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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.
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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.
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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

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:

R;3R )
Rrest""&:Rglrs 3)
R13 +R1[7
R;3R ;
1p+ 13 rest :R;nr. (4)
R13 +Rrest

Expressing R,y from (3),

Ri3R;),

R -
R13 +R1p

= R{" - (5)

rest

and inserting it in (4), we arrive to the quadratic

equation for Ry,
Rjy + Ry (2R3 =R )+
R;WJ (6)

+Ry3 [RB ~R{" -Ry;

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:

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
1 R;,R R;R .
1p™i2 23R rest ] :Rénr. (8)

Rp R1p+R12

R23 + Rrest

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
Ryest = Ryesa = (_

and for nodes B—-B' of the central leg,

I
1 2
Ryest = Ryesip = (% + E] .

(10)

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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) (12)
RLp = L_FL_FL )
Ros Ri3 Ryp
:M. (13)
4p 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, Ly =496 mH, and Lj'=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

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

10

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
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200
b) Measured
.r\' f
=
u
[~
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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].

11

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.
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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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