BUCHOBKH

1. CucremHi BUMOTH 10 €(pEeKTHBHOCTI €HEepreTHy-
Horo obOsamHaHHs ['EC 103BOJNSIIOTH BUSIBISATH HACKPi3HI
TEXHOJIOTIYHI Pe3epBU U IULIXU 3a0e3nedeHHs HeoOXis-
HOTO (pyHKIIOHAIFHOTO PiBHS.

2. BiacTHBOCTI 3BOPOTHOTO 3B'SI3KYy B TigpOCHEpre-
TUYHHUX ITIEPETBOPIOBAYAaX MAaIOTh INEPEBa)KAIOUMH BIUIMB
Ha 1X JIMHAMIYHI TTOKa3HUKH €(PCKTHBHOCTI.

3. CyTT€eBi BTpaTH MpUINAAA0OTh HA JOJIO IPOTOYHO-
TO TPaKTy Ta PeryjsaTopiB, 110 MalOTh JOCHTh HU3bKI JH-
HaMi4Hi BIIaCTHBOCTI.

4. Brpatm mepeximHUX pPEeKUMIB Oe3mocepenHbo
OB ’s13aHi 3 TIAPO €IEKTPOIUHAMIKOIO POOOUNX MPOIIECIB.

5. JlnHaMivHI CKJIQJOBi NPOIECIB CYTTEBO BHU3HAYa-
10Th e(eKTHBHICTH poboTH Tigpoarperari 'EC.
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CUCTEMHBIE TPEBOBAHUS K DOPEKTUBHOCTHU
T'NJIPORJIEKTPOCTAHIIUM

PAJTYEHKO B. B.

KaHJ. TEXH. HayK, JOHUEHT, AOLCHT Ka(beﬂpm TCIUIOOHCPTECTUKU U TUAPOIHCPICTUKU

3anopoKCKOil TOCYIapCTBCHHON WH)KCHEPHOW akaJeMuH, 3amopoXkbe, YKpauHa, e-mail:

radchvv(@ukr.net

ILlenv pabomur. Onpedencnue pe3epeos 0CHOBHO20 0OOPYO0BAHUSL C MOUKU 3PEHUSL CUCTHEMHOU POaU 2UOPOIJIEK-

mpocmanyui.

Memoowvt uccnedosanuii. A comprehensive multi-subject approach to the analysis and determination of the

effective components of generation and energy equipment.

Ilonyuenwt pesynvmameul. Ilpusedena axmyaibHOCMb U OCHOBA CUCMEMHbIX mpebosanuil K d@gexmusnocmu

9Hepeemuueck02o 000pyO008aHUs 2UOPOIIEKMPOCMAHYULL, NO3OJIIOUUX 00eCne usams GopMupo8anue Heobxooumo2o
@yHKYUOHAILHO20 YPOBHA npoyecca 2enepayuu. Paccmompensvt ocobenHocmu OCHOBHLIX KOMNOHEHMOS8 MeXHON02UU
npeobpazosarus u ux ezaumooelicmeus.. Ompasicenvl GAUAHUA COCMABTAWUX CKBOZHO20 MPAKMA Npoyecca 2eHepa-
yuu. Ionyuenvl xapakmepucmuxu 3¢pghexmugHocmu npeobpazoeanust 8 yciogusax mobunvhocmu. Ilokazanel ocHogHble
B03MOJCHOCIIU U NYMU OP2AHU3AYUU IPPEKMUBHO20 IHEPZOUHPOPMAYUOHHO20 00MeHa eudpocenepamopa. IIpedno-
JHCeHbl Nymiu nosvlueHUs 3¢gexmusHocmu pabomul Oelicmayiouie2o 000py008arHus 2UOPOINEKMPOCMAHYUIL.

Hayunas noeusna. Ilpeonosicena noiunpeomMemuas KOHKpemu3ayus CUCMeMHO20 no0xXo0a 0Jid onpeoeieHus: pe-
3ep806 000pyO0saHUa U NOGbIUIEHUA IPDEKMUBHOCNU ceHepayuy, KOMOpas No38oJaem Onpeoenums OUHAMUYECKUX
COCMABNAIOWUX 2eHepayul U kpumepues dggexmusHocmu.

Ipakmuueckan yennocmy. Onpedenenvl cucmemuvle mpedo8aHUs K UCCIE008AHUIO CKEOZHO20 MPAKMA dHep2e-
MuYeckux npespawenuil u nogvluteHus 3ghpexmusnocmu cenepayuy OCHO8HO20 060PYO08aANUAL 2UOPOINEKMPOCMAHYULL
U e20 CUCmeMHOu ponu.
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Kniouesvie cnosa: zuopornepzemuxa; pezepe mowinocmeil; OUHAMUKA 2udpoazpezama; uopozeHepamop; I¢h-
hexmusnocme.

SYSTEM REQUIREMENTS TO THE EFFICIENCY OF HYDRO ELECTRIC
POWER STATIONS

RADCHENKO V. V. PhD, Associate professor, Associate professor of thermal energy and hydroenergy
department of the Zaporizhzhia state engineering academy, Zaporizhzhia, Ukraine, e-
mail: radchvv@ukr.net;

Purpose. Determination of the reserves of the main equipment in terms of the systemic role of hydroelectric power
stations.

Methodology. Complex poliobjecting approach to the analysis and determination of operating constituents of
generation and basic energy equipment.

Findings. The urgency and the basis of the system requirements for the efficiency of the power equipment of
hydroelectric power stations, which allows ensuring the formation of the necessary functional level of the generation
process is proposed. The features of the main components of the transformation technology and their interaction are
considered. Reflects the influence of the components of the end-to-end path of the generation process. Characteristics of
the conversion efficiency in the mobility conditions are obtained. The main possibilities and ways of organizing an
effective energy exchange of a hydro generator are shown. The ways of increasing the operating efficiency of the
existing equipment of hydroelectric power stations are proposed.

Originality. The multi-subject requirements of the system approach is proposed for determining equipment
reserves and increasing generation efficiency, which makes it possible to determine the dynamic generation components
and performance criteria.

Practical value. The system requirements for studying the end-to-end path of energy transformations and increas-
ing the efficiency of generating of basic equipment of the hydroelectric power stations and its systemic role are deter-
mined.

Keywords: hydro energy; reserve of powers; dynamics of hydro aggregate; hydro generator; efficiency.
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BAPTICHO-HIJIBOBI ACIIEKTU MOHITOPHUHI'Y PIBHIB
EJJEKTPOCIHOXKUBAHHSA HA NMIJINPUEMCTBAX 3AJI30PYIHOI
I'AJIY31 KPUBOPI3BKOI'O PEI'TOHY

CIHYVYK . O. KaH[. TEeXH. HayK, IOLEHT, IOLEHT KadeopH aBTOMATH30BAHUX €JIEKTPOMEXaHIiTHUX
CHCTEM B IIPOMHCIIOBOCTI Ta TpaHcopTi KprBopi3pKoro HaIlioHaJIbHOTO YHIBEPCHTETY,

Kpunii Pir, Ykpaina, Beridzet2016@gmail.com

Mema poéomu. IIposecmu eapmicHO-Yinbo8Ul aHANI3 8 CKIAO0I MOHIMOPUHZY DIBHI8 el1eKMPOCHONCUBAHHA MdA
Ppo3pobumu pexomeHoayii wooo payioHanrbHoi cmpamezii CnoJICUBAHHA eeKMPUYHOL eHepaii 2ipHUYUX NIONPUEMCME 3
niozeMHUMU 8UOAMU 8UOOOYMKY 3ANI30PYOHOI CUPOBUHU.

Memoou oocniorncennn. Jlocniodcenns: 3aCHO8aHe HA  BUKOPUCAHHI  3AKOHIB,  3AKOHOMIpHOCMel  §
KamezopianbHoMy anapamy. Y npoyeci HAyKo8020 OO0CTIONCEHHSI GUKOPUCMOBYBANUCS 3A2AIbHOHAYKOBI Memoou
00CNIONCEeHHS.  (NOPIGHAHHS, V3A2ANbHEHHS, MemoO AHAN02IU, CMPYKMYPHUL AHANI3 | CUHME3), NPULoMU JNO2IKO-
MmeopemuiHo20 ananizy, cneyianrbti eKOHOMIKO - MAMEMAMUYHI MEmoOu.

Ompumani  pesynemamu. [Ipoananizo8ano NOKA3HUKU — CHOJCUBAHHS — elleKmpoeHepeii Ha  3ani30pYOHUX
nionpuemcmeax Kpusopizekoeo peziony. Ilposedeno nopigHATbHULl aHANI3 3ANIAHOBAHO20 MA (PAKMUYHO20 Di6H:
CHOXCUBAHHA eNleKmpOoeHepeii. Budineno mpeH008i cKnado8i NOKA3HUKI8 CHONCUBAHHA eleKMPOeHepeii Ha 3ani30PYOHUX
nionpuemcmeax Kpusopizekoco peciowy. Busnaueno ounamixy cmpykmyproi mpancgopmayii numomoi eapmocmi
eneKmpuyHoOi enepaii BUpoOHUYMEa Ha 3a1I30pYOHUX nionpuemcmeax Kpueopizekozo peciony.

Haykoea noeusna. Ilpu gopmysanni eapmicno-yinb080i CKia0080i MOHIMOPUHEY DI6HI8 eNleKMPOCNONCUBAHHS
3anpPONOHOBANO GUKOPUCIMOBYSAMU [HOEKCHY MemOO002i0 8 CYKYNHOCMI 3 MPEHOOGUMU MOOENAMU, WO 00380IUMb
BU3HAYAMU NPOSHO3 CNONCUBAHHS eJleKmpoeHepeii ma peanizyéamu payionaivHe YNpaeuiHHsa eleKmpoCnoNCUBAHHAM.
OsHauena iHOeKcHa cucmema CmpyKmypHoi mpancgopmayii numomoi eapmocmi eleKkmpuuHol enepeii upodoHuymea
Ha 2iprunopyonux nionpuemcmaeax Kpueopizvrxoco peziony.

Ilpakmuuna winnicmo. Ilpoeedenuil 6 Ounamiyi awaniz CmMpyKmMypHoi mpaucgopmayii numomoi eapmocmi
EeKMPOCNOANCUBAHNSL RIONpUEMCME  3ani3opyonol eanysi Kpusopisvkozo peciony. Busnaueno cucmemy indexcis
nuUmMoMoi 8apmocmi CRONCUBAHHSL eNeKMmpOoeHep2ii: IHOeKC cepedHboi NUmomoi 8apmocmi eneKmpOoChONCUBAHHS
3MIHHO20 CKAA0Y; iHOEKC NUMOMOI 6apmocmi eneKmpOoCHONCUBAHHA (IKCOBAHO20 CKAAOY; I[HOeKC cepeOHbOi NUMOMOT
8apPMOCMI eNeKMPOCNONCUBAHHS CIMPYKMYPHUX 3pyuiens. Budineno i npoananizosano 0emepmino6any KOMHOHEHMY
4ac08020 pAOY CNONCUBAHHS eNleKmpoeHepeii Onsa 3anizopyonux nionpuemcms Kpugopisvkoeo peciony. Ompumani
mpeHoosi moodeni oaome NiOCMAasu O1a GUSHAUEHHS NPOSHO3Y DIGHI8 CNOMNCUBAHHA elleKmpoeHep2ii 3 8i0N08IiOHUM
pignem oocmogipnocmi. O3HAUEHO NOKA3HUKU DIGHIE CROJCUBAHHS elleKmpoeHepeil, sKi 3abe3neuamv (Bopmyeans
IHGhOpMAYIHO-AHANIMUYHO20 — CKIA0060T  8I0N06iOH020  Mouimopuney. Ilposedeni  0ocniodcenns — 00360a510Mb
cpopmysamu  cmpamezilo  CnodCu8anHs  eleKmpoeHepeii  Ha  NIONpUEMCmeax — 3ani30pyoHoi  NPOMUCIO80C
Kpusopizvroeo peciony. Ilpobnemu, 6uceimneni 8 pobomi, MiCHO  NOG’A3aHI 3 HAYKOGUMU MA NPAKIMUYHUMU
3a80aAHHAMU WOOO PAYIOHANLHO20 GUKOPUCMAHNA MA PO3NOOINY HASAGHUX eHep2eMUYHUX Pecypcis.

Kniouoei cnosa: enekmpocnoxicugants,; 6apmicms, MOHIMOPUH2; M0OOenb,; THOeKC, YNPAGIiHHA, NiONPUEMCMEO

BUPINIEHHS Mpo0JIeM cowialibHOI chepu Ta piBEeHb XKUTTS
mroquHu. [lepex JFOOCTBOM CTOITH yKpald BaKIIHBE

VkpaiHa Ma€ TIOTYXXHHH eJEeKTPOCHEPTeTHYHMI  3aBJaHHsA BUNTU Ha HOBMU piBEHb €HEPrOCIOKMBAHHS 3a
KOMIUTEKC, V AKOMY (DYHKIIiI BAPOOHUIITBA, ITepelaBaHHsi  PaXyHOK BUKOPHCTAHHS iHHOBaLIHUX €HEProTeXHOJOrii
Ta crnoxkuBanHs enektpoeneprii (EE) posmimeni. Bei 1 MiABUILEHHA  eHEproeeKTHBHOCTI  BCiX  Trayseif
BUINCBUKIANCHI  (DYHKIIOHANBHI  CKJIaJ0BI  MaiOTh  €KOHOMIKH.

I. BCTYII

3HaYHUH piBeHb MiABUIIEHHS MOTEHLIaTy €(EeKTUBHOCTI. [lifBuIIeHHs  MOOGLTBHOCTI  HABKOMMIIHBOIO i
B moHilt mipi nie cTocyeThest nporecy criokusants EE. BHYTpILIHBOIO CEPENOBUILA CYyYaCHHX IIJIIPUEMCTB,
EHeprernka — 0a3a ©eKOHOMIKH JepXaBH, L0 AaKTHBHE (OPMYBaHHA HOI0 KOHKYPEHTHOTO OTOYEHHS

OXOILTIOE TPOIECH BHAOOYTKY, TPAHCIOPTYBAaHHSA Ta  BHM3HAYalOTh HOBI METOAM 1 MAX0AM 10 €(EeKTUBHOIO
BUKOPHCTAHHS MaJMBHO-CHEPIeTHYHHX PECypCiB, €  YNPaBJIiHHA €IEKTPOCIIOKUBAHHSM.

opraHizaliifHO CKJIaJHOIO €KOJOI0-eKOHOMIYHOIO Ta OIHUM 3 TAKUX HANPAMIB LIOZO PALiOHAIBHOTO
BHPOOHHMYO-TEXHOTIONYHOK ~ CHCTEMOIO, KA aKTHBHO  yypapyiHHS — CIGKTPOCHOKHBAHHSAM €  MOHITOPHHI
BILIMBAE Ha JOBKULIA. PiBCHb PO3BUTKY CHEPIeTHKH Mae €JIEKTPOCIIOKHMBAHHS, PO3pOOKa KOMIUIEKCY MOKa3HHUKIB,
3HAYHWH BIUIMB Ha CTaH EKOHOMIKM B JIEpXkaBi, Ha o XapaKTepH3yloTh IPOLECH CIEKTPOCIIOKHBAHHS |

© Cinuyk LO. 2018
DOI 10.15588/1607-6761-2018-3-4
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3a6e3neqy10T}, MOKJIMBICTh KEepyrouunx BIUIMBIB HA HHOI'O.

OcHoBHuM crnioxxuBadeM EE B nepxasi € i, cyasun 3
MPOTHO3iB, Oyae 3amumaTucs B Haiommwkdi 30-40 pokis
IIPOMHCIIOBICTb, JIe CBOIM PIBHEM CIIO)KHBAaHHS OCOOJIMBO
BiJI3HAYAIOTHCS CHEPrOEMHI BHIU MiIPUEMCTB, JI0 SIKHX,
B IMOBHIW Mipi, BIJHOCATBCS IMiJIPHEMCTBA 3a1i30pyIHOT
ramy3i [1]. Tak 3 16 eHEProeMHUX MiIMPUEMCTB, IO
JIMCIIOKYIOThCS Ha TepuTopii JHinmponerpoBcbkoi obacTi
i Ti, mo cnoxuBaroTh Maibke 50% Big ychoro oocAry
CIIO)KMBAHHS eJIEKTpoeHeprii B obmacti, Oumbmre 33%
CHOXWBAOTh  TIPHUYO-METANYPTiiHI  MHiANpHEMCTBA
KpuBopizpkoro perioHy, KOTpi 3a0e3MeuyroTh OUTBII HiX
80% 3araJbHOJIEPKABHOTO obcsry BUIOOYTKY
3amizopynHoi cuposuru (3PC).

[Ipu mpoMy BaXXJIWBUM € TOW (paKT, mI0 OLTBIN HiX
Ha 30% cobiBapticts 3PC (dopMyeThes 32 MOKa3HUKAMHU
piBEa crnoxuBanHd EE. besymoBHO, MmO B Takomy
KOHTEKCTi,  mpobiemMa  3MEHIIEHHI  coOiBapTOCTi
MPOAYKLIi 3aJi30pyIHOT0 KOMIUIEKCY JepXKaBH — IIe
npobnema 3MeHmeHHs cerMeHTa EE B moMy mokasHUKY.
Mix TuM, BUpilIeHHS Li€l MpoOIeMH HOCUTH BIATIHOK
NEBHOI CKJIAIHOCTI, SIKa, B CBOK Yepry, (OpMyeTbCs

CaMoIo TEXHOJIOTIYHOIO crenudikoro ripHHYO-
MeTaTypridiHux  mignpuemMcts  [2].  3miHa  ymoB
30BHILTHBOTO i BHYTPILIHEOTO €KOHOMIYHOTO

CepelloBUIlA TOTO YM IHIIOTO IJIPHEMCTBA TATHE 3a
cO0OK0 Teperisn IMiTbOBHX MapaMeTpiB: HEoOXiTHO
MEPeBIpUTH HACKITBKMA ONTHMAaJbHI IMOCTABJICHI HiJi B
ICHYIOUMX pealisiX yMOB, CIIPOMOXKHE YH KOHKpETHE

MiIIPUEMCTBO, 3BaKalOYM HA 3MiHM, O[O0 BUHHKIH,
IOCSATTH TIOCTaBieHMX Iine. Ha mimcrasBl  3MiHM
LIIBOBUX  TapaMeTpiB, a TakoXK IPOTHO3Y 3MiH

«CUIIBHHX» 1 «CIIaOKHUX» CTOpIH €aMoro MiJlpHEMCTBA
KOpEryeThCsl IUIAaH [il MIOKO JOCSATHEHHS HOCTaBICHHX
mineit [3].

[Ipote crpareris cnoxuBaunust EE icHye sik ¢akr, i
motpebye CBOro BHpilIeHHS. be3yMOBHO, OCHOBHUM
HarpsiMOM B 3HIDKEHI (onTuMi3alii) piBHS eHeprosarpar

npu  BUIOOYyTKy 1 mepepobui 3PC, oxpiM 3MiHM
TEXHOJNOTii BHJOOYTKY, IIO HE IepeadadacTscss B
HaWONVOKYl  MIBCTONITTS, € YIPaBIiHHS IIPOLECOM

CIIO’KMBaHHS KOHKPETHOTO BTy €HEpTii.
I1. AHAJII3 TOCJALKEHD I ITYBJIIKAIIA

AHamizyroun, iCHyIOUYI B HAyKOBiil iTepatypi,
MIXOAW 10 BU3HAYCHHS TIOHATTS MOHITOPHHT, CIif

3a3HAYATH, IO €AWHUN MiOXiJ cepel HayKOBIIIB
BiZICYTHil1.
Y CTaTHCTUYHOMY CIIOBHHKY - JOBITHHKY TIif

penaxuieto O. I'. OcayseHKO MOHITOPHUHT PO3TIISIa€ThCs
SK CHCTeMa 3aXOJiB, L0 JO3BOJAIOTH Oe3nepepBHO
CTEXHUTHU 32 CTAHOM IIEBHOTO O0'€KTYy, PEECTPYBaTH HOroO
HAalBOXJIMBINII ~ XapaKTEPHCTUKW,  OIIHIOBaTH  iX,
ONEpPaTHBHO BUSBISITH pe3yiabTaTH [Oii Ha 00 €KT
pi3HOMaHITHHX TporeciB i unHHUKIB [4]. HocmimkeHHs
Hapyk A.JO. npucBsdeHni  po3poOui  CTpyKTypu
KOMIUIEKCHOTO ~ MOHITOPHMHTY, BIUIMBY  BHUPOOHHUYOT
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JUSUTBHOCTI 3aJ1i30pyTHOr0 BUPOOHHUIITBA Ha JTOBKULIA [5].
Hocmimkenns Mensauk O, i ITeuxouuy M.JI.
MIPUCBSYCHI BUKOPHCTaHHIO MOHITOPUHTY y
MEHEeIDKMEHTI. HaBelneHa HHMH MOIENb MOHITOPUHTY
SBIIIE CO0OI0 CHCTEMY iH(OPMAIIIHHOTO TOTOYHOTO
KOHTPOJIOBaHHS CTaHy Ta 3MIHHM JOCITiPKYyBaHOTO
o0’exta [6]. 3HauHa KiTBKICTh HAYKOBHX JIOPOOOK
MPUCBSIYEHI PO3pPOOI METOMIB 1 Mojenel eQpeKTUBHOCTI
yIOpaBiiHHA Ha 3acajax MOHITOPUHTY BHPOOHHYO]
nistteHocTi [7]-[9]. Kperosuu C.C., BU3Ha4aO4M CyTh
BCSIKOTO MOHITOPHHTY, BiJMida€, IO MOHITOPHHI - 1€
€IMHUN HayKOBUI KOMIUIEKC CIIOCTEPEKEHHS, KOHTPOJIIO,
YOpaBiiHHA 1 TPOTHO3YBaHHS OO'€KTIB, B  SKHH
TpaHc(opMyBaBCs HaOip BY3bKONPO(DiTBHUX
TpamuIiHuX MeToxiB. Ha Hamm morsm, mpaBi Ti aBTOpH,
SIKi TIPY BU3HAYCHHI MOHITOPHHTY SIK TEPIIUH €JIeMEHT,
Ha3WBaIOTh 30ip (akTHYHOTO MaTepialry, MeTa SKOTO
NoJjisira€ B OTPUMaHHI HeoOXiHOT iHpopMarliii npo 06'ekT
MOHITOPHHTY, IO OyJie BUKOPHCTaHa JUIS peaizallii Horo
MoIanbIKX eeMeHTiB [10].

BiTum3HIHIMH HayKOBISIMH 3pOOJICHUH 3HAYHHIA
BHECOK y BH3HAUCHHS MOHITOPHHTY, SIK CTAaTHCTUYIHOTO
METOAY IOCTIKCHHS, cepell HAX MOXKHa BUAUTUTH M.
IIyragoBy, B TI'aminuna, O. Onexkciituyk, €. [aBmoxk, C.
I'epacumenxo [11], [12] Ta in. BueanMu — gocmigHAKaMHA:
Crorniit b.C., Kupuneako O.B., [enuciox C.II., ITomos
B.C., [IlaBnoBcerkuii B.B Oyiu  BHU3HaYeHI
KOHIICTITYyaJbHI  3acai Ta OKPEMO  OCOOJIHMBOCTI
MOHITOPUHTY Ha IPOMUCIOBUX mifnpuemctax [13]-[15].
Crin 3ayBaXkKWTH, 110 B HAyKOBI CIEIajbHIN JiTepaTypi
MIPaKTUYHO BiJICYTHI METOIOJIOTTYHI MiAX0au
MOHITOPHHTY  IOJO  PIiBHA  EJEKTPOCIIOKUBAHHS
MPOMHUCIIOBUMHU TinnpueMcTBaMu. Cepel BITYH3HSIHUX
HAYKOBUX JOpPOOOK CIiA BiA3HAYUTH HOCHiKEeHHS b.
HomonoBa [16], me 3amporoOHOBaHA  METOJOJIOTISA
Ga3yeTpCst Ha  METOAI  JEKOMITO3MIIi  KiHIIEBOTO
CIOXXKMBAHHS CHEPTOPECYPCiB 3a CEKTOpPaMHU i ramy3siMu

exoHomiku. YepnsBcekuii A.B., KymikoB €.0 [17]
TEOPETHYHO JOCHIAMIM MOXJIMBICTh TPOTHO3YBaHHS
CJIEKTPOCHIOKMBAHHS 3  BHKOPUCTaHHSM  aJITOPUTMY

Mmerony XonbTa-BiHTepca, BUIJIEHO OCHOBHI ITapaMeTpH,
IO BIUIMBAIOTH Ha OIIHKY TOYHOCTI pe3yNbTaTiB
PO3paxyHKy INPOTHO3HUX 3HAYEHb EJIEKTPOCIIOKMBAHHS,
HE YMAJIIOI0UH 3HAYNMICTh PEJICTABICHOTO OCIIKEHHS
Cl 3ayBaXHUTH Ha MPOOJEMHICTH 3aCTOCYBaHHS
3aIpOIIOHOBAHO] METOJIUKH JUIst T ATIPUEMCTB
3amizopynHoi Tamysi. Cepen cydacHHX METOIOJIOTIH
JOCTI/KEHHS ~ eNEKTPOCIIOKMBAHHS ~ CIIJ  BHIUIATH
HaykoBi pocmimkeras Pozen B.II, Hdasumenxo JI.B. 3a
JIOTIOMOTOI0  INTY4YHUX HeWpoHHHX Mepex (IITHM)
BUKOHAHO TPOTHO3YBaHHS CIIOXHMBaHHS EIEKTPHUYHOT
€Hepril MiANPUEMCTB BYTUIBHOI Taimy3i. B skocTi BXimHUX
napaMmeTpiB  HEHpPOHHOI MepeXi BHKOPUCTOBYIOTHCS
HaWOUIBII iHPOPMATHBHI TEXHOJIOTIYHI MapaMeTpu IIaxT
[18], [19]-[25]. Hocnmimxenns Cepebpennikoa b. C. i
IMetporoi K. I'. mpucesiueni moOymoBi ciThOBOI Momemi
TEXHOJIOTIYHOTO MpOLECY Ta YNPaBIiHHA PEXHMOM
eJeKTPOCIOXMBaHHA [26]. Bubip xputepiiB eKOHOMIUHO
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e(i)eKTI/IBHI/IX SaXOHiB o040 3HUKCHHS BTpaT eHepri'l' B
CI/ICTCMi eJ'ICKTpOCHO)KI/IBaHHH SaHpOHOHOBaHO I[I)SI‘-ICHKO
B.B. [27].

TakuM  4YMHOM, BIJCYTHICTbH  MOHITOPUHIOBHX
CKJIQJIOBMX METOZOJIOTII MOJICNIIOBAHHSI ~ CIIO’KUBAHHS
EJIEKTPUYHOI eHeprii Ha MiANPUEMCTBAX 3ali30pyIHOT
MIPOMHUCIIOBOCTI, HAJa€  aKTyaJbHOCTI  IPOBEACHUM
JIOCITIPKEHHSIM.

III. META POBOTH

[IpoBectn BapTiCHO-LITHOBUI aHami3 B CKIai
MOHITOPHHTY PIBHIB €IEKTPOCIIOKUBAHHS Ta PO3POOUTH
peKoMeHaNii o0 parioHAIBHOI CTPATerii CIIOKUBaHHS
ENIEKTPUYHOI ~ eHeprii  TIPHUYUX  MIJIPHEMCTB 3
MiA3€MHAMHI BHIAMH BHIOOYTKY 3aJ1i30pyXHOI CHPOBHHU.

IV. BUKJIAJEHHSI OCHOBHOI'Y MATEPHAJIY 1
AHAJII3 OTPUMAHHUX PE3YJIBTATIB

B nanwmii yac Ha miANpUEMCTBAX MPOLIEC BU3HAUYCHHS
1 3asBKM JIMITIB a00 BCTaHOBJICHHS INAXTHUX HOPM
€JIEKTPOCHOKMBAHHS ~ 3IIHCHIOETBCS  TIPaKTH4HO  0e3
JIOCTaTHBOT'O aHAJII3y EJIEKTPOCHOXUBAHHS Ta MOKa3HUKIB
po0OTH WiINPHEMCTBA, IO YacTO MPU3BOIUTH JIO
BiIXWICHHS ()AaKTUYHOTO  EJCKTPOCIIOKUBAHHA  Bij
3asIBOYHUX 3HaueHb. [Ipu KOpHUTYBaHHI JTIMITIB HE 3aBXKIH
BpPaxOBYETbCS IOTOYHE 3HAYCHHS IIOKA3HHUKIB POOOTH
HIAMPUEMCTBA, MPOTHO3 (DAKTOPIB, 1[0 BIUIUBAIOTH 1, 5K
HACJIJIOK - Hee(eKTHBHO BHKOPHUCTOBYIOTHCS 3asBIICHI
aivita. Tlpu mNepeBUINCHHI JIMITY €IEKTpOeHeprii 3
HIANPUEMCTB CTATYEThCS 1UTpad 3a BEIHMYMHY nepebopy
eNeKTpoeHeprii. Y  3B'YI3Ky 3 IIMM, BHU3HAYCHHSA
MEPCIIEKTUBHMX PIBHIB CIIOKUBAHHS €JIEKTPOEHEPTIi ISt
MPaBWJIBHOI Ta CBOEYACHOI 3asBKM HEOOXITHUX JIMITiB

HEMOXITUBO 6e3 MIPOBEACHHS MOHITOPUHTY
eNEKTPOCIIOKUBAHHS 3 METOI0 3a0e3neYeHHs
panioHaIbHOT cTparerii eNeKTPOCIOKUBAHHSI.

BinnmoBimHO 10 mocTaBieHoi 3amadi, OyB IpOBEICHUIA
MOPIBHSUTBHUH aHaJi3 IUIaHOBOI Ta (PAKTHYHO CHOXHTOI
eIeKTPOeHeprii Ha MIOPUEMCTBAX 3  MiA3EMHHUM
BUI00yTKOM 3alizopyaHoi cupoBuHH KpuBopizpkoro
periony (puc. 1-4).

Ha puc. 1 300pakeHO CIOXMBaHHS €NEKTPOCHEpril
3a mepiox 2012 — 2016 pp gt maxtu "Poxina".

70000
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—— 1A —AUT  seesesees
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Pucynoxk 1. IlnanoBe Ta  daxruuHe
esiekTpoeHeprii maxTtu "Poxina”.

CIIOKHMBaHHA

34

BizyanpHuii aHami3 moOKasye INpakTUYHUHA 30ir
(haKTHYHOTO Ta TIIJIAHOBOTO CIIOKMBAHHS EJICKTPHUYHOT
eHeprii. AmNpokcHMAllisi KpHBOi, 110 XapaKTepu3ye
IUIAHOBE  CIIOXKMBAHHS  CNEKTPOCHEprii, J03BOJMIA
OTPUMATH BIAMOBINHY aHAMITHYHY 3anexHicte (1)
(KUTBKICTB CIIOKHUTO €IEKTPOCHEPTii — pik).

Y =-1311In(x) + 6609 . €]
Koedirmient merepminamii R’ =587 , MO CBIAYUTH
PO JIOCTaTHIN piBEHDb a/leKBaTHOCTI.
Ha puc. 2 mpexacrarieHo rpadidHO CIIOKHBAHHS
€JIeKTpOeHeprii JUTST axXTH "YKoBTHEBa" 3
aIPOKCUMYIOUOI KPHUBOIO.
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Pucynok 2. [lmanoBe Ta  QakTHYHE  CIIOKUBAHHSA
enexrpoeneprii maxtu "YKoBTHEBa".
Sk, BHIOHO 3 PHCYHKY, 3HAa4yHe BiIXHWJICHHS

(aKTUYHO CHOXKUTOI eNEKTPOSHEPril Bijl 3arilaHOBaHOT Ha
ur. XKoBTHeBa crioctepiraersest B 2013 p. Ta mounHa4u 3
2015 p.

BignoBigHo, s (aKTHYHO  CIIOKHUTOI  Ta
3amranoBaHoi EE  1OiNBHO BHKOPHCTOBYBATH Pi3Hi
ANPOKCUMYIOUH KPHUBI, 3 PI3HUM 3HAUEHHIM Koe(illi€HTiB

JeTepMiHanii (R,fﬂ =678, qub =97,4%)

Ha puc.3  rpadiuno  mokazaHo
enekTpoeHeprii Ha maxTi "I'Bapailiceka".

CIIOKHMBAaHHA
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Pucynok 3. IlnanoBe Ta  (akTU4HE  CHOXKUBAHHS

enextpoeHeprii mwaxru "I'Bapaiiicbka".

Jns miaxty "I'Bapaiiicbka" NpakTHYHO (aKTHYHE Ta
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3aIUIaHOBaHE CIIOKMBAHHS EJIEKTPOCHEprii CIIBIIA/AE.
Jns TEOPETUYHOI O aHaNIZY MPOIOHYETHCS
BHKOPHCTOBYBATH IIOJIIHOMIaJIbHY 3aJICKHICT 3 CTYIICHIO

(2):

Y =-369,9x° + 2980x° —6325,9x +45181 . (2)
Ha puc. 4 300paxeno rpadik CIOKHBAHHS
eJeKTpoeHeprii s maxTth "TepHoBchKa"
46000
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& 40000
E 38000
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PucyHnok 4. IlnanoBe Ta  (aKkTUUHE  CIIOKHUBAHHS

enexktpoeHeprii maxtu "TepHOBCHKA".

BisyanbHuil aHasi3 BKa3ye Ha 3HAYHE BIAXWUICHHS B
2015p. Sxkmio, st MONEPEAHBOTO aHATI3y CIIOKUBAHHS
eJIEKTPOeHEepTil MPEACTaBICHUX 3aT130py THUX
HIiANPUEMCTB, ICHYE MOXIIUBICT TEOPETUYHO BU3HAYMTH
yCepemHEHI ampoOKCHMYIOUi KpHBi, TO JUIS [IAXTH
"TepHOBCchbKa" iCHye HEOOXiAHICTH OymyBaTH OKpeMmi
arnpoOKCUMYIOUi KpuBi Jast (pakTHYHO Ta IUIAHOBOTO
CIIO)KMBAHHS €IIEKTPOCHEPTil.

Crpaterist CIIO)XXMBaHHS €JIEKTPOCHEprii IMoB’s3aHa
HE TUTBKHU 3 00CATaMH CIIOXKHTOI EIEKTPOSHEPTii, ane 1 i3
BapTICHOIO CKJIJI0OBOIO.

EdekruBnicth (yHKI[IOHYBaHHS TIpHHYOA00YBHOTO
HiANPUEMCTBA 1 camMe #Oro IiCHyBaHHS, OCOOJNHMBO B
HecTaOUIbHUX YMOBaX MepexiJHOi eKOHOMIKH, B 3HAYHIN
MIpi 3QJIC)KHUTh BiJ] €PEKTHUBHOCTI CHCTEMH OI[iHFOBAHHS
CIIOXKUTOT €JIEKTPOCHEPTii.

Ha cygacnomy erari po3BUTKY KOHIIEHIIii cTpaTerii

CHOXWBAHHS €NEKTPOCHEprii 1me He CchOopMOBaHO
€IMHOTO YHIBEpCAJbHOTO METOJUYHOTO MiIX0oay 10
OIIIHIOBAHHS paIioHaIbHOTO CIIO’KUBAHHS
enekrpoeHeprii. Tomy  BapTiCHO-I[JILOBA  CKJIaJ[0Ba

MOHITOPUHTY, MOXE OyTH BUKOpPHCTaHA MpPHU BU3HAYCHI
ONTUMAITFHUX OOCSTIB CIIOKWBaHHS eJleKkTpoeHeprii. B
IBOMY  CEHCi, MH  BBaXaemMo 3a  JOIUIBHE,
BUKOPHCTOBYBATH 1HICKCHI MIAXOIM 347 JTOCIHIIKEHHS
BapTICHOI CKJIQJIOBOI CIIOXKHTOT €JIeKTPOCHEPTii.

BuxopucroByroun naHi IUTS BiAMOBIIHUX
mignpuemcts 'PK  KpuBopispkoro periony: BapTicTh
CIIOKUTOI €JIEKTPOEHEepTii, o0csirn CIIOKUTOI
enekTpoeHeprii 3a mepiox 2012 — 2016pp. po3paxyemo
JUHAMIKY cepeHbOo1 MTUTOMOT BapTOCTI
€JICKTPOCTIOKNBAHHS BUPOOHUIITBA — CTPYKTYPHI 1HAEKCH
CepeaHbOl THMTOMOI  BapTOCTI  EIEKTPOCHOXHBAHHS
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BUPOOHMIITBA; aOCONIIOTHY 3MiHY CEpeiHBOI IMUTOMOI
BapTOCT] €JIEKTPOCHOKHMBAHHSA BHUPOOHUITBA 1 YMHHHKH,
1o ii popmyroTs (Tabm.1).

IHmexc cepenHbOi MUTOMOI BapTOCTI BHPOOHHIITBA
3MIHHOTO CKJIaqy IOKa3ye BiIHOIICHHS PiBHS IHTOMOI
BapTOCTI 3a CYKYINHICTIO MiJNPHEMCTB pETiOHy Y
3BITHOMY Tiepiofii 1o 1i piBHs y 6azucHoMy mepioni (3):

3¢ = ZPB]d]

5 TS PByd,’ )

ne PB;— BapTiCTh CHOXHTOI €IEKTPOCHEPTrii y 3BITHOMY

nepioni; PBj- BapTICTb CIOXKHUTOI €NEeKTPOCHEPrii y
OasucHOMy  mepioni; d; — 4acTKa  CIIOXKHTOI
eJIEKTpOeHeprii y 3BiTHOMy mepioai; d, — dacTka

CIOXKUTOI €JIEKTpOoeHeprii y 6a3ucHOMY 1epiozi.

OTxe, cepesHsi NUTOMOI BapTiCTh BUPOOHUIITBA MO
perioHy 3aranom y 3BiTHOMY niepioai (2016 p.) nopiBHsIHO
3 6asucHuM (2015 p.) 3HAYHO 3HU3MIIACS.

VY3arajgpHeHy XapaKTepHCTHKY BIUIMBY HPOLECIB 3a
BCciMa MIANMPHEMCTBAMHU A€ 1HAEKC MUTOMOi BapTOCTi
2
N

BUpoOHHLITBA (pikcoBaHOTO CcKiany. lHaeke /¢ MoKasye,

SK 3MIHMBCS CEpeIHId piBeHb IMHMTOMOI BapTOCTI
BHUPOOHHMIITBA y 3BITHOMY MEPioi MOPiBHAHO 3 0a3UCHIM
TIABKH 32 PaxXyHOK IJUHAMIKA PIBHS IHUTOMOI BapTOCTi
BHUPOOHHUIITBA [0 OKPEMHUM IIIIIPUEMCTBAM periony (4):

Ié{)(,’ — ZPBId] ) (4)

2. PByd,

Ha ocHOBI BUKOHAaHUX pO3PaXyHKIB JOXOJAMO

BHCHOBKY, IO CEpEeIHS IHTOMAa BapTICTh BUPOOHHUIITBA

3HaYHO 3HU3WIAach, MmO ckmagae 0,25 oxa., TINBKH B

pe3ynpTaTi  AWHAMIKHM  ii  piBHA 332  OKPEeMHMH
i APHEMCTBAMH.

e ogHMM YHHHUKOM, SIKUH 3yMOBHB JIHHAMIKY
MIUTOMOI BapTOCTI BUPOOHMIITBA MO PETIOHY 3arajoM 3a
aHaJi30BaHMH Tepiox, Oyna 3MiHa PO3MOIUTY CYKYITHHX
00CSTiB CHOKMBAHHS EJIEKTPOEHEPTii MDK OKpPEeMHMH
MiAPHAEMCTBAMH PETIOHY.

VY3araibHeHYy  XapakTepHCTHKY BIUIMBY  3MiHH
PO3IOALTY CYKYMHHUX o0csTiB CIIOKMBaHHS
€JIEKTPOEHEPTii MK MiANPUEMCTBAMH PETiOHY JIa€ 1HAEKC
CepelHbOl IIUTOMOL BapTOCTI CTPYKTYpPHHUX
spymens [§ (5):

PByd
2 PBydyg

IHmexc mokasye, sK 3MIHHBCS CepenHiii piBeHb
mutoMoi BaptocTi EE 1O perioHy TibKH 3a paxyHOK
3MIHA  pO3MOIITy  CYKYIHHX  OOCSTIB  CIOXHTOL
€JIEKTPOCHEPTii MiAIMPHEMCTB.

OTxe, cepeHsS NUTOMA BapTICTh EJIEKTPOSHEPTil
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Tadamua 1. Jlani st aHaiisy aOCOMIOTHUX Ta BIAHOCHHMX 3MiH MUTOMOI BapTOCTI €JIEKTPOCIOKUBAHHS BUPOOHHUIITBA
TipHUYOPYIHUX MiApHEMCTB KpHBOPI3bKOTO periony (THC. IpH.).

Basucumii nepiox (2015 p.) 3BiTHuii nepioxa (2016 p.)
3’9 . Hazga Bapricts O0csru Baori Obcsirn .
| MAmpHEMCTBA cnoxutoi EE cnioxkutoi EE ap.T 1eTb CTIOAKHTOL
cnoxwuroi EE (rpH) EE
(TpH) (xBT/4ac)
(KBT/9ac)
1 |II. ’)KoBTHEBa 54617,0 43 501,7 49 579, 43 468,
2 1. Poxina 77 001,9 61 009,4 74 431, 66 275,
3 |LI.TepHOBCHKA 51315,5 40 996,7 41 171,7 37010,9
4 |II. I'Bapaiiiceka 60 381,1 41 634,2 56 773,7 83 653,0

BUPOOHMLTBA Y 3BITHOMY I€pioJii MOPIBHAHO 3 Oa3UCHUM
niaBUIIMIacs npudausuHo Ha 1,7 %.

IIpu mpoMy, 3a paxyHOK 3MIiHH ITHTOMOI BapTOCTi
eNeKTpoeHeprii BUpOOHUITBA 110 KO>KHOMY HiIIPHEMCTBY
periony cepenus nuroma BapTicts EE 3HM3MMack Ha 7,8%
%, a 3a paxyHOK 3MiHM po3nofiny obcsry cnoxutoi EE
MDK HiIIPUEMCTBAMH PETIOHY CEpeHs MUTOMAa BapTiCTh
EE Bupo6HuIiTBa 3mMeHmmiach Ha 6,2 %.

Tadanua 2. [lunamika  cTpykTypHoi  TpaHcdopmarii
nmuromoi Baprtocti EE BHpOOHHMITBa TipHHYOPYAHUX
nianpremMcTB KpuBopi3bKoro periony.

Inpekc muroMoi
Bapticts EE
BHPOOHHIITBA
3MIHHOTO
CKIIay

2013 2014 2015 2016

Ingekc muroMoi
Baprocti EE
BHUPOOHHUIITBA
(ikcoBaHOTO
CKIaIy

0,87 1,58 1,32 0,94

Ingexc muroma
Baprocti EE
BHUPOOHHUIITBA
CTPYKTYPHHX
3pymIeHb

0,79 1,28 095 | 1,016

B3aemo3B's130K
MiK
iHgexcaMu

1,09 1,24 138 | 092

0,87 1,59 1,32 0,94

[MpoBenenuit aHani3 CTPYKTypHOI TpaHchopMallii
NUTOMOI BapTOCTI EJNEKTPOCIIOKUBAHHS MIANPUEMCTB
3amizopysnHoi  ramy3i  KpuBopisekoro perioHy OyB
BUKOHaHMH TaKkoX B AnHaMimi 3a mepiox 3 2012 mo 2016
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poku. Pe3ynmpTaTti 00unCIIeHs HaBEICHI B Ta0MI. 2.

I'padiuno nuHamika CTPyKTypHOI Tpanchopmarrii
MUTOMOT BapTOCTI €JNEKTPOEHeprii Ha MiJIpHEMCTBaX 3

Mi3¢MHUM  BHJOOYTKOM  3alli30pyIHOI  CHPOBUHU
KpuBopizpkoro periony BinoOpakeHa Ha puc. 5.
2,00
150
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1 1,00
N |
050 I ! i
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Pucynok 5. Jlunamika  cTpykTypHOi  TpaHchopmarii
IIUTOMOI BapTOCTI €JIEKTPUYHOL eHeprii Ha

TIPHUYIOPYAHUX TiATPHEMCTBaX KpUBOPI3bKOTO perioHy.

Haitamkwi 3HaueHHS TpaHcopMaIiifHuX iHIEKCiB
mo periony Oymu B 2013p., mpm npoMy 3HAYHE
301IpIICHAS MUTOMOI  BapTOCTI eJIeKTpOoeHepTii
BUPOOHHMIITBA BiAOYJIOCH came 3a pPaxyHOK 3pOCTaHHA
YaCTKH BapTOCTi €JEeKTpOeHeprii, e O0yno oOyMOBICHO
BIUIMBOM ()iIHAaHCOBO-EKOHOMIYHOT KpHU3H.

V. BUICHOBKHA

Hdns  peanizamii  paumioHaNbHUX  YHPaBIiHCHKUX
pillIeHb WIOJ0 CIOXHMBAaHHS EJEKTPOCHEpril HeoOXiIHO
3a0e3MeuYnTH HAayKOBO  OOIPYHTOBaHWH  MOHITOPWHT
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CJICKTPOCHOXKMBaHHS, M0 TIepeabdayae HE  IPOCTY
¢ikcanito ¢akTiB 3aruIaHOBaHOI Ta (AKTUYHO CIIOXKUTOT
CJICKTPOEHepTii Ha TIPHUYOPYIHHX  ITIPHEMCTBAX.
3anpornoHoBaHMHA MOHITOPHHT piBHIB
€JIEKTPOCTIOKUBAHHS TapMOHI3Y€E iHpOpMamiiHO-
aHAJTITUYHI CKJIA[OBI, MICTHTh KOMIUICKC METOHIB 1

Mozeneil uii BH3HAUCHHS ONTHUMAIBHUX CKIJIAQJOBUX
CIOXHBAHHSA eNeKTpoeHeprii. B pe3ynpraTi TociimKeHHs
NPOaHaII30BaHO MMOKA3HUKU CIIOKHBAHHS €JIEKTPOEHEpTil
Ha  3ali3opygHMX — mignpueMcTtBax — Kpuopizpkoro
periony. IIpoBeneno NOPIBHSUIbHUH aHai3
3aIUIaHOBAHOTO Ta (PAKTUYHOTO PIBHSA CHOXHMBAHHS
€JICKTPOCHEPTi. Bunineno TPEHOBI CKJIaJIOB1
TTOKA3HUKIB CIIO)KHBaHHS eJIeKTpOeHeprii Ha
3ali30pyIHUX MiATPHEMCTBaX KpPHBOPI3BKOTO pETioHY.
Bmsnaueno gmHaMiKy CTpPYKTypHOi  TpaHchopmarii
NHUTOMOT BapTOCTi ENEKTPUYHOI eHeprii BUpOOHMIITBA HA
3ai30pyIHHUX NiANpHeMcTBaxX KpuBopi3bKoro periony.

IIpn ¢dopmyBaHHI BapTiCHO-IIILOBOI  CKJIaJOBOL
MOHITOPUHTY piBHIB €JIeKTPOCIIOKUBAHHS
3aIIPOIIOHOBAaHO BUKOPUCTOBYBAaTH IHIEKCHY
METOIOJIOTII0 B CYKYITHOCTI 3 TPEHIOBIUMH MOZACISIMH, L0
JI03BOJIUTh BU3HAYATH  MPOTHO3  CHOXXUBAHHSA
€JIEKTPOEHEPTii Ta peami3yBaTH pallioHaJbHE YIpPaBIiHHS
eJleKTpocnokuBaHHAM. (O3HaueHa IHAEKCHAa CHCTeMa
CTpYKTypHOI  TpaHchopmamii  mUTOMOi  BapTOCTi
€JIEKTPUYHOI eHeprii BUPOOHHMIITBA Ha TIPHUYOPYAHUX
nianpueMcTBax KprBopizbKoro periony.

[IpoBenennit B aOWHAMINI aHaNi3 CTPYKTYypHOL
TpaHchopmamii MTUTOMOI BapTOCTI EIEKTPOCIIOKUBAHHSI
MIATPHEMCTB  3alli3opynHOoi  Tamy3i  KpuBopi3pKoro
perioHy. BuszHaueHo cucteMy iHIEKCIB TUTOMOI BapTOCTi
CIIO’KMBAHHS €JIEKTPOSHEPTil: 1HIEKC CepeaHbOi MUTOMOT
BapTOCTI €JIEKTPOCHOXHMBAHHSA 3MIHHOTO CKJIAIY; 1HICKC
IMUTOMOI BapTOCTi EJEKTPOCIIOKMBAHHS ~ (PIKCOBAHOTO
CKJIaJLy; IHAEKC CepeJHboi IMUTOMOI  BapTOCTI
€JIEKTPOCIOKUBAHHS CTPYKTYPHHUX 3pyIleHb. BunineHo i
MPOAHATI30BaHO JETEPMIHOBAaHYy KOMIIOHEHTY YacOBOTO
Py CIOXHBAHHS EIEKTPOCHEPrili Ui 3alli30pyIHHX
migmpuemctB  KpuBopispkoro — periony.  Otpumani
TPEHIOBI MOJAENl MJalOTh MIACTaBH [UIA BHU3HAYCHHS
MPOTHO3y  pIBHIB  CIOKUBaHHA  CJIEKTPOCHEPrii 3
BIINOBITHIM  piBHEM  JOCTOBIPHOCTI. O3HaueHo
MOKAa3HUKH PIBHIB CIIOKMBaHHS eJIEKTPOEHeprii, sKi
3abe3neuath (GopMmyBaHHS 1H(OPMAIIHHO-aHATITHYHOTO

CKJIaJIOBOi  BiAmoBimHOro MoHiTopuHry. IlpoBeneHi
JOCIIJDKEHHS.  ZI03BOJISIIOTE  c()OPMYyBAaTH  CTpaTeTilo
CIIOKMBAaHHS  CJIEKTPOEHeprii  Ha  MiANPHEMCTBAaX

3aJi30py/iHOI  TIPOMHCIOBOCTI KpHBOpi3bKOro periony.
[IpoGmemu, BHCBITIEHI B pPOOOTI, TICHO TIOB’s3aHi 3
HAayKOBHMH Ta MPaKTHYHUMH 3aBIaHHAMH  IIOJO
pamioHaTFHOTO BHUKOPHCTAHHS Ta PO3IOAUTY HAasSBHHUX
eHepreTHdHuUX pecypciB IlpomoHyeThcs Uit OUTBII
CYTTEBOTO IIOCIHI/UKEHHS, BpPaxOBYBaTH BHUITQJAKOBHI
XapakTep npotecy (hopmyBaHHs SIIEKTPUUHHUX
HABaHTAXKEHb Ha MIJANPHEMCTBAX, CE30HI KOJIMBAHHS
IIOJI0 CIOXKMBAHHS  €JIEKTPOCHEPril TIpHUYOPYIHUMHU
T ATTPUEMCTBAMH.
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CTOUMOCTHO-LHEJIEBBIE ACIIEKTBI MOHUTOPHUHI'A YPOBHA
SJEKTPONOTPEBJIEHUS HA IPEANPUSITUSIX )KEJE30PY JHON
OTPACJIM KPUBOPOXCKOI'O PETUOHA

CHUHUYYK U.O.

KaH/I. TCXH. HayK,

JIOLIEHT,

JIOLICHT Kadeaps aBTOMAaTHU3UPOBAHHBIX

CJIEKTPOMEXAaHUYECKUX CHCTEM B TPOMBIIIIEHHOCTH M TpaHcrnopte KpuBopoxkckoro
HalMOHaIBHOTO yHUBepcurera, Kpusoit Por, Ykpauna, Beridzet2016@gmail.com

Lenv

pabomul.  [Iposecmu

Cm0uMOC7’I’lel€—l4€]l€601:Z

ananus 6 cocmaee MOHUMOPUHSA ypOGH@L{V

IeKmMponompebneHus u paspabomanms peKoMeHOayuy no PAyUOHATbHOU cmpamezuu nompeOneHUs J1eKmpuiecKoll
SHepaUU 20PHBIX NPEONPUAMUL ¢ NOO3EMHBIMU BUOAMU 00DbIYU JHCeNe30PYOHO20 ChIPbSL.

Memoow
KamezopuaipHoM —annapamd.

uccneoosanus. Hccreoosanue OCHOBAHO HA  UCNONb308AHUU 3AKOHO8,
B npoyecce HAy4iHozco UCCE008AHUSL  UCNOJIb308ANIUCD 06u4€Hay’{Hbl€ Memoobl

3aKOHOMepH0€m€lZ u

uccnedosanus (cpaeHenue, 06006ujeHUe, MeMOO AHANO2UL, CMPYKIMYPHOIL AHAIU3 U CUHME3), NPUeMbl J10SUKO-
Meopemu4ecko20 ananusd, CneyudaibHbie IKOHOMUKO - MAMEMAMUYECKUe Memoobl.

ITonyuennvie pezynomamui. [Ipoananusuposansl noxazamenyu nOmMpeoneHus INeKMpoIHePUU HA HCENe30PYOHbIX
npeonpusmusix Kpusopooicckoeo pezuona. Ilpoeeden cpasHumenvHulil aHamu3 3anianupo8anHo2o U Gaxmuyecko2o
anepeonompebnenus. Buvloeneno mpendosvie cocmasnsiowue noxasamenei NOmMpeoOieHus IAeKMpOodIHepeUU  Ha
Jrcene3opyonvix npeonpusmusax Kpueopoowckoeo pezuona. Onpedenena Ounamuka cmpyKmypHOU mpanc@opmayuu
YVOENbHOU CIMOUMOCIU IAEKMPUYECKOU dHep2UU Npou3600Cmea Ha dcene3opyouslx npeonpusmusx Kpueopooicckozo
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pezuona.

Hayynasa mnoeusna. Ilpu @opmuposanuy cmoumMocmHo-yeieeol CcoCmasisiowel MOHUMOPUHea YposHel
INEKMPONOMpeONeHUs NPedONCEeHO UCHONb306AMb UHOEKCHYI0 MEeMOOONIOUI0 6 COBOKVHHOCMU C MPEHO08bIMIL
MOOeNAMY, YMO NO360IUM ONPedensimb NPOSHO3 NOMpeONeHUs SIeKMPOIHePeUU U peanu308ams PAayUOHATbHOE
ynpasnenue snexmponompednenuem. Ilpednoscena unoexcuas cucmema CmMpyKmypHoU mpancgopmayuu yoervbHou
CMOUMOCIU 2NEKMPULECKOUl IHEP2UL NPOU3BOOCTNEA HA 20PHOPYOHBIX npeonpusmusax Kpusopooicckozo pezuona.

Ilpaxmuueckas yennocmo. Ilpogeden 6 dunamuke ananu3 CmpyKmypHou mpanc@opmayuy yOenbHou crmoumocmu
anekmponompebnenus npeonpuamuii dcene3opyonoli ompacau Kpusopoowckozo pezuona. Onpedenena cucmema
UHOEKCO8 YOeNbHOU CMOUMOCHU NOmpeOienus. I1eKMpPOIHepeUn. UHOEKC CpeoHell YOeNbHOU  CMOUMOCIU
9/IeKMPOnOmpebIeHs NePeMeHHO20 COCMAasa, UHOEKC YOeNIbHOU CHMOUMOCIU INeKMPONOmpediIeHUs GUKCUPOBAHHO20
cocmaea, UHOEKC CpeOHell YOenbHOU CMOUMOCMU 21eKMPONnOmpeOieHUs CMPYKMYPHbIX cO08ue08. Bvioerena u
NPOAHATUZUPOBAHA  OCMEPMUHUPOBAHHAS KOMNOHEHMA GPEeMEHH020 pAda NompebneHus d1eKmposHepeuu O
arcene3opyonvix npeonpuamuii Kpusoposwcckozo pezuona. Ilonyuennvie mpeHOosbie modenu 0arom OCHOSAHUA OJiA
onpeoenenus nNpoeHo3a YposHel NompeONeHUs NeKMPOIHEPSUU C COOMBEMCMEYIOWUM YPOSHEM OOCHOB8EPHOCHIU.
Iloxazamenu  yposHeii —nompebienuss  dnekmpodnepeuu  obecneyusaiom  Gopmuposanue  UHOOPMAYUOHHO-
AHATUMUYECKYIO  COCABNIAIOWYI0  COOMEemcmeyiowe2o Mmonumopunea. Ilposedennvie uccredosanus no360aA10m
cpopmuposams cmpame2uio nompeoneHUs INEKMPOIHEPLUU HA NPEONPUIAMUAX JHCeNe30PYOHOU NPOMBIUIEHHOCIU
Kpusopooccrkoeo pezuona. Ilpodnemvl, oceewjennvle 6 cmamve, MeCHO CEA3AHHbL C HAVYHLIMU U NPAKMUYECKUMU
3a0auami RO PAYUOHATLHOMY UCHOTBIOBAHUIO U PACAPEOENCHUIO UMEIOWUXCS IHEPZeMUYECKUX PeCypCos.

Kniouesvie cnosa: anexmponompebnenus; CmMOUMOCMb; MOHUMODUHZ2; MOOeNb, UHOEKC, YNPAGNEeHUs;
npeonpusmue

FULL-TARGETED ASPECTS OF MONITORING OF ELECTRICITY
LEVELS AT ENTERPRISES OF THE INDIVIDUAL DEPARTMENT OF
THE KRIIVORIZHOGY REGION

SINCHUK 1. O. PhD, associate professor, associate professor of the department of automated
electromechanical systems in industry and transport of Krivoy Rog National University,
Kryvy Rih, Ukraine, e-mail: Beridzet2016@gmail.com

Purpose. Conduct a cost-target analysis as part of monitoring electricity consumption levels and develop
recommendations for a rational strategy for consuming electricity from mining enterprises with underground mining of
iron ore.

Methodology. The study is based on the use of laws, regularities and categorical apparatus. In the process of
scientific research, general scientific methods of research (comparison, generalization, analogy method, structural
analysis and synthesis), methods of logical-theoretical analysis, special economic-mathematical methods were used.

Findings. The indicators of electricity consumption at iron ore enterprises of the Krivoy Rog region are analyzed.
A comparative analysis of the planned and actual energy consumption is carried out. The trend components of
electricity consumption indicators at iron ore enterprises of the Krivoy Rog region are highlighted. Dynamics of
structural transformation of unit cost of electric energy production at iron ore enterprises of the Krivoy Rog region is
determined.

Originality. When forming the cost-target component of monitoring the energy consumption levels, it is suggested
to use the index methodology in combination with trend models, which will allow to determine the forecast of electricity
consumption and realize rational management of power consumption. An index system of structural transformation of
the unit cost of electric energy production at mining enterprises of the Krivoy Rog region is proposed.

Practical value. Dynamics analysis of the structural transformation of the unit cost of electric power consumption
of iron ore enterprises of the Krivoy Rog region is carried out. The system of indices of the unit cost of electricity
consumption is defined.: the index of the average unit cost of electricity consumption of variable composition; index of
unit cost of power consumption of fixed composition; the index of the average unit cost of power consumption of
structural shifts. The deterministic component of the time series of electricity consumption for the iron ore enterprises
of the Krivoy Rog region was singled out and analyzed. The obtained trend models give grounds for determining the
forecast of electricity consumption levels with an appropriate level of reliability. The indicators of electricity
consumption levels provide the formation of an information-analytical component of the relevant monitoring. The
carried out researches allow to formulate the strategy of electricity consumption at the enterprises of iron ore industry
of the Krivoy Rog region. The problems highlighted in the article are closely related to the scientific and practical tasks
of rational use and distribution of available energy resources.

Keywords: electrical; consumption; cost; monitoring; model; index; management; enterprise
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Mema pobomu. Po3pobra mamemamuunoi mMooeni KOMNIEKCHOT OYiHKU UMOBIPHOCMI 8i0MOGU anapamy 3axucmy
8I0 nepenHanpye 3 6UKOPUCHIAHHAM ANAPAMY HeYimKUx MHOJNCUH, SIKA TPYHMYEMbCSL HA eKCREPMHUX 3HAHHAX ma 0iacHo-
CMUYHUX OAHUX OMPUMAHUX 8 eKCHIyamayitinull nepioo.

Memoou Oocnidacenns. Jlocnioxncennss npogedeHo 3 BUKOPUCIAHHAM Memo9dy eKCNEPMHO20 ONUMYSAHHSL , Memooy
8a208uUx KoeiyicHmis, memooy mampuyb nonapuoeo nopieusanus Caami, Memooie HewimKoi J102IKu, Mmeopii HeuimKux
MHOICUH, MeOpii MEeXHIKU BUCOKUX HANPY2, MeOopii Meni08020 GUNPOMIHIOBAHHSL.

Ompumani pesynomamu. Aemopamu Oyna pospobiena Hewimka Mooensb 3d AKOW GUIHAYAEMbCA UMOBIPHICMb 6i0-
MOBU BEHMUNILHO20 PO3PAOHUKA | 0OMeNCY8aua nepenanpye 3 6pAxy6aHHsAM 6NAUSY CYKYNHOCMI MaKux Qaxmopis, aK
cman i307AYii, cman cmpymonpogiOHUxX HeliHiliHUX eleMeHmis, MmemMnepamypHo2o cmamy 00 €Kmy 00CTiOHCeHHs, Killb-
Kocmi cnpayiogans anapamy. Ha 6asi modeni po3pobieno agmomamu3os8anuii npocpamHuti KOMNIeKc, 3 6UKOPUCAH-
HAM 51K020 OlacHocmyeascs cman oomedxcysaua nepenanpyeu muny 3EP2 276-2PF32-1NA1 gipmu “SIEMENS” skuii
excnayamyemuvcs va Jninposcoki I'EC-1, BPIT — 330 xB, xomipku OIIH AT-331, ma éenmunvhutl po3psoOHUK muny
PBMK — 750M xomipxu PB 750 2AT.

Hayxoea nosusna. Habyna nodansuio2o po3gumxy meopis mexuiuHo2o 0iaeHOCMYBAHHI GUCOKOBONLIMHUX anapa-
mie 3axucmy 6i0 nepeHanpye 6e3 GiOKIIOYEHH anapamie 6i0 mepedxci (OHNalin) Ha 0a3i HewimKoi Mooeni BU3HAUEHHS
timosiprocmi iomosu anapamy. Bio eéidomux modensv iopisHacmbca mum, wo 6paxo8ye cmau i30aayii, Cmaun cmpymo-
NPOBIOHUX YACMUH, KIIbKICMb CNpayioeanb anapamy, menjioguii CmaHn anapamy ma KOHMAakmHux 3 €OHanb, ma 00360-
JIAIE paxysamu MOGIpHICMb 8i0MO8U anapamy nio uac 1o2o eKCHiyamayii.

Ilpaxmuuna 3nauumicme. Po3pobnena mamemamuuna moo0enb Moxice 3aCmOCO8Y8AMUCA 6 ABMOMAMUI0BAHUX
NPOZPAMHUX MA NPOSPAMHO-ANAPAMHUX KOMIAEKCAX OAA: OlAeHOCMYBANHSA, NIAHYEAHHA 00CTY208Y8AHHA MA PEMOH-
mis, po3nooiny (BIHAHCOBUX AKMUBIE eleKMPOEHEPeeMUYHUX nionpuemcms. Pezynomamu diaenocmysanus pizHux 3axu-
CHUX anapamie niomeepounu adekeamticms po3poobnenoi moodeni. Pospobrena modenv moosice bymu 3acmocosana ons
8CIX MUNié anapamie 3axucmy po3nooiibuux npuUcmpois sucokoi nanpyeu. Mooenv 0036015€ KOMNIEKCHO OYiHumu me-
XHIYHUL CIMAH 00CHIONCYBAHO20 00 €KMA, NPOIHMe2PY8as PI3HI 3a C8O€EI NPUPOOOK BXIOHI napamempu (Cmpym, onip,
memnepamypa i m. n.) AKi HAUSBAIOMb HA MEXHIYHUL CIAH MA UMOBIPHICIYb 11020 8i0mosu. Tlobydosana modenb 00360-
JIIE 8UBOOUMU ANAPAM 8 PEMOHM NO haKmy NOMOYHO20 CMAHY 00 €Kma, a He 3a KALeHOAPHUM 2paikom peMoHmis,
Wo 003601UMb 3A0UWAOUMU MANEPIATbHULL MA TH0OCLKULL pecypc, md 3 8PAXY8AHHAM 0EPAHCABHO20 KYPCY HA OYIHKY
pecypcy 001a0OHaHHA 34 PAKMUYHUM CIMAHOM WA CMEOPEHHS PO3N0JiIbUUX NPUCIPOi8 De3 NOCMIHO20 00CIY208)1040-
20 nepcoHany oysice akmyaibha.

Kmiouoei cnosa: anapam 3axucmy 8i0 nepenanpyz; 8eHMuibHULL PO3PAOHUK, 00MedCy8ay nepenanpys; Hedimka
MoOenb; UMOGIPHICMb 8iOMOBU, eKCNEPMHE ONUMYBAHHSI.

I. BCTYII MIPU3BOJUTE JI0 BTPAaTH MEXaHIYHOi MIIHOCTI MarepoBoi
130JIA11#, 110 BHACIJOK JUHAMIYHUX BILIMBIB HA OOMOT-
KA Ta CTPYMOIIPOBiHI KOHTYpH OOJIagHAHHS, BUHHUKAIO-
YUX T Ji€I0 TepeHanpyr abo yAapHHX CTPyMiB, MOXKE
MIPUBECTH IO PYHHYBaHHS i30JIIii Ta BiIMOBaM oOaj-
Haueg, Ta EEC B minomy. B 3B’s13Ky 3 muMu o0cTaBUHAMH
3a0e3MedeHHs 3aXHUCTy 130JIMi{ Bi IepeHanpyT € BaXKiIu-
BUM 3aBJaHHIM €KCIUTyaTalii eJIeKTPOyCTaHOBOK.

Enextpoeneprernuna cucrema Ykpainu (EEC) npa-
IIO€ B YMOBAxX 3HAYHOTO CTAapiHHS MapKy eIeKTpoobias-
HaHHA. OCKIIBKA TEMITH OHOBJICHHS MApKy eIeKTPooOIa-
THAHHS 3HAYHO BiJICTAlOTH Bill TEMIIB CTapiHHS, TO Ha
JEeSIKUX 00’ €KTax eJeKTPOCHEPTeTHKH eNeKTpUYIHe 00ia-
JHAHHS BIAMPAIIOBAJIO BXKE IO AEKiIbKa W Oiipime HOp-
MaTHBHHX CTPOKIB €KCIUTyaTaii, o Mpu3BOAUTE 10 30i-

JIBIIEHHS BIPOTiAHOCTI BiAMOB 00JaIHAHHS €IEKTPUYHHX HigBuIneHHs HaNpyr, AKE BIUIMBAE HA 130JIALIIO
CTaHIl#, MmigcTaHmii Ta cucreM. Hacmigkamu LbOro € eJIeKTpooOIaTHAHHS, IOHA] HAalOLIpIIOro pobodoro 3Ha-

smenmenns HagiiHocti EEC. CrapiHHs Lenroo3Hoi i30-  1CHHA, Ma€ K 30BHIIIHE IIOXOUKEHHS (rpo3oBi pospsim),

IS BUCOKOBOIBTHUX ICKTPUYHAX MALIMH Ta amaparip ~ TaK 1 BHYTpIlIHE (KoMyTaliiiHi abo apapiiiHi pexumu ta
OB ’s13aHI 3 HAUMH TIepexinHi mporecn). Amapatu ski 3a-
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0e3MeuyoTh 3aXUCT EJICKTPOOOIaHAHHS BiJl BCIX BHIIIB
MepeHANpPyT € BEHTHWIbHI po3psaauku (BP) Tta oOmexy-
Baui nepenanpyr HemiHidHI (OITH). BenTmneHi po3ps-
HUKU TIPU3HAYCHI JUTS 3aXUCTY 130l BiJ TPO30BHUX Ta
KOPOTKOYaCHHUX KOMYTaIlitHUX nepeHanpyr. O0MexyBadi
TIepeHanpyT HEeNiHIWHI MpU3HAYCHI I 3aXHUCTy 130JAIil
eleKkTpooOmagHanHs Hampyroo 6-750 kB 3MiHHOTO
cTpymy mpomucioBoi gactotu 50 I’ Big komyTamiiHUX
Ta TPO30BHUX MEPEHANPYT 1 MAIOTh JOCUTh CTAOUIbHI 3aXH-
CHI XapaKTepHCTHKH IPOTSATOM YChOTO CTPOKY CIIy:KOW
(1], [2].

3rigao 3 [3] KOXKHOTO pOKY Mepei MOYaTKOM I'Po30-
BOTO Ce30HY Tpeba mepeBipsATH cTaH 3ac0o0iB 3aXHCTY Bifg
nepenanpyr - BPII Ta miniit enexrponepenad, Ta 3abesre-
YyBaTH TOTOBHICTh 110 3aXUCTy. Ha mignpuemMcTBax moBu-
HHI peecTpyBaTHCSl BUMAIKH T'PO30BUX BIIAKIIOYEHb Ta
nouKoKeHHs noBiTpsiHux JjiHii (I1J1), o6nagHanHs pos-
nofineuoro mpucrporo (PII). 3a orpumaHnMu maHuMuH
IMOBMHHA MPOBOJIUTHCH OIliHKA HAJIHHOCTI IPO303axXUCTy
Ta, 32 HEOOXITHOCTI, PO3POOIIATHCS 3aX0¥ IS i ITi[BU-
mieHHs. AJle ) HeoOXITHO OIIIHIOBATH HE TUIBKM HaIlN-
HICTh BHKOHAHHA CBOIX (YHKIIH amapary 3aXucTy Bif
TIepeHANpPYTH, aje i HOTro TEXHIYHHUHA CTaH Ta UMOBIPHICTb
HOTO TOMIKOKEHHS BHACIIAOK 3HAYHOTO CIIPAIEOBAHOTO
pecypcey. Homkomkernns BP Ta OITH moxyTs npusBoan-
TH [0 BIOKIIOYEHHS 3HAYHOI KIIBKOCTI BIAIOBIZAIBHOIO
00afHaHHs, BHACIIIOK <OKOPCTKOTO» MpHeAHaHHS (0e3
KOMYTAI[IHHUX arnapaTiB - BUMHKA4YiB) B KOMIpKax CHIIO-
BuX TpaHchopmaTopiB Ta Ha 30ipHi mmHM PII. Takum
ynHOM, BP Ta OITH B HaCHmiOK BiIMOBH MOXYTh TaKOXK
CTaTH MPUYUHOIO BiJIMOBH CHJIOBOTO 200 BHMipIOBAIBEHO-
ro TpaHcPOpPMATOPHOTO OONATHAHHA, IO MO HU3BKE
3HAYCHHS CTYICHIO MOJIMEpH3alii MEeN0JI03H HarmepoBol
130T

3rigao [1], [2] ekciuTyaTamidHUA HArJsI BHKOHY-
€TBbCS HACTYITHUM YHHOM — OTJISIJT YSPTOBUM ITEPCOHATIOM
3 OOJIKOM CIIpAIfOBaHHS 32 JaHUMH PEecTpaTopa Ta, 3a
HASBHOCTI BIJIOBITHOTO HPUCTPOIO, KOHTPOIIO CTPYMIiB
BUTOKY amapary(Iisi TPHUCTPOIB, IO 3HAXOIATHCS IIif
pobodoro Hampyrorw). BaImMBorO CKIaIOBOIO EKCILTya-
TAI[IIfHOTO HATTSAY € MEepioAWYHI MPOoQiTaKTUIHI BUIIPO-
OyBaHHS — BUMIPIOBaHHS OIOpPY €JEMEHTIB 3aXHCHUX
amapaTtiB Ta CTpyMy MPOBIIHOCTI (A1 MPUCTaB BUMKHE-
HUX 3 excruryatanii). Ctan BP ta OITH edexTnBHO KOHT-
POJIIOEThCS 3aco0amMu iH(paYepBOHOT TEXHIKH 0¢3 BUMK-
HEHHS arapartiB 3 eKcIulyaralii. Aye 1l MeTOAN He JIaoTh
MOJKJIMBOCTI JIJIsl KOMIDICKCHOI, IHTErpOBaHOI OLIIHKU Te-
xuigHoro crany (TC) amapariB 3axucTy Bif NepeHamnpy-
T'H, a 3/IcOUIBIIOr0 aHaji3 3BOUTHCS 10 IHTYITHBHOI (K-
CIIEPTHOI) OI[IHKH TEXHIYHOTO CIICIiallicTa.

I1. AHAJII3 TOCJALKEHD TA TYBJIKALIA

Metoau OLIHIOBaHHS HAAIHHOCTI Ta HMOBIpPHOCTI
BiIMOBH amapariB 3aXHCTY BiJ IIEpEHAIPYT, SAKi iICHYIOTh
Ha ChOTONEHHs pisHOMaHiTHI. Y [4] mna Bubopy OITH
no0y/ioBaHa MOJIejb, K4 BPaXOBY€ BIACTHBOCTI Ta Xapa-
KTEPUCTUKH MEpex (CXeMH, PeKUMH Ta 3acO0HM 3a3eM-
JICHHS HEWTpaii, KoH(DIrypamiro Ta CKiIaa OOJIagHaHHS
TOLIO), ajie L5l MOJIENIb € OLIBII KOPUCHOIO ISl ITPOEKTY-
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BaJBHUX LIJICH HDK JJI OLIHIOBAHHS TEXHIYHOTO CTaHY
OIIH B morouHiii ekcrutyatauii. B crarti [5] noOynosana
MOJIETIb JUIS JIOCHI/PKEHHSI poOOTH 3ac00iB 3aXUCTy BiX
MepeHANpPyT B €HEPrOCUCTEMaX IPH HAasSBHOCTI B HUX BH-
IIUX TapMOHIK, SIKi MPU3BOMATH MO 3HIKEHHS TEPMiHY
ekcruryarartii. 3riguo 3 [9] HagiiiHa ekcIuTyaTaris 3aco0iB
3aXHCTY Bil MEPEHANPYT 3aJE€KUTh Bill IPaBUIBHOTO BU-
060opy XapaKTepUCTHK 3ac00iB 3aXHCTy B 3aJIC)KHOCTI Bij
MICI[SI IXHBOTO PO3TalllyBaHHsS. AJIe I1i METOIU KOPHCHI
nuiie Ha crafii npoextyBaHHs. Takox B [9] mpornoHyeTh-
cs s koHTpodto ctany OITH mpoBoauTH cTaTUCTHYHUN
aHaJli3 Ta y3araJbHEHHs JOCBITYy CKCILTyaTallii Ha OCHOBI
BUKOpHCTaHHS naTyukiB cripaoBanns OITH npw 3axucri
obOnamHanHsA. B [7]-[9] po3rasmaroThcs METOIM HiarHOC-
TyBaHHSA TEXHIYHOTO CTaHy amapartiB Mg poOodor0 Ha-
npyroro. Po3risHyTi BumIe Mozeni 0a3ylThCs Ha PEKo-
MEH/IAIlisAX 1010 BUOOPY amapaTiB 3aXUCTy (32 OCHOBHU-
MH XapaKTepPUCTHKaMH) Ha CTajii MPOEKTYBAaHHS EJEeKT-
POYCTaHOBKH, IO € 3alOpPYKOI0 iXHBOI HOPMAJIbHOI €KC-
mryararii, abo mochimkyiots TC amapatiB 3axmcry 3a
OJTHIEI0 XapaKTEPUCTHKOIO, IO HE € IOCUTh 00’ €KTHBHO.

III. META POBOTH

Meroro crarti € po3poOka MareMaTH4HOI Mopeni
KOMILICKCHOI OIIHKKA HMOBIPHOCTI Bi]MOBH amapary 3a-
XHUCTY BiJl IEpEHANpPYT 3 BUKOPUCTAHHSIM arapaTry HEJiT-
KUX MHOXWH, SKa IPYHTYEThCS Ha CKCICPTHHUX 3HAHHSIX
Ta JAIarHOCTHYHUX JaHUX OTPUMAHUX B €KCILTyaTaridHui
mepios.

IV. BUKJIAJEHHS OCHOBHOI'O MATEPIAJIY
TA AHAJII3 OTPUMAHUX PE3YJIBTATIB

[Tpu HasiBHOCTI pi3HOpiAHOT BXigHOI iH(pOpMAIIii, sKa
OIUCYE TIOTOYHHMH CTaH JIOCHIIPKYBaHOTO 00’€KTa, BUKO-
pucranHs (i3MKO-MaTeMaTHYHUX MOJENeH, sKi O Moriu
IHTETPyBaTH Pi3Hi 32 CBOEIO MPHUPOJIOI0 TTApaMETPH BILIHU-
By Ha LIH CTaH, 3aja4a JOCHTH CKJIa/lHa, a B JI¢ SIKUX BH-
naakax i HemoxuBa. OIUCaHHS CTaHy JOCIIJUKyBaHOTO
00’€KTa YCKJIQJIHIOETHCSI TAKOXK BiJCYTHICTIO 200 HEIOB-
HOIO JIOCTOBIPHOCTI PETPOCIEKTHBHUX TAHUX MPO (PYHK-
[IOHYBaHHA MAHOTO BHUIY OONagHAHHS, HEIOCTYITHICTIO
iH(opMaIii PO YCTpiii Ta TEXHOJOTII0 BUPOOHHIITBA.

B sikocTi onHi€T 3 IepeyMOB BUHUKHCHHST HEUITKOT
JIOTIKM — € TaK 3BaHW{ NPHHIUIT HECYMICHOCTI, KOTpHH
NoJISIra€ B TOMY, IO 31 30UIBIICHHSAM PO3MIpY Ta CKJIai-
HOCTI CHCTEMH, CYTTEBO YCKIIAHIOETHCS i MOJCITIOBAHHS
3a IONOMOT'OI0 PO3MOBCIO/PKEHUX MATEMAaTHYHUX 3aC001B.
ToMy omHHM i3 3aC00iB MMOJONAHHS Li€l MPOOIIEMH € BU-
KOPHUCTaHHA HEYITKOi JIOTIKM Il HaONMKEHOI OLIHKH
ctany 06’ekta. IloOynoBa HeUiTKIX Mozesel Ha 6a3i ex-
CIIEPTHUX 3HaHb, NPOBEICHHS oOlepauiii 3 BUKOPUCTaH-
HSIM HEYITKUX JIOTIYHUX TpaBWJ, OTPUMaHHS Ha iXHIl
OCHOBI HEYITKUX BHCHOBKIB Ta IPUBEJCHHS 1X JI0 YITKOC-
Ti.

s BU3HAYeHHS WMOBIPHOCTI BIJMOBH amapary 3a-
XHCTY BiJl IEpeHaNpyrH, NPOIOHYETHCS BHKOPHCTAHHS
napameTpiB 3rimHo 3 [1], [2], 3a sskumu BuzHauatoTh TC
Ta IMOBIPHICTh BiZIMOBH amapary:

- OIp €JEMEHTIB alapariB 3aXUCTy;
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- CTpYM IPOBIZHOCTI arapariB 3aXUCTy;

- KOHTpOJIb alaparTiB 3aXUCTy 3a JIONIOMOTOI0 iH]pa-
YepBOHOI TEXHIKH;

- KOHTPOJIb MPOIMYCKHOT CIIPOMOXKHOCTI amapary BiJ
I IMITyJIECIB TPAHUYHO TOTYCTUMHUX CTPYMIB.

KoHTponb 1mux mapamerpiB 00yMOBJICHUH HasBHiC-
TIO BAHUKHEHHS TaKUX JIeEKTIB:
3BOJIOYKCHHS HENIIHIMHUX pOOOYMX eJIeMEHTIB (Bi-
JiTOBHX AUCKIB Y BP Ta OKHCHO-IMHKOBHUX ANCKO-
Bux onopis y OITH);
po0ii CIOASIHOT 30TAIHHOT IPOKITAIKK B iICKPO-
BUX IIPOMDXKIB y BP;
pYHHYBaHHS IIYHTYIOUHX PE3UCTOPIB VIS PO3IO-
JIeHHS HAIPyTH 10 6JI0KaM iCKPOBUX MPOMIXKKIB;
OKHCJICHHSI IOBEPXOHb 3epeH kapOopyHay y BP ta
METaJli30BaHUX MOBEPXOHb OKHUCHO-IUHKOBHX JIW-
ckoBux omopi y OITH.

Binpm pi3ka HemMiHIHHICTE BOJIBT-aMIIEPHOI XapaKTe-
puctuku OITH mo3Bonmina BHIAIATH 3 HOTO CXEMH iCKPO-
Bl TPOMIXKKH, Ta [al0 MOXIJIMBICTH O€3MOCEpETHBOTO
NpUEHAHHS arnapaTty 10 oOJiaHaHHS sIKE 3aXHIIA€ThCS.
Ie 3HaYHO MiABHINYE HOTO HAMIHHICTH Ta 3MCHIYe rada-
puTHI po3Mipu B nopiBHsiHHI 3 BP ogHOrO Kiacy Hanpyru
[10], [11].

B 3aranpHOMY BUTJISAI HEUITKA MOAETH Ma€ HACTYII-
Hy cTpyKTYpYy [12]:

- ¢ynkuii npunanexuocti (OI1) BXimHUX 1 BUXITHUX

3MiHHHX — [ (P) ;

6a3a HeuiTkux mpasui Buay «SKIIO — TO» 3 Ba-
roBUMH Koedimientramu W — R(W) ;

MEXaHI3M HEYITKOTO BUBOIY, IKHI peajizye Jori-
YHi omepamii i BHKOPHCTOBYE IpaBWIa BHIY
«AKOIO — TO» mnst BimoOpakeHHS BXiTHUX He-
YITKUX 3MIHHUX B HEUITKY BUXiOHY 3MiHHY — M ;
meron nedazudikarii — D .

Toxl HeuiTKa BUXiJHA MHOXKMHA CTaHiB 00’ekra S
BU3HAYAETHCA 13 CIIBBIJHOIIIECHHS:

S=F(f(P),R(W)M,D,A).

()

Jlinrsicthuni 3MinHi A BU3HAYAIOTHCA Ha YHiBep-
CalbHUX MHOKMHAX BXiJIHUX 3MIHHUX X; = [xl- X bi=1k.

Jlinrsictuuna 3MiHHa S BuU3HAuYaeThCA HA YHiBep-

CalbHUX MHOXKMHAX BUXIJHHX 3MiHHUX Y; = |_yl~ , yiJ

BBOmSTECS TepM MHOXXWHHU BXiTHUX JIIHTBICTHYHUX

3MIHHHX 4 = {A[I,A,-Z,...,A i=1,k iTepM MHOXHMHa BH-

iq )
XiJHO NIHrBiICTUYHOI 3MIHHOI S = {S 159250055, }

OnHi€ro 3 OCHOBHHX 3aJad B TIOOYAOBI HEWITKOT MO-
JIelli — € BU3HAYCHHS BHUIY 1 KUTBKOCTI TEpPMiB (DYHKITIH
MIPUHANEKHOCTI, CTYNEHS MPHHAIEKHOCTI BXiTHHX Ta
BUXI1JHOI JIIHTBICTUYHOI 3MIHHOI BIAIIOBIIHHUM HEYITKHM
TepM MHOXxkHHaM ®DIT f(P) . ®II 3pydHo 3amaBaTu B ma-
pameTpuuHii Gopmi, ToMy iXHSI T0Oy/10Ba 3BOJUTHCS IO
BH3HaueHHs napameTpiB [13]. Skmo BimoMi iHTEepBasbHI
3Ha4eHHA (TI0YaTKOBE Ta JOMYCTHME), TO BUKOPHUCTOBYE-
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MO JIiHIMHY anpokcumarito. B oMy BHIaznky napamerp
MOXHa pO3TIISIaTH TPUKYTHOIO abo TpaneueBuHoo ¢o-
pmoto OIT:

x—a b>x>a,
b—a
H(x,a,b,c)= _x,c>x>b, 2
c—-b
0,x<a,x>c;
- TpukyTHa (puc. 1).
p(x)
1 A
0 | g%
a b c
Pucynoxk 1. Tpuxyrhna ¢popma ®II.
x—d b>x>a,
b-a
lLc>x>b,
u(x,a,b,c,d)= (3)
d—x
d>x>c,
-c
O,x<a,x>d,
- TpanernieBuana (puc. 2).
p(x)
1 A
0 o

axb ¢

Pucynox 2. TpaneuieBuana gpopma PII.

Jns BusHayenHst napamerpis @I BXigHuUX JIHTBiC-
TUYHUX 3MIHHHX KOPHCTYEMOCS METOJIOM EKCHEpPTHUX
ouiHOK. CTyneHb NPHUHAIEKHOCTI HEYITKIH MHOMXHHI
A; Bu3HauaeMo MetonoM mapHux nopisusup Caarti [14].
Jns BuzHadeHHs mapamerpiB @I BUXigHHX JiHTBiCTHY-
HUX 3MIHHAX KOPHUCTYEMOCS IIKaJOK OakaHocTi XappiH-
I'TOHA BIIIMITKH SIKOi OTPUMaHi Ha OCHOBI CTaTHCTHYHOTO
aHaJIi3y BEJIMKOI'O MacHBy JJAHWX Ta MAlOTh YHIBepcaJbHE
3acrocyBanHs [15]. Jliama3oH TepMiB HEUiTKOI BHXITHOT
JIHI'BICTUYHOT 3MiHHOT HaBeJeHUH B Ta0. 1.

[Mobymosa ®I1 meromom CaaTi momsdrae B HaCTYII-
HOMY:

- eKCIIepT, I KOXKHOI Mapu eIeMEHTIB YHiBepcaib-

HOI MHOXXMHH, BUKOHY€E OLIHKY IIepeBard OJHOTO
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€JIEMEHTY HaJ IHIIUM 3a BJIACTHBOCTSMH HEYITKOT
MHOXHHH 10 IIKaJi NapHUX NopiBHsAHb Caari [16];

- MapHi HOPIBHSHHS 3aITUCYIOTHCS y BUIVISAI MaTpH-
o A= [AUJ e /11'/‘ — piBEHb IEPEBaru i-TOTO eJe-
MEHTY Hajl j-ThM, A;; = l/ﬂﬁ,ﬂil_ =1;

- CTYIEHI NMPUHAJIEKHOCTI MPUUMAIOTh PIBHUMH Bi-

JIOBIIHUM ~ KOOpJAMHATaM  BJIACHOTO  BEKTOpa
W= (Wl W W, )T MaTpulll MApHUX ITOPiBHAHD
w.
Tadanua 1. [llkana inTepBaiiB 6akaHocTi XappiHITOHA.
Ne Baxanicts [3{;:;:;:;
1 Bucoxka 0,8-0,1
2 CepeaHbOBHCOKA 0,64-0,8
3 Cepenns 0,36-0,64
4 CepeHbOHU3bKA 0,2-0,36
5 Husbka 0,0-0,2

BrnacHuii BEKTOp BU3HAYAETHCSI CHCTEMOIO PiBHSHB!

(A=JE)W =0,

z 4)
i = 1
lzl]w

ne A — HaiOuThIIe BIacHe ywcio Matpuni A; E — omu-
HUYHA MaTPULl PO3MIPHOCTI (nX7n) .

Hedasudikariro BHKOHAHO HAa OCHOBI METOIy
meHTpy Baru abo meHtpy mwiom [13]. [Tpubmmsna Momu-
¢ikamis EHTpY Baru:

Mz

,Lll'(s)'Sj
=

i

S

s (5)
2 H(s)
i=1

OTtprMaHa 3a JONMOMOTOI0 HEWIiTKOI MOZe, sKa Oa-
3Y€TbCA HAa BHKOPHCTAHHI MPAaBHJ HEUYITKOTO JIOTiYHOTO
BUCHOBKY, BEJIMYMHA S KUIBKICHO XapakTepu3ye HMOBi-
PHICTH BIZIMOBHM amapaTy 3axHCTy, 3aJeKHO BiI CTaHY
KOHTPOJILOBAaHHX ITApaMETpiB.

Ipukiaan Ta pe3yabTaTu

Bci ocHOBHI ekcmmyararttiifHi pakropu 3a cBo€ro Pi-
3UYHOIO TIPUPOIOI0 TOIIISIOTECS Ha HACTYIIHI:

SNIEKTPUYHI;
TEIUIOBI;

MEXaHivHi;

- XIMIiYHi.

Kontpons crany amapariB 3axucty (BP ta OIIH),
SIKUHA 3MIHIOETBCS i Ji€r0 TuX (haKTOpPIB, 3MIHCHIOETHCS
HACTYITHMM YMHOM: MEXaHIuHi Ta XiMI4HI KOHTPOIOIOTh-
csl eKCIUTyaTalliiHUM HarisagoM (HasBHICTh TPIIIUH Ta
CKOJIIB, KOpO3ii, 3a0pyHEHb, TAKOXK 3HATTS IIOKa3iB pe-
€CTPATOPIB CIPAIIOBAHHS TOIO), CIICKTPUYHI Ta TEIUIOBI
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KOHTPOJTIOIOTHCS TIEPIOTMYHIMHI BUIIPOOYBAaHHAMHE (KOH-
TPOJIb ENEKTPHUYHMX MApaMETPiB), KOHTPOJIEM TEIIOBOTO
cTaHy 3acobamu iHppadepBoHoi TexHiku [10], [11].

3rigno [10], [11], BUAINSAIOTBCS OCHOBHI KOHTpPO-
JbOBaHI eKCIUTyaTaliliHi mapameTpu 3a sIKUMHU Oyze 1o-
OyJoBaHa HEYITKa MOJIC/Ib BU3HAYCHHS HMOBIPHOCTI Bif-
MOBH artapaTy 3axHCTy BiJ IepeHanpyr:
BUMipIoBaHHS onopy enementis BP, OITH;
BUMIPIOBaHHS CTPYMY IPOBILAHOCTI 32 BUIIPSMIIC-
HOI HaNpyru;
KOHTPOJIb TEIUIOBOTO CTaHy €IEeMEHTIB 3a JI0IOMO-
roro iH(payepBOHOT TEXHIKH;
KIJIBKICTh CIIPAIIOBaHb arapariB 3axucry (3a Ja-
HMMH PEECTPATOpa CIPaLIOBaHb).

Juis  BUKOpUCTaHHA OOpaHHWX TapaMmeTpiB, IIpH
PO3B’s3aHHI 3a/avi OLIHKK CTaHy amapaTy 3aXHCTy Bif
MepeHanpyr Ui BH3HAYCHHS WMOBIPHOCTI BIIMOBH 3a
HEYITKOI MOJEJUII0, 00paHO HACTYITHI BXiJHI JIHTBICTH-
YHI 3MIiHHI:

- A, = «3Ha4yeHH ONOpY €JIEMEHTaY;

- A, = «3Ha4yeHHs CTPYMY HPOBIIHOCTI €JIEMEHTa;

- A; = «HapnumikoBa TemriepaTypHa pi3HHL;

- A4 = «KinmbKiCTh CIIpaIloBaHb anapaTay.

JAnist KOXKHOT JITHrBICTUYHOT 3MiHHOT BBE/ICHI HACTY-
[THI HEYITKI TePMHU:

A, : AH, = «ABapiiiHo HH3BKeY, [[; = «JomycTu-
Me», B = «Bucokey;

A, 1 Hy, = «Husbkey, [, = «lonyctumey, AB,
«ABapiifHO BHCOKE»;

As : II; = «IlouatkoBa», P; = «Po3BuHeHay;

Ay Ay = «lonyctumar, By = «Bucokay.

BuxigHy MHOXXHHY WMOBIpHOCTI Tofiii S ommcaHo
JHTBICTHYHOIO 3MiHHOIO «Cy0'eKTHBHA HMOBIpPHICTH Bi-
JIMOBH ariapary 3aXucTy Bij mepeHanpyr». TepMu Buxifi-
HOi 3MiHHOT Ta IXHI IHTEpBaJM BU3HAYCHO 3a CTaHIAPT-
HUMH BIIMITKaMH BepOalbHO-YHCIOBOI IIKAJH XappiHT-
TOHA!

- B = «Bucoxka iimoBipHicTh BimmoBm» (0,8; 1,0];

CB = «CepenHbpOBUCOKAa WMOBIPHICTh BiJMOBHY
(0,64; 0,8];

C = «Cepennst iMoBipHicTh BinmoBu» (0,36; 0,64];

CH = «CepenHbOHH3bKA HMOBIPHICTH BiIMOBHY
(0,2; 0,36];
H = «Husbka timoBipHicTh Biqmosu»|[0,0;0,2].

Baza mpaBwt 1t OLiHKKA HMOBIpPHOCTI BiIMOBH ara-
paTy 3axucTy Bia mepeHampyr (QopMyeTbCs Ha OCHOBI
SKCIICPTHUX 3HaHb XapPaKTCPHUCTUK Ta IPOICCIB ITOCITi-
JuKyBaHOTO 00’ekTa. B naHiit Mozesni BOoHa mpescTaBIIsie
coboro HaOip i3 36 TPOAYKIIWHUX MPaBWJI HACTYITHOTO
tuny: «AKII]O 3nauenns onopy enemenma A; ={AH;, /[;,
B} TA 3nauenns cmpymy nposgionocmi enemenma A,
={H,, /), AB,}TA nomidxc enemenmna memnepamypHa
pisnuys A;={IT;, P;}TA kinexicmv cnpayroeanv anapama
Ay ={d, By, TO cyb'ekmusna umogipnicms 8i0MO8U
anapamy 3axucmy 6io nepenanpye S={ B,CB,C,CH,H}».

CdopmoBana 3arambHa 0a3a MpaBWII I OLIHKA
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HWMOBIPHOCTI BiIMOBH amnapary HaBezieHa B TaOI. 2.

CrpyKTypHa cxema po3poOJieHOT HewiTkol Mojeni
JUIsl OL[IHKM HMOBIPHOCTI BIIMOBH arapary 3axHcCTy Bill
MepeHanpyr MpeaCcTaBiIecHa Ha puc. 2.

Hna OIIH B sxux HemiHiiHI poOodi pe3nucTopu BU-
TOTOBIISIIOTECSI 3 OKCHIY IIMHKY 3 OLIBII BHCOKOIO Helli-
HIMHOIO XapaKTepHCTUKOIO, Ha BigMiHy Biax BP, ne Buko-
PHUCTOBY€ETBhCS KapOiJ KpEeMHil0 31 3B’SI3KOI0 13 piAKoro
CKJIa TaKa BXi/HA XapaKTEPUCTHKA K KUIBbKICTh CIpallo-
BaHb afnapara He € BIUIMBOBOIO [1], [2]. 3aBasku rHyukoc-
Ti po3po0IIeHOT HeYiTKOT MOAeN JaHWH eKCIuTyaTaliiHui
rmapameTrp Juisi OLiHKM ¥MoBipHOCTI Bimmou OITH nHe
BHUKOPHCTOBY€eThCA. basza mpaBmin fiist omiHKY iiMOBipHOC-
1i BignmoBu OITH HaBenena B Ta0i. 3.

Jlyst 10CTOBIpHOT OLIHKM MIMOBIPHOCTI BiIMOBH aria-
pary 3aXHCTy BiJ NepeHanpyr HEoOXiJIHO BHKOHATH Ha-
crpoiiky mapamerpiB @I BXimHMX Ta BHXIZHHUX JIHIBiC-

THYHUAX 3MIHHHX. Y 3B’S3KYy 3 BIACYTHICTIO TOCTaTHBOI
KIJIBKOCTI CTAaTUCTUYHUX JaHUX PO BIUIMB (DaKTOpiB HA
TC amapary 3axucry, sika 0 Jaja HaM MOXIIMBICTb 3 BH-
COKOI0 MIPOIO OLIHWUTH WMOBIPHICTH WOTO BiIMOBH, Ha-
cTpoiiky mapamerpiB @Il BXigHHX JIHTBICTUYHHX 3MiH-
HUX BHKOHAEMO 32 JJONIOMOTOI0 EKCIIEPTHHUX ONHUTYBAaHb.
Just moOynoBu DI1 HewiTKUX TepPMiB BXIJHHUX JIHIBICTH-
YHUX 3MIHHMX A, A, A3, A4 onuraHo 9 ekcrepriB siKi
MaroTh JIOCBiJl pOOOTH B CITy)KOaxX AiarHOCTYBaHHSI CTaHY
eJIEKTPOTEXHIUHOrO oOyasHaHHs minnpuemcts [IpAT
«Yxprigpoenepro», Il HEK «Ykpenepro» JHEC,
IMIpAT «Banopixoxsodnenepro». [lpn omuryBaHHI Bei
PO3MIPHOCTI BH3HAY€HI B YMOBHHX OAMHHIIX B MeEXax
HOPMOBAHHUX IHTEPBAIbHUX 3HAYCHb arapaTiB 3axHUCTy.
PesynpraTi 006pOOKH EKCIIEPTHUX ONMUTYBAaHb MPUBEICHI
B Tab. 4.

Tadauupa 2. 3aranpHa 6a3a mpaBuiI JUIs OL[IHKKA HMOBIPHOCTI BIZIMOBH arapary 3axXHCTY BiJl IIEpEHAIpPYT.

Ay
A, 4 B,
A2 H, hie AB, Ao H, i AB,
A A
1, B, CH CH CB B, CH CH CB
I, CH H B I, CH CH B
AH, CB CB B AH, CB CB B
22 H, s AB, = H, i AB,
A A
P, B, C C B B, CB CB B
I, C CH B I, C C B
AH, CB B B AH, CB B B
FRo |- Basa
NMPaBLI
OIIHKM
Low ~Floe iimosipHocTi
BiIMOBH - FS }—’ S
amnapary
3AXMCTY BiJJ
nepenanpy
Ren. — 3nauenns onopy enemenma anapama saxucmy; Inp. — snauennss cmpymy nposionocmi anapama 3axucmy; Aten. — HAOIUWIKO8A memnepamy-

pua pisnuys; Nenp. — kinvkicms cnpayiosans anapama; F Ren. — nineeicmuuna sminna «3nauenns onopy enemenmay; F Inp. — nineeicmuuna sminna
«3nauenns cmpymy npogionocmi enemenmay, F Aten. — nineéicmuuna sminna « Haoauwkosa memnepamypua pizsnuysy,; F Nenp. — ninegicmuuna
sminna «Kinvkicms cnpayiosans anapamay,; FS — ninegicmuuna sminna « Cyo'ekmusna umogipnicme 6i0Mo6u anapamy 3axucmy io nepenanpyey; S
— 3HAuenHs cy0 €KmugHoi UMOBIpHOCHI 8IOMOBU anapamy 3axucmy 6io nepenanpye.

Pucynok 3. HeuiTka MoJienb 17151 OI[IHKH WMOBIPHOCTI BIJIMOBH arapaTy 3aXHCTY BiJl IEPCHATIPYT:

3rizHo (4) BU3HAYEHI CTYNEHI NPUHAIEKHOCTI 3Ha-
YEeHb BXIJTHHUX JIIHTBICTHYHUX 3MIHHUX HEUITKHM TE€PMaM.
PesynbraTn po3paxyHKiB 3BesieHi B Ta0II. 5-8.
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@Il He™ITKHX TepMiB BXiTHHX JIHTBICTUYHHAX 3MiH-
HUX Oyayemo 3rimHo (2), (3), @I HewiTKUX TepMiB BHXI-
JiHOT 3MiHHOT «Cy0'eKTHBHA IMOBIPHICTh BiJIMOBH amapa-
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Ty 3aXHUCTy BiJ IIEpEHANpPYT» BU3HAYAE€THCS HA CTAHIAPT-
HUX iHTepBaJaX BepOaJIbHO-YHCIIOBOI KA XappiHITo-

Tadaunua 3. baza npaBun amst ouiHky iMoBipHOCTI BigmoBu OITH.

Ha. ['padiune 300paxenns @I HewiTKUX TEpMiB JIHTBiC-
TUYHUX 3MIHHHX TIpeJICTaBIIeHI Ha puc. 3-7.

As
P;
= H, o AB; = H, PIg; AB,
A, A,
B, CH CH CB B, CB CB B
it CH H B if C C B
AH, CB CB B AH, CB B B
Tadanua 4. Pe3ynapratn 0OpoOKH €KCIIEPTHHX OLIHOK.
A= «3HaueHHs ONOPY eJIEMEHTa»
R, B.O. 0,0 0,2 0,4 0,6 0,8 1,0
AH,| = «ABapiiiHO HU3bKE» 9 5 0 0 0 0
I, = «lomycTime» 0 4 9 9 7 0
B; = «Bucoke» 0 0 0 0 2 9
Ay= «3HaueHHS CTPyMY POBITHOCTI €IEMEHTa
1,,., B.O. 0,0 0,2 0,4 0,6 0,8 1,0
H, = «Huzbke» 9 7 0 0 0
I, = «Jlonyctumey 0 2 9 1 0
AB, = «ABapiliHO BUCOKE» 0 0 0 8 9
A= «HaummikoBa TeMneparypHa pi3sHHULISD)
At,,, B.O. 0,0 0,2 0,4 0,6 0,8 1,0
11; = «IlouaTkoBay 9 9 7 3 0 0
P; = «Po3BuHeHa» 0 0 2 6 9 9
A4= «KinpKicTh crpaitoBaHb anapara
Newp., B.O. 0,0 0,2 0,4 0,6 0,8 1,0
I, = «Jlonyctumay 9 9 9 8 2 0
B, = «Bucoxka» 0 0 0 1 7 9
Ta6auna 5. CtyneHi npuHAIEKHOCTI HEUITKUM TepMaM 3HA4YEHBb BXiTHOI BEIMYUHN «3HAYUCHHS OIIOPY EIEMEHTa.
R 0 0,2 0,4 0,6 0,8 1
Hapapiiino mussxe (Rex.) 1 0,557 0 0 0 0
Ponyermve (Ren) 0 0,443 1 1 0,776 0
Hancore (Ren) 0 0 0 0 0,224 1

FIS Variables.

KINBKICTECIPALI0EEHE

Membership function plots

Aonycrimii

input variable "Onip”

Pucynox 4. ®II TepMmiB JTiHIBICTHYHOT 3MIHHOIT «3HaUCHHS ONIOPY EIEMEHTaY.
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Tadanua 6. CtyneHi IpUHAIEKHOCTI HEUITKUM TepMaM 3Ha4eHb BX1IHOI BETMUYMHN «3HAUCHHS CTPYMY IPOBiIHOCTI
€JIEMEHTa.

L. 0 0,2 0,4 0,6 0,8 1

Husorce (Tip.) 1 0,778 0 0 0 0
Monyerme (Inp) 0 0,222 1 1 0,111 0
apapiiino sucore (Inp.) 0 0 0 0 0,889 1

e poees:
Membership function piots
T T T T T

T
[ AonycTummii amapifnosHCORI
‘ X ‘ e\ '

Onip HMOBIPHICTEBIGMOBH

Crpym

FIS Variables

g

agnuwrcBaTemnepaTypa

%

input variable "CTpyM”

Pucynox 5. ®I1 TepMiB JIHIBICTHYHOT 3MIHHOI «3Ha4EHHSI CTPYMY MPOBIJHOCTI €JIEMEHTAY.

Tadanua 7. CTyneHi NpUHAIEKHOCTI HEUITKUM TepMaM 3Ha4eHb BX1IHOI BenmnunHu «Hauinkosa TemmeparypHa
PI3HHLID.

Aty 0 0.2 0.4 0.6 0.8 1
Mrouarxona (Inp.) 1 1 0,779 0,333 0 0

At 0 0.2 0.4 0.6 0.8 1
Mpossimeria (Trp.) 0 0 0,221 0,667 1 1

it poees
Membership function plots
T T T T T T
nouaTkoBa posBuHeHa

FIS Variables

(XX XN i

onip HIMOBIpHICTEERMOEH

8

Crpym

i

HAANMUWKOEATEMNERATYRE

8

input variable “HagnnukoBaTemnepaTypa”
KINBKICTECAPAUOBAHS

Pucynox 6. ®II TepmiB JiHrBicTHYHOI 3MiHHOI «HaumimkoBa TeMneparypHa pisHULSD.

Tadanua 8. CtyneHi IpUHAIEKHOCTI HEUITKUM TepMaM 3Ha4eHb BXiHOI BenMunHN «KINBKICTh CHpamioBaHb anaparay.

Nenp, 0 0,2 0.4 0,6 0.8 1
”’HOHVCTI/IMa (IHD.) 1 1 1 O, 890 0,223 O
Pescora (Tp) 0 0 0 0,110 0,777 1

Pt pores
Membership function plots
T T T T T T

P T

Gnip fiMoBipHicTEEMOEN

Crpym

FIS Variables.

:

HapMMWKDBATEMNEpATYPA

g

input variable “KINbKICT5CIPAWOBEHE"
KinbKiCTBCNpaLYOBaHS

Pucynoxk 7. @I TepmiB miHrBicTHaHOI 3MiHHOI «KiIBKICTh CIIpaIfOBaHb anapaTa.
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FIS Variables

(i 181
Membership function plots

HusEKa

ESqReQ 1

onip iiMoSipHicTESIAMOEN

Croym

T
cepeAnLOHmsERa

cepeana cepeaHsoBUCOKa sicoka

’ " -

KiLKICTECNPALOBEHS

0.4 05 06 07 0.8 0.9 1
output variable "iimosipricTeaiaMoBH"

Pucynox 8. ®II tepmis miHrBicTHYHOT 3MiHHOI «Cy0'eKTHBHA HMOBIPHICTS BIIMOBH amapary 3aXHCTY BiJl IEpPEHAIIPyT»

Ha I1C «/IninpoBceka - 750» B X0/i TEIIJIOBI31HHOTO
oOcTexeHHst OyJIO BUSIBICHO 03Py Ha Je(eKT po3psi-
nuka tuiy PBMK — 750M B komipiii PB 750 2AT ¢.-«A»
puc. 8.

PospsinHuk OyB BUBEICHUI 3 eKcIUTyaralii Juisi 1o-
3aIUIaHOBUX BHUIPOOYBaHb, Pe3yJIbTaTH SIKMX 3BEACHI 10
Ta61.9. HopMaTuBHI 3HAYCHHS BHUMIPSHHX XapaKTEpHUC-
TUK nipuBezeHi 3rigno [1], [2], [17], [18].

3a BUMIpSHIMHU XapaKTEPUCTUKAMH BUKOHAEMO OITi-
HKY HMOBIPHOCTI BiIMOBH DPO3pSAHHKA 32 PO3POOIICHOI0
HEYITKOI0 MOJEIUII0. 3TiIHO BUMIPSHHUX 1 HOPMATHBHHUX
3HAYCHb MEPEBEICMO BUMIPSHI MOKA3HUKH 3 IMCHOBAHUX
B BIJIHOCHI OJUHHLI:

- 3Ha4YeHHA oropy enemeHTa R,,>1,0 B.o.;

- 3Ha4Y€HHS  CTPyMy  IPOBIJHOCTI

1,,=0,125 B.0 ;
- HaJUTMIIKOBA TeMIlepaTypHa pi3uuns 4z,,>1,0 B.0.;
- KiJIBKICTb CHpaIfoBaHb amnapara N,,,=0,59 B.o.

CJIICMCHTa

OrliHka HMOBIPHOCTI BiJMOBH amapary 3axHCTy BU-
KoHyeThes 3a gonomororo nakery MATLAB Fuzzy Logic

Toolbox, ska mpencraBieHa Ha puc. 9. 3HaYeHHS OTPH-
MaHOT HMOBIPHOCTI BiZ]MOBH PO3psAHUKA!

S 41,(5) s
_i=l

S =0,518,adi.

S p.(s)
i=1

Ha IIC IIpaBo6epesxna-330 kB JIninposcrkoi 'EC-1
BUKOHAHO OIIHKY HMOBIPHOCTI BiJMOBH 0OMEXyBaua
nepenanpyru OITH — 330 kB komipku OITH AT — 331 ¢.
«C» dipmu «SIEMENS» . B komipui AT — 331 ¢. «C» Ha
MPOTSA31 YOT UPHOX POKIB JABIUi BinOyBasocs KOPOTKE 3a-
MHKaHHS Ha 3eMITIO 32 MOMIJIKOIO 0OCIyTOBYIOUOTO TIEep-
conany. OImiHKY BHKOHAHO 3a PO3POOJIECHOI0 HEYITKOIO
MoJIeIUTI0, 0e3 BUBOAY OONafHAHHS 3 eKCIuTyaTarii. Xa-
PaKTEPHCTHKH 32 SIKUMH BU3HAYCHO HMOBIPHICTH BIIMOBH
armapaTy 3aXUCTy OTPHMAaHi 3a JaHUMHU TEPMOTPaMH elle-
mentiB OITH (puc. 10 a; puc. 10 6; puc. 10 B), nokazamu

Pucynox 9. Tepmorpama pospsinauka Ty PBMK — 750M  xomipku PB 750 2AT ¢.-«A».

Tadaunua 9. PezynpraTn no3amiaHoBux BUNpoOyBanb po3psanuka tuiry PBMK — 750M komipku PB 750 2AT ¢.-«A».

o Jucneruaep- KinpkicTs crparto-
Haiimeny- 3Ha4yeHHs CTPyMY
CbKE Ha- 3Ha4yeHHs OIopy . . Hannuikosa Temiie- BaHb (3a JaHUMHU
BAaHHA MEHYyBaH- enementa, MOm MPOBIIHOCTI arypHa pizamus,’C eecTpaTopa)
migcTaHmii Hy ? eJieMeHTa, MKA patypra p i peectparopa),
Hsl OJIMHHIIB.
1 2 3 4 5 6
IIC — Bumi- Hopwma- Bumi- Hopwma- Bumi- Hopma- | 3apeect- | Hopma-
JHinpoB- 2131]%3T7§)O psHE THBHE psAHE THBHE psAHE THBHE pOBaHO TUBHE
cbka — 750 B Bix 1300 Bin 250 He 6i
«A» 2 A € OLIbHI
kB 8300 | no7000 | %0 | we3s0 | 0 | 20% t 20

48




ISSN 1607-6761 (Print)
ISSN 2521-6244 (Online)

«EJIEKTPOTEXHIKA TA EJJEKTPOEHEPTETUKA» Ne 3 (2018)

Po3ain «EnexkTpoeneprernka»

-un -

ESiZisnsgensvean

vy 3

i

e e tares ey ¢

e yoResTess - § 39 dnrtg vt = 8 418

SEYUNNMYEL

LEYEER

Pucynok 10. Ominka #imoBipHOCTI BimMoBH pospsimauka Tty PBMK — 750M  komipku PB 750 2AT ¢.-«A» TIC

HuinpoBcbka — 750 kB.

3riiHO0 BUMIpSIHUX 1 HOPMaTHBHUX 3HA4YEHb IIEpeBe-
JIEMO BUMIpSIHI MOKa3HUKH 3 IMCHOBAaHUX B BiTHOCHI OJTU-
HMII:
- 3HauYeHHs omopy enementa R,,=0,429 B.o.;
- 3HaUCHHsI  CTPyMy  TMpPOBIAHOCTI  €IIEMEHTa
1,,=0,083 B.0.;
- Ha/IJIMIIKOBA TeMIiepaTypHa pizuuis At,, =0,2 B.0.;

Orinka HMOBIPHOCTI Bi]MOBH amapary 3axHCTy BU-

KOHYEThCsI 3a oromoroto makety MATLAB Fuzzy Logic
Toolbox, sixka mpencrasiena Ha puc.l1. 3HaueHHs OTpU-
MaHOT HMOBIPHOCTI Bi]MOBH 0OMEXyBaua MepeHarpyr:

m
;,Ui (s)si

S I_m— =0,293s.0.

B) r)

Pucynok 11. Tepmorpama oOMexxyBada IepeHarnpyr 3 HOKa3HHKaMH PEeCTpaTopa CIpaIlOBaHb 3 TOKOBOIO 1HIMKAII€0
komipku OITH AT — 331 ¢. «C» pipmu «SIEMENS» I1C IIpaBobepexna — 330 kB J{ninposcekoi 'EC-1.

Tabéauua 10. Pe3ynpraTti BUMIpsSHHEX XapaKTEpUCTHK oOMexyBada nepeHanpyr ¢ipmu «SIEMENSy komipku OITH

AT - 331 ¢.-«Ch».

HaiimenyBan- HHCHG“T 1epeb 3Ha4YeHHs OIopy ee- 3H.a HCHHA CTPYMY Hapnuinkosa Temnepa-
HS TigcTa”mii KC HAUMCHY= menta, MOmMm TIPOBIIHOCTI CIIEMCHTA, TypHa pi3uus,0C
BaHHS i MKA i
TIC — Mpaso- Bumipsn | Hopmarus- | Bumipan | Hopmatus- | Bumipsn | Hopmarus-
OIIH AT - 331 e HE e HE e HE
oeperiia =330 | g Cn Bix 3000 Bin 0 He Gi
kB ” 1 no 110 o € OB
6000 10000 250 3000 0.4 2,00C
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Pucynok 12. Ominka #MoBipHOCTI BimMoBH oOMexyBauda mnepeHarnpyr komipku OIMTH AT — 331 ¢. «C» odipmu
«SIEMENS» I1C IlpaBobepexna — 330 kB /Tainposcekoi I'EC-1.

V.BUCHOBKHA

HaOyna monmanpioro po3BUTKY TEOpisl TEXHIYHOTO
JIIarHOCTYBaHHsI BHCOKOBOJIBTHHX alapaTiB 3aXUCTy Bill
nepeHanpyr Oe3 BiJIKJIIOUEHHS arapartiB Bix Mepexi (OH-
JaiiH) Ha 0a3l HediTKOi MOAeNi BU3HAYEHHS MMOBIPHOCTI
BiIMOBM amapary. Bin BimoMux Mojenb BiIpi3HSETHCS
THM, [0 BPaxOBY€ CTaH 130JIAMi{, CTaH CTPYMOIIPOBITHIX
YaCTHH, KUTBKICTh CIIPAalfOBaHb arapaTy, TEIUIOBHI CTaH
armapary Ta KOHTaKTHHX 3’€/HaHb, Ta J03BOJISIE paxyBaTh
WMOBIpPHICTD BiIMOBH amaparty IIiJ 9ac HOro eKCILTyara-
mii. Po3pobiena MaTeMaTHdHa MOJENF MOXKE 3aCTOCOBY-
BaTUCS B aBTOMAaTH30BaHHX MPOTPaMHHUX Ta IPOTrPaMHO-
armapaTHUX KOMIUIEKCax JJIsl: AiarHOCTYBaHHS, TUIaHyBaH-
Hsl 0OCITyTOBYBaHHSI Ta PEMOHTIB, pO3MOLTY (hiHAHCOBHX
aKTHBIB €JIEKTPOSHEPreTUYHUX MiIIpUeEMCTB. Po3pobie-
Ha HEYiTKa MOJEIb OI[IHKM WMOBIPHOCTI BiZIMOBH amapary
3aXHUCTy BiJ TEpeHANpPYr MOXe OYTH 3acTOCOBaHA JUIS
BCIX THWIIIB amapaTiB 3axHCTy PO3MOAIIBYMX IPHCTPOIB
BHCOKOI Harpyru.

Ha 6a3i momeni po3po0sIeHO aBTOMATH30BaHHI TIPO-
IpPaMHUIl KOMILIEKC, 3 BUKOPHCTAHHSIM SIKOTO JIiarHOCTY-
BaBCsl CTaH oOMexyBaua nepeHanpyru tumy 3EP2 276-
2PF32-1NA1 ¢ipmu «SIEMENS», sikuii excruryaryeTbes
Ha [uinmposcekuit 'EC-1, BPII-330 kB, xomipku OITH
AT-331, ta BeHTunbHUIl po3psauuk tunmy PBMK-750M
komipku PB 750 2AT. Byna ounineHa HMOBIpHICTH BigMo-
Bu po3paganka Ty PBMK — 750M  kowmipku PB 750
2AT ¢.-«A», sxa BusiBriiach pisaoo S=0,518 B.o. Buxo-
IST9H 3 TOTO, IO MO0 MOOYJOBaHIN HEWITKIH MOZIEIi MpHu
S=1,0 B.o. BinOyBaeThCsi MOBHA BiJMOBa OO0JIAJHAHHS,
TOOTO aBapis 3 MOIIKOMKEHHIM OOJIafHAHHS, TEXHIYHHUM
KEPIBHUKOM OYJIO MPHUUHSATO pillleHHs PO BUBII 00yaj-
HaHHS 3 POOOTH JJIsI OOCTEKEHHS OTO OKPEMHX BY3JIB.
[Ipu obcrexxeHHi Oyi0 BUSBICHO Ae(EKT Y BUIIIAIl 3HAY-
HOTO OKHCIJICHHS KOHTAaKTIiB IIYHTYIOUHX OIIOPIB OCHOB-
HOTO eJIEMEHTY po3psiiHuKa. Takoxx Oyna IpoBeneHa
OLliHKa HMOBIPHOCTI BiMOBH OOMEXyBaua IEpeHaIpyr
komipku OITH AT — 331 ¢. «C» dpipmu «SIEMENSy TIC
[IpaBo6epexna — 330 kB J{xinposcekoi ['[EC-1 6e3 BuBo-
Iy amaparta 3 poOOTH, KW OCTaHHIN TEpPMiH eKCILTyaTa-
il mpaifoBaB B BAXKUX YMOBax 1 MOTpeOyBaB OIIHKH
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HOTro TEXHIYHOTO CTaHy. 3a pO3pOOJICHOI HEYITKOK MO-
nemnro texHiyauii ctan OITH ckimaB S=0,293 B.0., 6e3
BIIXWICHb I10 BXIAHUM KOHTPOJHOBAHHUM IapaMeTpam.
Konrpons Texniunoro crany OITH mpomosxkeno 6e3 BU-
BOJly 3 eKcIutyaranii. Pe3ynbraTy JiarHoCTyBaHHS pi3HUX
3aXMCHHMX amapariB MiATBEPIMIM aJIeKBaTHICTh pO3p00-
JIEHOT MOJETT.

[TobymoBa 1i€ei Mozeni MOTpedye EKCIEePTHOrO J0-
CBijly B eKCIUTyaTalil Ta AiarHOCTYBaHHI TEXHIYHOTO CTa-
Hy amapary 3axHcTy, ajle He MOoTpedye JOCKOHAJIOro
3HAHHS TEXHOJIOTiT BUPOOHHIITBA Ta HAsIBHOCTI peTpocIie-
KTUBHOI iH(popMalii npo QyHKUHiOHyBaHHS 00’€KTa J0-
CIIIDKEHHS.
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JJIEKTPOHHBIX ~ aNIapaToB 3aropOoXKCKOTo
UHXEHEpP ydyacTKa WCHBITAaHHH W

I'DC-1, T. 3anopoxbe, VYkpauna, e-mail:

KaHJ. TEXH. HayK, IOLCHT Kadexpbl OJIEKTPHYECKHX M OSJIEKTPOHHBIX alllapaToB
3an0poKCKOro HALMOHAIBHOTO TEXHUYECKOTO YHUBEPCUTETA, T. 3allopoXKbe, YKpanHa, e-
mail: a.asakhno@yahoo.com;

Llenv pabomwl. Paspabomka mamemamuyeckou Mooenu KOMIAEKCHOU OYeHKU 8EPOSIMHOCIU OMKA3Ad annapama
3auWumsl OM NEPEeHAnPANCEHUT C UCNONbIOBAHUEM aNNApama He4emKUx MHOJICECMS, KOMOopasi OCHOBbIBACMCSL HA IKC-
NEPMHBIX 3HAHUSIX U OUACHOCTNUYECKUX OAHHBIX NOLYYEHHbIX 8 IKCHILYAMAYUOHHBLIL NEPUOO.

Memoowr uccnedosanus. Hccnedosarnue nposedeHo ¢ UCHONb308AHUEM MEMOOA IKCNEPIHO20 ONPOCd, MEMOOA 6e-
COBbIX KOIPPuyueHmos, memooa mampuy nonaprozo cpasnenuss Caamu, Memooos HeuemKou J102UKU, Meopuu Heven-
KUX MHOICECMS, MEOPUU MEXHUKU 8bICOKUX HANPSINCEHUL, MeOpUl Meniogo20 U3y4eHus.

Ilonyuennvie pezyromamul. Aemopamu Obiia paspabomana Hewemras Mooeib nO KOMOPOU Onpedensiemcsi 6epo-
SAMHOCMb OMKA3A BEHMUNLHO20 PA3PAOHUKA U OZPAHUYUMENS. HANPSIJICEHUS. C YYemOM GIUAHUS COBOKYNHOCMU MAKUX
¢axmopos kax cocmosnue U30IAYUL, COCHOSIHUE MOKONPOBOOAUWUX HENUHEUHbIX DNIEMEHNO8, MeMNEPAmypHO20 CO-
CcmosHus 00veKma ucciedo8anus, Koauwecmea cpabameisanuti annapama. Ha 6aze moodenu paspaboman agmomamu-
3UPOBAHHBI NPOZPAMMHYLIL KOMNIEKC, C UCNOAb30BAHUEM KOMOPO2O OUACHOCIUPOBALOCH COCMOAHUE OSPAHUYUMENS
nepenanpsoicenus muna 3EP2 276-2PF32-1NAI ¢upmer “SIEMENS” xomoputii sxcniyamupyemcs Ha J{Henpogckoii
I'DC-1, OPY-330 kB, aueiiku OIIH AT-331, u genmunvhsiti paspsaonux muna PBMK-750M auetiku PB 750 2 AT.

Hayunas noeusna. Ilpuobpena danvhetiuiee pazeumue meopusi MEXHUYECKO20 OUAZHOCMUPOBAHUST 8bICOKOBOIbIL-
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HbIX annapamos 3auumul On NepeHanpsdiceHull 6e3 OmKIOUeHUs annapamos om cemu (OHAQUH) Ha baze HeyemKol
Mooenu onpedenenus: 8epossmHocmu omkaza annapama. Om u36eCmHbIX MOOeNb OMIAUUAEMCs MeM, YMo YYumvieaen
COCMOsAHUE U3ONAYUU, COCMOAHUE MOKONPOBOOAWUX Yacmell, KOTUYecmeo cpabamuléanuli annapama, meniogoe co-
CMmosHUe annapama u KOHMAKMHbIX COeOUHEHUN, U NO360JAeN PACCHUMbBIEAMb 8EPOSMHOCTbL OMKA3A annapama 60
8peMs e20 IKCNIyamayuu.

Ilpakmuueckoe 3nauenue. Paspabomannas mamemamuieckas MOOeIb MOJHCEM NPUMEHAMBCS 8 AGMOMAMUSUPO-
BAHHBIX NPOSPAMMHBIX U NPOSPAMMHO-ANNAPAMHBIX KOMNIAEKCAX O1A: OUAZHOCMUPOSAHUA, NAAHUPOBAHUS ODCIYHCUBA-
HUA U peMOHMA, pacnpeodeneus QUHAHCOBBIX AKMUBOS INEKMPOIHEp2emuUtecKux npeonpuamuil. Pezyromamor ouaeno-
CIMUPOBAHUA PA3HBIX ANNAPAMO8 3AUUMbL NOOMEEPOUNU A0eKEAMHOCMb paspabomannoi modeau. Paspabomannas
MOOenb Modcem Oblmb npumenena Ol 8cex Munos annapamos 3awumsl pacnpeoesumensHbiX YCmpoucme 8blcOK020
nanpscenus. Mooens no3gonsiem KOMHAEKCHO OYeHUmb mexHUu4yeckoe CoCmosaHUe UCciedyemMozo 00veKma npouHmes-
PUpo6as pasiuyHvle no ceoeli npupooe exodaujue napamempyl (MoK, CONPoOmueierHue, memMnepamypa u m.o.) Komopbvie
GNUAIOM HA MEXHUYECKOe COCHOAHUE U 8ePOAMHOCIY e20 omKasa. Ilocmpoennas mooens no3eosem 6bl600Ums anna-
pam 6 peMOHm no (hakmy mekyuwe2o cCoOCmoAHUsA 00beKma, a He no KaieHOApHOMY 2pa@uKy pemMornos, Ymo no360aum
CIKOHOMUMb MAMEPUATLHBIU U YET0B8EHeCKULl PECYpC, U ¢ YUEemOM 20CYOapCmBeHH020 Kypca Ha OYeHKY pecypca 06opy-
008aHUsA NO PAKMULECKOMY COCHOAHUIO U CO30AHUE PACHPEOeNUMeNbHbIX YCMPOUCme 6e3 NOCMOSHHO20 0OCIYHCU-
8arueco NepcoHaNd OUeHs aKmyanbHd.

Kmiouesvie cnosa: annapam 3awumsl om nepeuanpﬂ:)lceuuﬁ; B8EHMUIbHDLIL pas'p;u)uuk; ozpanuvdumens nepeHa-
npAdCEHUSA, HeuemKas Moae/'lb,' 8eposAmHoOCms omkasa, 3Kcnepmnbn? onpoc.

FUZZY MODELING OF FAILURE PROBABILITY OF APARATES FOR PROTECTION
FROM OVERVOLTAGE

DOMOROSHCHYN S.V. post-graduate of the electrical and electronic devices department of the Zaporizhzhia
National Technical University, Zaporizhzhia, engineer of the test and measurement
of the DneproHPS-1, Zaporizhzhia, Ukraine, e-mail: domoroshchin77@gmail.com;

SAKHNO O.A. Ph.D, Associate professor of the electrical and electronic apparatuses department of
the Zaporizhzhia National Technical University, Zaporizhzhia, Ukraine, e-mail:
a.asakhno@yahoo.com;

Purpose. The aim of the article is to develop a mathematical model for a comprehensive assessment of the prob-
ability of failure of an overvoltage protection device using a fuzzy set device, which is based on expert knowledge and
diagnostic data obtained during the operational period.

Methodology. The study was carried out using the expert survey method, weight coefficients method, Saati pair
comparison matrix method, fuzzy logic methods, fuzzy sets theory, high voltage technology theory, thermal radiation
theory.

Findings. The authors developed a fuzzy model for determining the probability of failure of a gate arrester and a
voltage limiter, taking into account the influence of a combination of such factors as the state of insulation, the state of
current-carrying nonlinear elements, the temperature state of the object under study, and the number of operations of
the apparatus. On the basis of the model, an automated software system was developed, using which the state of the
voltage limiter type 3ER2 276-2PF32-INA1 of the «SIEMENS» company was diagnosed. It is operated at Dne-
provskaya HPP-1, 330 kV for cell OITH AT-331, and arresters of type PBMK -750M for cell PB 750 2 AT.

Originality. The theory of technical diagnostics of high voltage overvoltage protection devices without disconnect-
ing devices from the network (online) on the basis of a fuzzy model for determining the probability of failure of the de-
vice has been further developed. The known model differs from the known ones in that it takes into account the state of
insulation, the state of the conductive parts, the number of operations of the apparatus, the thermal state of the appara-
tus and the contact connections, and allows calculating the probability of failure of the apparatus during its operation.

Practical value. The developed mathematical model can be used in automated software and hardware-software
systems for: diagnosis, maintenance and repair planning, and distribution of financial assets of electric power enter-
prises. The results of diagnosing different protection apparatus confirmed the adequacy of the developed model. The
developed model can be used for all types of protection devices for high voltage switchgears. The model makes it possi-
ble to comprehensively evaluate the technical state of the investigated object by integrating the input parameters (cur-
rent, resistance, temperature, etc.) that are inherently different in nature and which affect the technical state and the
probability of its failure. The constructed model allows the machine to be put out of repair after the current state of the
object, and not according to the schedule of repairs, which will save the material and human resource, and taking into
account the state course for estimating the equipment resource according to the actual state and creating switchgears
without a permanent maintenance staff is very relevant.
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