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Purpose. To show capabilities of topological models of three-phase, five-limb transformer to correctly represent
transformer operation in regimes with high flux densities in the core. As a practically important example, time domain
response of transformer subjected to geomagnetically induced currents (GIC) is analyzed and compared with results of
a comprehensive field experiment.

Methodology. Transformer magnetic model, which takes into account geometry of the core and windings, is trans-
formed in a dual electric equivalent scheme, whose transient is calculated by using EMTP-ATP. The results obtained
demonstrate the importance of incorporating the positive and zero sequence impedances of power network.

Findings. A simple and reliable model of five-limb transformer is proposed. It was found that the presence of the
transformer tank can be effectively accounted for by linear inductances representing the paths of the off-core fluxes
from yoke to yoke. 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.

Originality. It is shown that a simplified non-hysteresis model developed portrays the behavior of the of five-limb
transformer under GIC condition with the same good accuracy as its hysteresis model. Both the transformer models are
well grounded. So, the paper dispels some misconceptions about the influence of the hysteresis properties of the core

material and tank in transient modeling of five-leg transformers.

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. The paper warns of using unnecessary complicated models whose
parameters are difficult to be estimated by experiments or calculations.

Key words: five-limb transformer, topological transient models, transients, off-core magnetic fluxes, current wave-
forms, reactive power, experimental validation, back-to-back transformer test.

I. INTRODUCTION

Over the last decades, a common practice in tran-
sient modeling of large power transformers is the use of
their topological models [1] — [6]. The advantage of these
low-frequency models is their ability to reproduce indi-
vidually dynamic processes in the core limbs and yokes,
as well as the off-core magnetic fluxes outside the wind-
ings. The Ilatter feature becomes especially important
when the core approaches saturation and some part of the
flux leaves the core and closes through the air (oil) and
transformer tank. The role of the off-core fluxes and thus
the necessity for a detailed tank model is different for
different transformer constructions. The off-core flux is
significant in three-limb three-phase transformers, so a
transient model of the tank was proposed in [4]. The less-
er role of the tank in five-limb transformers is caused by
the presence of the end (lateral) core limbs providing the
paths for the unbalanced (zero-sequence) flux.

Perhaps the first topological model of the five-limb
transformer, which covers the range of high flux densities,
was proposed in [1], in which a discussion was raised
concerning the necessity to model transformer tank. Be-
cause of the lack of experimental data, the “tank problem”

for large transformers remained open up to now, although
systematic measurements on five-leg transformers with
saturated cores were reported in 2002 [7]. These meas-
urements were carried out on two 400 MVA units con-
nected back-to-back and to the Fingrid power network to
simulate conditions experienced by transformers in the
presence of geomagnetically-induced currents (GIC). The
distinguishing feature of the work described in [7], is a
large (up to 200 A) DC current injected in the transform-
ers’ neutrals and a considerable reactive power (55 Mvar)
consumed by each of the transformers in this extreme
regime.

Although the mentioning of the comprehensive ex-
periment in [7] has become customary in the literature,
there was no successful attempt to reproduce it with a
model. An effort to repeat experimental results of [7] has
been recently undertaken in [8]. However it will be shown
in Section V that the outwardly plausible results repre-
sented in [8] were obtained due to deviations from the
actual experimental conditions and hence cannot validate
the “advanced” model [9], [10].

The aim of the present paper is to show that the
measurements in [7] can be portrayed accurately by topo-
logical models developed in the framework of the conven-
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tional approach [1]-[5] if the network impedances are
taken into account.

II. THE BACK-TO-BACK TRANSFORMER TEST

The experimental setup in fig. 1 consists of two sim-
ilar YNynOd11 400/400/125 MVA full transformers, T1
and T2, with rated voltages 410/120/21 kV. The medium-
voltage (MV) 120-kV windings are nearest to the core,
the high-voltage (HV) 410-kV windings are in the middle,
and the outermost are the low-voltage (LV) 21-kV delta-
connected windings. The turn numbers Ny, Ny, and N in
these windings of T2 are 224, 766, and 68.

The welding generator G serves to inject the dc bias-
ing current Iy, into the HV neutrals of both T1 and T2,
thus providing the DC currents /;/3 in each of the HV
windings.
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Figure 1. Experimental setup in [7].

Important elements of both the experimental setup
and the corresponding model are shunt capacitors C,
which form the AC earthing of the transformers and iso-
late the generator G from earth. Two current transformers
are to monitor the variables designated in fig. 1. A sum-
mary of other transformer data and measurements can be
found in [7].

III. TOPOLOGICAL TRANSFORMER MODEL

It was already noted in the literature that a lot of
topological models exist for a given transformer configu-
ration [11]. Some of them are unnecessary complicated
and contain parameters difficult to be estimated by ex-
periments or calculations. An example is the division of
the yokes into sections [9], [11]; another one is the planar
model in which the cover and bottom of the tank are rep-
resented by one-dimensional elements that results in the
“tank”, which consists of only the left and right walls [8].
As explained in [12], questionable is also the lumped
character of the tank elements, and that each wound leg of
the core has its own “tank” [10].

The tractable model employed in this paper is based
on the magnetic circuit in fig. 2, which is a development
of that described in [5]. To save space, only the elements
related to the leg A are mainly shown in fig. 2. In particu-
lar, the sources of magnetomotive force (MMF) Fy;, Fy,
and Fp represent the MV, HV, and LV windings. The
magnetic flux paths in the core are shown as solid rectan-
gles, which represent the legs (elements R,, Ry, R.), yokes
(Rap and Ry,) and the end limbs (R4 and Ry). The innermost
channel Leg-MV and the equivalent leakage channels
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MV-HV and HV-LV are characterized by the linear reluc-
tances Ry, Rip, and Ry; respectively. The negative (ficti-
tious) reluctances R, are added to match all three binary
short-circuit inductances [2].

Figure 2. Magnetic (reluctive) transformer model.

Linear reluctances Ry; represent the flux paths from
yoke to yoke, which are outside the windings. Reluc-
tances Ry are for fringing flux paths in parallel to the
yokes. Reluctances R, = g/(1oSiee) take into account the air
gaps g at the core joints, which are related to the legs with
Ccross-section Sieg.

The electrical (duality-derived) equivalent of the
model is shown in fig. 3 between the nine ideal trans-
formers (ITs). The linear inductances L in fig. 3 are in-
dexed with the same symbols as the linear reluctances R

in fig. 2, and L= N /R . The seven hysteretic elements

are the ATPDraw implementations of the dynamic hys-
teresis model (DHM) [13]. The 1:1 turn ratio of three ITs
at HV terminals points out that the model parameters are
referred to Ny turns. So, the turn ratios n of the ITs at MV
and LV terminals are Ny/Ny and Ny/Ny respectively.
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Figure 3. Electric transformer model.

As in many practical cases, it was not possible to de-
termine the material of the core, so it was first assumed
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that the cores of both transformers are assembled from
grain-oriented steel 27ZDKHS85. Then it was observed
that the same results (the ones presented in the paper) are
obtained when using AK steel H1 in transformer T1 and
steel 27ZDKHS8S5 in the T2 unit (the DHM-inductors of
both these steels can be taken at [14] or in the current
version of EMTP-ATP [15]).

The lengths of the legs, yokes, and lateral limbs of
T2 are 3.340 m, 2.421 m, and 6.257 m respectively, their
cross-sections are 0.8309 mz, 0.4959 mz, and 0.4155 m>.
Transformer T1 has 11 percent less cross sections and,
respectively, larger turn numbers.

The percentage short circuit reactances of T2 pro-
vided in [7] yield the following binary short-circuit in-
ductances referred to the HV side: Lg;, = 263.5 mH, Lgys;
= 540.4 mH, and Lg;3 = 877.5 mH. The winding resis-
tances ry, r,, and r; are brought outside the inductive part
of the model. Their values in T2 are 0.34 Q, 28 mQ, and
16 mQ respectively. Resistances of T1 are 30% greater.
Resistances Ri,c=10° Q make the MV windings effec-
tively open-circuited and the delta LV windings unloaded,
according to [7].

To match Lgi,, Lsy3, and Lg;3, the conventional star-
connected inductances Ly, Ly, and L, are used in the
model of fig. 3. The value of the negative inductance L, is
(Lsia + Lsys — Lsi3)/2 [4], then Lyy=Ls—L, and
Loy= Lz —L,,.

In the absence of winding design data, inductance
Ly, of the innermost channel Leg-MV was related to the
short-circuit inductance Lg;, of the next channel MV-HV.
Following [3], the ratio ky; = Lo/ Ls)» can be evaluated by
the insulating clearances of these channels, which are
assumed proportional to the voltages across the channels.
Taking into account the zero potential of the core, ky; =
Vm/(Vi - Vy) = 0.413, which is rounded to 0.42.

The role of inductance Ly was explained in [4].
Since the modeled five-limb transformers have reinforced
yokes (Ayoke = 0.6 Ajep), the variation of Ly, in the range
[0, Ls12] does not affect the model behavior, and Ly, was
set equal to Lg».

So, the only fitting parameter of the model is the
value of Ly;. Similarly to Ly, and Ly, it is related to Lg»
by the ratio ko3 = L¢3 /Lsip. In general, all three induct-
ances Lg; can be chosen individually, but for simplicity,
they are assumed to be the same. The iterative search of
Lo; was resulted in ko3 = 14 for transformer T2 and ky; =
10 for T1, which will be used in all calculations below.

IV. MODELING TECHNIQUE

The initial stage of the modeling is the fit of the
transformer models to the measured no-load losses of T1
(172 kW) and T2 (100 kW). As proposed in [5], the mod-
el fitting to these losses is carried out by choosing the
coefficient K of the DHM. The reactive and hence the
apparent power in the rated no-load regime can be fitted
by changing the core air gaps g. We do not dwell on these
details, because, as shall be shown below, the no-load
losses do not practically influence the transformer behav-
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ior under large GICs.

As will be shown in the next section, it is important
to take into account the positive (Z;) and zero-sequence
(Z,) impedances of the power network. According to Fin-
grid evaluations at the time of the test [7], the per phase
impedance Z; at f; =50 Hz is formed by R; = 10.54 Q and
L, = 181.3 mH. The impedance Z, was evaluated using
the frequency content of the current in the earthling con-
ductor of the equivalent network source in fig. 1. It was
found by a Fourier analysis of the calculated earth current
(current ig,yq, in fig. 1) that the third (150-Hz) harmonic
distinctly dominates in its waveform. This is because, in
the configuration considered, the current returning to the
remote generator is the sum of currents in the neutrals of
T1 and T2, and both of them are sums of three strongly
asymmetrical (phase) currents shifted by 120 degrees that
causes three positive and three negative peaks in their
waveforms. This means that the network impedance Zys,
= 748.7 exp(j66.3°) = Ry3) +j2nfs Ly, calculated by Fin-
grid for f; = 150 Hz should be used.

If the solver employed has a standard m-equivalent
of the network, the values of R, L, Rys3), and Loz, are
entered directly into the window of this component. An
alternative way of accounting for Z, is the use of the net-
work equivalent in fig. 4 in which the boxes T1 and T2
contain transformer model shown in fig. 3.

Figure 4. Model configuration employed.

Using the values Ry =300.7 Q, Lyg) = 727.5 mH,
and the generic formula for ground-return impedance,
In=(Zy— Z1)/3 [16], [17] the following network parame-
ters should be used in fig. 4: Ry = 96.7 Q and Ly = 182.1
mH. The elevated source voltage (V =416 kV) is to com-
pensate for the voltage drops over the network and pro-
vide the voltage (= 404 kV) observed across the modeled
transformers at 200-A GIC. The value of the shunt capaci-
tors C has not been documented, but this is not an influ-
encing parameter if C > 100 pF. The current /. is deter-
mined by the voltage E,. of the generator G, its internal
resistance R;, and resistances r;; and r,; of the HV wind-
ings of T1 and T2: Iy = E4. / (R; + r11/3 + 121/3).

In all the simulations below, a three-phase ramped
voltage of the network is initially used in the model to
establish symmetrical flux densities in the legs of both the
transformers. To observe dynamics of GIC events, it is
supposed that the GIC considered is initiated by a step
voltage of generator G in fig. 4, which is switched on at ¢
=2 s. The following transient is characterized by a growth
in the currents and the reactive power consumed by T1
and T2. The calculated rms values of the currents in phas-
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es B and C of T2 as well as the reactive power Q, con-
sumed by this transformer are shown in fig. 5. In steady
state, the rms currents in fig. 5 reach 108 and 124 A,
which are close to the measured values of 110 and 125 A
(for phases B and C respectively). The steady state reac-
tive power Q, is 53.1 Mvar that also is close to the meas-
ured 55 Mvar.

The waveforms of all three phase currents in the
steady state (calculated in the presence of 200-A DC cur-
rent) are shown in fig. 6. They agree quite well with the
measured currents in fig. 7. The same good agreement
was obtained for the current waveforms in the network
(three-phase currents iy, in fig. 4) so we do not show
them in the paper.
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Figure 5. Calculated RMS currents in phases B and C of
transformer T2 and the reactive power Q, consumed by
T2 during the transient.

Calculated phase currents [A]

0.01 0.02 0.03 t[s] 0.04

Figure 6. Calculated phase currents in T2.

Measured phase currents [A]

0.00 0.01

0.02 0.03 t[s] 0.04

Figure 7.Measured phase currents in T2.
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Figs. 8, 9, and 10 show calculated flux densities in
the core leg, yoke, and the end limbs respectively.

Flux density in the leg [T]

Flux density in the yoke [T]

Flux densities in the outer limbs [T]

-0.6
-0.8 1
-1.0 1
-1.2 1
-1.4 1
-1.6 1
-1.8 1
-2.0 7
22

59.94

Flux densities in the outer limbs [T]

59.96 59.98 t[s] 60.0¢

Figure 10. Flux densities in the outer limbs D and F dur-
ing (a) transient and (b) steady state.
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These demonstrate their different waveforms during
the transient and steady state. As can be seen in fig. 10(b),
the end limbs D and F are saturated non-simultaneously,
and there is no point of time at which both By, and By drop
below —2 T. This shows that the zero-sequence flux closes
mainly within the core and explains why there is no need
for a detailed tank model when the five-leg transformer is
considered as network element.

V.UNREALISTIC MODELING IN [8]

It should be recalled at this point that the influence
of the network parameters (impedances Z; and Z;) was
not immediately evident, and considerable unsuccessful
efforts were made to obtain the realistic waveforms in fig.
6 using the initial model configuration in fig. 1. The pow-
er network is represented in fig. 1 by an ideal voltage
source, which was also used in [8]. The current wave-
forms in transformer T2 calculated for the initial configu-
ration are shown in fig. 11.

-100

-200

-300

Calculated phase currents [A]

-400

0.04

Figure 11. Phase currents in T2 calculated with the ideal
network.

The currents in fig. 11 are markedly different from
the measured currents in fig. 7. All our attempts to im-
prove the waveforms in fig. 11 by changing the structure
and parameters of the transformer model were in vain,
pointing out that the reason lies outside the transformer
representation.
50
(U
50 4
-100
-150
-200
-250
-300
-350

Calculated phase currents [A]

0.00 0.02 0.03 t[s] 0.04
Figure 12. Phase currents in T2 calculated with ideal
network and in the absence of earthing capacitors used in

the measurements.

A pragmatic measure to circumvent this difficulty
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was observed by one of the co-authors (D.B.) and then
used independently in [8]. This artificial measure is to
substitute capacitors C in the scheme of fig. 1 with large
resistances. The current waveforms calculated in the ab-
sence of capacitors C and for the idealized 400-kV net-
work are shown in fig. 12.

The currents in fig. 12 and similar waveforms in [8]
outwardly resemble the measured currents in fig. 7, but
we should stress again that they were obtained using the
model configuration different from that in the actual test
[7] and hence cannot validate the “advanced” model [9],
[10].

It should be noted that plausible currents in the HV
windings of transformer T2 can also be simulated in the
model configuration in fig. 13, which contains only one
this transformer. In accordance with [8], an ideal voltage
source V is used in this configuration (Z,=0), and there are
no grounding capacitances C. The latter simplification
means that the internal inductance Z; of the welding gen-
erator G can be included in series with its resistance R;.
To obtain the needed current /,. in the neutral, the e.m.f.
Eq4 in fig. 13 is set equal to (r1,/3+R;) Iy

it ! !
P T2 !
Voo eeer-- :
|£N
L Iy &
~

Figure 13. Model configuration with one transformer T2.

50 - Inverted

convexities |

Winding Currents [A]

0.01 0.02

t[s]

Figure 14. Phase currents of T2 calculated with the model
configuration in fig. 13.

Steady-state currents in T2 calculated at V = 400 kV
and L; = 400 mH are shown in fig. 14. Although, in com-
parison to the waveforms in fig. 11, they are closer to the
measured currents in fig. 7, these curves have flat seg-
ments and “inverted convexities”, which are absent in the
measured waveforms. The presence of similar segments
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and convexities in the currents shown in [8, fig. 7] allows
one to suppose that the analysis in [8] could be carried out
for a model configuration similar to that in fig. 13, but not
for the two-transformer arrangement in fig. 1.

Although the model configuration in fig. 13 does not
reflect the actual test conditions in [7] where the impact of
L; is cancelled by capacitors C, the favorable influence of
L; in fig. 13 should be discussed further. It can be seen
that all the elements of the circuit in fig. 13 are connected
in series, so inductance L; can be moved into the ground-
ing conductor of the voltage source. In this case, induc-
tance L; takes the place and role of inductance Ly in the
circuit of fig. 4. This explains the need for accounting for
the zero-sequence impedance of the network implemented
in the model configuration in fig. 4.

In concluding this section, we mention a separate
study conducted to estimate the influence of hysteretic
properties of the core material. With this purpose, each of
the DHM-inductors in the model of fig. 3 was replaced by
a lossless non-hysteretic inductance. The flux-current
relationships of these inductances (different for legs and
yokes) were obtained from the “middle” (anhysteretic)
curves of the steel employed. It was found by numerical
experiments that all the results calculated with non-
hysteresis and hysteresis models practically almost coin-
cide. It is remarkable that the coincidence was also ob-
tained in portraying the “hysteresis loop” shown in fig. 10
of [7]. This shows that this loop is not caused by hystere-
sis properties of the core, but is a kind of Lissajous figure
occurred due to the phase shift between the flux density of
the leg and corresponding terminal current.

When the modeling of GIC events had been com-
pleted, it turned out that the model also predicts accu-
rately the zero sequence impedances of the transformers
measured from both HV and MV sides (they are 40.1%
and 65.2% respectively).

VI. CONCLUSION

In addition to accuracy, an important feature of the
transformer transient model intended for network studies
is its simplicity and ease of implementation. It is always
desirable to understand the capabilities of the models de-
veloped within the well-established framework, before
proposing new, often unnecessary complicated tools.
With this idea in mind, we have considered the capabili-
ties of the conventional topological model of five-leg
transformer in simulating transformer behavior at high
flux densities in the core legs and yokes. In fitting the
model, we used field test results from two 400 MVA
transformers with 200-A DC currents entering their neu-
trals. It was found that accurate modeling of the test in [7]
requires the network impedances to be taken into account,
as well as the actual back-to-back connection of the trans-
formers considered.

It was found that the presence of the tank can be ef-
fectively accounted for by linear inductances representing
the off-core fluxes from yoke to yoke. This finding is not
unexpected because the same conclusion was made in
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studying inrush current events in a three-limb Yyn trans-
former [5] in which an accurate tank model was antici-
pated due to the core design and higher flux densities in
the core.

Having started with hysteretic transformer model,
we have ended up with a simplified non-hysteretic model,
which reproduces transformer currents and reactive power
with the same good accuracy. This means that in its an-
hysteretic form, the model can be implemented in any
computing environment, and the data provided in the pa-
per is sufficient to repeat the calculated waveforms with
the use of any circuit simulator.

The model is mainly a tool for power system studies,
in which the application of finite-element models is inap-
propriate because of the computational cost and the pres-
ence of several transformers in the studied network.
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BOHHMAH [I. n-p TexH. Hayk, ABB, Bax-T'onned, Himewuwuna, e-mail: dietrich.bonmann@de.abb.com.

Mema pobomu. [loxaszamu, wo Ha OCHOBI MONONO2IYHUX MOOeNel MPUPDA3HO20 N SMUCTIPUICHEB020 MPAHCHOP-
MAMopa MOANCIUBO KOPEKMHO 8i0MBOPIOSAmuU 1020 poOOMmy 8 pelcumax eaukux iHOykyil 6 ocepdi. B axocmi npaxmu-
YHO BAJICIUBO20 NPUKAAOY, AHANIZYEMBCA YACOBULL BI02YK MPAHCHOpMaAmopa Ha Oil0 2eOMASHIMHO-IHOYKOBAHUX CMPY-
wmig (I'IT). Pezynomamu MoOento8ants NOPIGHIOIOMbCSL 3 PEe3VibMamam. HAMyPHO20 eKCHEPUMEHIMY.

Memoou docnioscenns. Maenimua modenv mpancgopmamopa, ujo 8paxo8ye 2eomMempiro oceposi i 0OMOMOK, ne-
PEMBOPIOEMBCS 8 OYANbHY eLeKMPUYHY CXeM) 3aMIWEHH S, NepexiOnull npoyec 8 Kl PO3PAxo8yEmvCsl 6 cepedosuilyi
EMTP-ATP. Ompumani pe3ynomamu 0eMOHCMPYIOMb HeOOXIOHICMb YPAXY8aHHs ONopie npamoi i Hy1b08oi nocai00s-
HOCmI eHepeocucmemu.

Ompumani pesytemamu. Po3poOieno adexsamuy, npocmy i HaOItiHy MOOelb N SMUCMPUICHEB020 MPAHCHOPMA-
mopa. Bemanoeneno, wo npucymuicmo 6axa mpancgopmamopa mosice 6ymu 6paxoeana 3a 00nomo20io JHIUHUX iHOY-
KMUHOCMel, Wo npedCmasisioms WXy MAeHIMHUX NOMOKI6 no3a oceposim (nomokis 6io apma 00 apma). Tounicme
npeocmasneno2o Mooentoeants npoyecie 8 mpancgopmamopi 6 npucymuocmi I'lT nepesuwye mounicms 8i0oMUx Mo-
oenell mpu@asnux n’smucmpudiICHesux mpancgopmamopis. Aodexeamuicmo mooeni niomeeporicyemvpcsi OAU3bKICHIO
NPOSHO308AHUX OTIOUUX ZHAYEHb | KPUBUX (DAZHUX CMPYMIB, 4 MAKONC CHONCUBAHOT peaKMUBHOI NOMYICHOCH, 00 6i0-
NOBIOHUX BeIUYUH, BUMIDAHUX 8 eKcnepumeHmi, nposedeHomy Ha 06ox 400 MBA mpawncgopmamopax, axi Oyau
nio’eonani napanenvHo 0o eHepzocucmemu Hanpyzoio 410 kB i nocniooeno 8i0HOCHO Odicepena nocmitinoi Hanpyau.

Hayxoea nHosusna. Po3pobneno cnpoujeny beszeicmepesucHy mooeib i amucmpudicHe8o20 mpancgopmamopa, sKa
BIOMBOPIOE NOBEOIHKY MPAHCHOPMAMOpa 3 MAKoIO JHC GUCOKOIO MOYHICMIO, WO | 2ICMEPEe3UCHa MOOeb, KA GIOPI3HS-
€MbCs meM, wo 8ubip beszeicmepe3ucHoi Mooei € HayKo80 0OIPYHMOBAHUM.

Ipaxmuuna yinuicme. [pakmuuna yinnicms i 3Hauumicms cmammi 00yMOBIEHO MUM, WO 3aNPONOHOBAHA MO-
denb mpancghopmamopa A611€ co00i0 npocmuil I HAOHUL THCMPYMEHM OISl OOCTIONCEHHS eLeKMPUUHUX MepediC.
Cmamms 3acmepieac 6i0 GUKOPUCAHHS HAOMIPHO YCKAAOHEHUX MOoOenel, Napamempu sKux He MONCYmb Oymu 6u3na-
yeni 6 excnepumenmi a0 3HAUOEHT WIAXOM PO3PAXYHKIS.

Kmrouosi cnosa: n’smucmpudicnesuti mpancgopmamop, mononiociuHi Mooei, NepexioHull pexicum, MazHimHi no-
MOKU NnO3a 0ceposiM, GopmMu CmMpymie, peaxmuHd NOMYAICHICMb, eKCNePUMEHMANbHA NepesipKd, NOCii006HO-
napanenvbhe 6KIIOYeHHs.
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Llenv pabomut. Ilokazamv, umo Ha OCHOBE TMONONIOSUYECKUX MOOeNel mpexdaznozo nAMmuUCmepiICHe8020 mpanc-
dopmamopa 803MOIHCHO KOPPEKMHO 80CHPOU3BO0UMb €20 PAabOmy 6 pexicumax Oonbuux UHOYKyull 8 cepoeynuxe. B
Kauecmee NPAKmMu4ecK 6adiCHO20 NPUMepa, aHATUSUPYEMCs 6PEMEHHOT OMKIUK Mpanc@opmamopa Ha 8o30eticmeie
2e0MacHUMHO-UHOYYuposarnvix moxoe (I UT). Pesynvbmamsl MoOenuposanus cCpagHu8aomes: ¢ pe3yibmamamii Hamyp-
HO20 9KCNepumMeHma.

Memoowr uccnedoeanus. Maznumuas modeib MpaHcGHopmMamopa, yHumvleaowas 2eoMempuro cepoedHuxa u oo-
MOMOK, npeobpazyemcs 6 OYAIbHyI0 JNEKMPULECKYI0 CXeMY 3aMeujeHUs, NePexoOHblil NPoyece 8 KOMopblil paccyumyl-
saemca 6 cpede EMTP-ATP. Ilonyuennsie pe3ynvmamuvl 0eMOHCMPUPYIOM He0OX0O0UMOCMb ydema CONpOmueieHul
NPAMOIL U HYIeBOU NOCIEO08AMENLHOCHU IHEP2OCUCHIEMD.

Ionyyennvie pesynomamui. Paspabomana adexsammuas npocmas u HAOEHCHAA MOOeTb NANUCHEPHCHEEO2O
mpancgopmamopa. Ycmanoeneno, umo npucymcmeue 6axa mpancopmamopa modxcem Ovims yumeHo nocpeocmeom
JTUHETHBIX UHOYKMUBHOCIMElL, NPeOCMAIAIOWUX HYMU MASHUMHBIX NOMOKO8 6He CepOeyHUKa (HOMOKO8 Om ApMa K Ap-
my). Tounocmo npedcmagnenno2o moodenuposanus npoyeccos ¢ mpauncgopmamope npu nanuyuu I'UT npesviuaem
MOYHOCMb U3BECTHBIX MOOeell MPexghasHblX NAMUCTEPIUCHEBLIX MPAHCHOPMAMOpPos. AeKeamHocmy Mooenu noo-
meepocoaemcs OAU30CMbIO NPEOCKA3AHHBIX OeUCMBYIOWUX 3HAYEHUL U KPUBLIX (DA3HBIX MOKO8, a MmakKice nompeobse-
MOU peaKmueHo MOWHOCIU, K COOMEEMCMBYIOWUM 8ETUYUHAM, USMEHEHHbIM 8 SKCHEepUMEHNe, NPOBEOeHHOM HA 08YX
400 MBA mpancgopmamopax, komopbwle coeOuHenbl napaieibHo K dHepeocucmeme Hanpsicenuem 410 kB u nocrnedo-
8aMeENbHO NO OMHOWEHUIO K UCTHOYHUKY NOCINOAHHO20 HANPANCEHUSL.

Hayunas noeusna. Paspabomana ynpoweHnas de32ucmepesucHas Mooeib NnAmuUCmeplcHe8020 mpanc@opmamo-
Ppa, KOMopas 80CHPOU3BOOUM NOeOeHIe MPAHCHOPMAMOpa ¢ Mol JHce 8blCOKOU MOYHOCMBIO, YN0 U SUCTEPe3UCHAS
MOOeNb, OMAUYAIOWAACS MEM, YMO 8bl00P be32UCMePe3UCHOT MOOeNU HAYYHO 0OOCHOBAH.

Ilpaxmuueckas yennocme. [Ipakmuueckas yennocms u 3navenue cmamvi 00yCl081eH0 meM, YO NPeONoHCeHHAs
MOOeNb MPanc@opmMamopa A6Aemcs RPOCMbIM U HAOEHCHLIM UHCIMPYMEHINOM OJid UCCIe008ANHUSA DNIEKMPUYECKUX Ce-
meii. Cmambws npedocmepezaem om UCNOIb308AHUS USTUUUHE YCIONCHEHHBIX MOOeell, NapamMempbl KOMOPLIX He MO2Y
Ovimb onpedenenvl 6 IKCNepuUMeHme Uiu NOCPeOCmeoM SbIYUCTEHUH.

Kmrouegvle cnosa: namucmepiiCHegol mpancg)opmamop, Mmononiocudeckue Mooeiu, NepexooHbill Pedcum, Mmdae-
HUNHble NOMOKU 6HE CEPOSUHUKA, (POPMbL MOKO8, PEaKMUBHAs MOWHOCMb, IKCNEPUMEHMATbHASL NPOBEPKA, NOCAE00-
68aMeNbHO-NAPALIENbHOE GKTIOUEHUEe MPAHCHOPMaAmopos.
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