TopaliFbIpOB YHUBEPCUTETIHiH Xa0apIbIChI
FbIJIbIMU KYPHAJIbI

HAYYHBIN KYPHAJI
Bectuuk TopaiirelpoB yHuBepcuTeTA

Topal¥bIpOB YHUBEPCUTETIHIH
XABAPHIBICHI

JHEPreTUKAJIBIK CePHUSICHI
1997 xpu1man OacTan IIbIFaIbl

| TORAIGHYROV
UNIVERSITY

BECTHHUK
TopalrsipoB yHUBepcUTETA

JHepreTuyeckasi cepusi
WN3nmaercsa ¢ 1997 rona

ISSN 2710-3420

Ne 3 (2021)

IMaBJonap



HAYYHBIN )KYPHAJI

BectHuk TopalirelpoB yHUBepcuTeTa

JHepreTuyeckas cepusi
BBIXOJUT 4 pasa B rof

CBUIETEJBCTBO
0 MMOCTAHOBKE Ha MEPEyyeT MePHOIUICSCKOTO IIEYaTHOrO H3IaHMs,
“H(GOPMALIMOHHOTO areHTCTBA M CETEBOTO U3JaHHUS
Ne 14310-2K
BBIJIAHO
MuHHCTEPCTBO UHPOPMAIUH U OOIIECTBEHHOTO PA3BUTHUS
Pecnyonuku Kazaxcran

TemaTnyeckas HapaBJE€HHOCTDH
ny6n1/u<auml MaTepuajioB B obactu QJICKTPOSHEPI'CTUKHU,
QJICKTPOTEXHOJIOTUH, aBTOMATU3allu, aBTOMAaTU3UPOBAHHBIX 1
l/IH(l)OpMaLII/IOHHLIX CUCTEM, DJICKTPOMEXAaHUKHN U TCIIJIOOHCPI€TUKHU

IMoanucHoit magekc — 76136

https://doi.org/10.48081/ADSD2201

Bac penakTopsl — rj1aBHbIN peJaKTOP

Kucnos A. I1.

K.M.H., 00YyeHm
3aMecTHTeNb TJIABHOTO PElaKTOpa Tamunos O. M., doxkmop PhD, doyenm
OTBETCTBEHHBIH CEKpeTapb [puxoxnsko E. B., x.m.H., npogheccop

Penaknusi ankacel — PeqakuuonHas koJjierust

Kneuens M. 4., 0.m.H., npogeccop
HosoxwunoB A. H.,  0.m.n., npogpeccop
Huxurun K. 1., 0.m.H., npogeccop (Poccus)
Hukudopos A. C.,  0.m.H., npogpeccop
Horoxwunos T. A., K.m.H., ooyeum (Poccus)
Ocnanosa H. H., K.I.H.,, OOYeHm

Hedrucos A. B., odokmop PhD, doyenm
[oky6aesa 3. XK. MexHUYecKuil pedaKmop

3a I0CTOBEPHOCTh MATEPUAJIOB U PEKJIaMbl OTBETCTBEHHOCTh HECYT aBTOPBI M PEKIIAMOIATENIH
Penaxius ocrasisier 3a c000ii MPaBO Ha OTKIOHEHHE MaTEPHAIOB
IIpu ucnonb30BaHMK MaTEpHAIIOB KypHaa cchlika Ha «BectHuk TopaiireipoB yHUBepcHTETa» 00g3aTelIbHA

© TopalirblpoB yHUBEPCUTET



Bectuuxk TopaiirsipoB yausepcutera. ISSN 2710-3420. Cepus snepeemuueckas. Ne 3. 2021
SRSTI 658.26

https://doi.org/10.48081/JBMZ50037

*V. Melnikov', O. Talipov?, Yu. Kibartene®
123Toraighyrov University,
Republic of Kazakhstan, Pavlodar

EVALUATING THE POSSIBILITY OF APPLYING
CONTROLLED COMPENSATION SYSTEMS TO
IMPROVE EFFICIENCY IN ELECTRIC GRIDS

The paper considers issues of increasing efficiency of multilevel
power converter based on IGCT and IGBT modules to improve energy
performance by compensating reactive power in electric networks. By the
example of a local power grid using SEMIS SimulationTool design tool the
results of calculations of variants of multilevel converters with IGCT and
IGBT are presented. The study of possibilities to increase the efficiency of
multilevel power converters (MPE) for reactive power compensation (RPC)
in local electrical networks (LES) on the basis of plenipotentiary controlled
semiconductor cells is of particular interest, because the efficiency of
network operation is insufficient, especially in changing load modes with
large electric power losses (PEM). And from these positions, one of the
most effective tools are fast controlled (PFC) systems. For this purpose,
research has been carried out to obtain the best results. Used in calculations
tool and methodology are certified software products and algorithms of
ABB-SEMIS Simulation Tool computer design.

Keywords: electric power transmission, efficiency, losses, reactive
power, compensation, IGCT, IGBT, power module.

Introduction

The study of possibilities to increase the efficiency of multilevel power
converters (MPE) for reactive power compensation (RPC) in local electrical
networks (LES) on the basis of plenipotentiary controlled semiconductor cells is
of particular interest, because the efficiency of network operation is insufficient,
especially in changing load modes with large electric power losses (PEM). And
from these positions, one of the most effective tools are fast controlled (PFC)
systems. For this purpose, research has been carried out to obtain the best results.
Used in calculations tool and methodology are certified software products and
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algorithms of ABB-SEMIS Simulation Tool computer design. The relative error of
calculations for different power modules ranges from 5.7x10-8 to 1.08x10-7 which
is a good value. A study of parameters of efficiency of the power part of MPE for
PFC on the basis of power transistor and thyristor PM for LES of voltage level
6 kV is carried out. For other voltage levels, for example, 10-20 kV and above, the
methodology of obtaining adequate results is similar to the considered. Appearance
of schemes, graphic, tabular and other illustrating information is presented in
the form corresponding to the original — software development company and
technical description for application of equipment, technologies and suppliers of
technologically developed countries.

Materials and methods

The calculation scheme of the power part of RPCS based on the power
transistor IGBT bridge, the interface of input and set parameters and the view of
the digital design output fragment in the form of calculation curves and tables
are shown in Figure 1. The column (center) describes the initial data for research
(marked in red and yellow) and the recommended set of types and basic parameters
of power transistors and diodes (marked in lilac), acceptable for the accepted
design version of the initial data of the fast-acting RPCS.
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Figure 1 — Schematic diagram of the RPCS power section based on a full-force
transistor IGBT bridge (left); interface of input and set parameters (center) and
a fragment output view of the digital design results (right)

84



Bectnux Topaiirsipos yausepcutera. ISSN 2710-3420. Cepus snepeemuueckas. Ne 3. 2021

To conduct comparative analysis of RPCS, as shown in Fig. 2, the following
initial data were taken: ambient temperature — 40C; number of power transistor
cells in phase — 5; system frequency of electric current — S0Hz; switching frequency
of power gates of full bridge — 269,23Hz; modulation index — 0,8; linear voltage
of converter — 6,0kV; design PM — 9,0Mvar; type of converter PM — capacitive;
thermal resistance of IGBT — 0,02K/W. IGBT module type adopted for research
— HiPak; IGBT operating voltage — 3.3kV; IGBT module configuration — Singl
IGBT. The results of calculations of electrical parameters for the most severe case
of steady-state electrical full load are shown as curves in Figure 3 (left) from top
to bottom: inverter phase voltages and currents; inverter AC side voltages and
currents; average voltage value of compensating capacity type IGBT module;
below, respectively: losses of IGBT1 and reverse diode D1 in conducting state
and in switching mode; heating temperatures of power semiconductor components
IGBT1 and D1 for 6 parameters.
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Figure 2 — Calculation results for the specified 6 variants of IGBT modules

The following HiPak IGBT modules were used for the calculations. Their
appearance, main data and possible wiring diagrams are shown in Figure 3. All
HiPak 3.3kV IGBT modules are optimized to minimize electric energy losses and
have very «soft» switching characteristics together with the integrated reverse
diode. They differ in current: SSHA 1200N330400 HiPak IGBT module — 1200A;
5SNA 1500E330305 — 1500A; 5SNA 1800E330400 — 1800A.
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Electrical configuration
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Figure 3 — Exterior view and circuit diagrams of the electrical
configuration of HiPak IGBT modules

Full parameters and characteristics of these modules are given in the technical
description of the equipment supplier, and detailed calculation results for these
IGBT modules are shown in Figure 4.

Device Losses & Temperatures

Switching Conduction Combined  TviAvg TviMax TviBLS
sses

IGBT 1 16416 W 766.63W 93079 W 9253°C 99.98°C 99.29°C  perCell
157.21W  537.75W 69496 W 80.21°C  8575°C  85.02°C
156.91W  603.62W 78053 W 75.54 °C 79.55 °C 79.06 °C
190.79W  444.13W B3491W  7651°C  B8363°C  B254°C
191.22W 43724 W 62846 W 71.55°C 74.90°C 74.19°C
18285W  37495W 557.79W  67.68°C  71.85°C  71.18°C

IGBT 2 16395W  766.39W 93034W  9252°C  99.05°C  98.25°C
156.92W  537.63W 69455W 80.20 °C 85.01°C B4.16°C  per Converter

15680 W  60347W 76037W  7554°C  79.06°C  78.48°C

190.51W  444.10W B3461W  7651°C  B235°C  B1.0°C

191.28W  437.18W B2848W  7156°C  7444°C  7363°C

18250 W 374.89W 55739 W 67.67°C 71.03°C 70.22°C

Diode 1 5198W  40201W 54390W  96.27°C  104.31°C  103.12°C
39.31W  416.03W  45534W 85.42°C 92.09 °C 91.17°C

49.22W  41580W 46502W  7518°C  7975°C  79.02°C

Total

aO7TW  30SIW  41950W  7618°C  B338°C  B2dseC L0
4001W 35807W 309.08W  7450°C  7841°C  77.81°C
4887W  33508W 38395W  B8.04°C  7252°C  71.75°C
Diode 2 5245W  49188W 54433W  9629°C 104.18°C  10291°C
3091W 41595W 45586W  B5.45°C 90.98°C
4950W  41586W 46516W  75.19°C 78.87 °C
39.80W  36043W 42023 W  7621°C 82.08°C
4039W  35887W 399.36W  7451°C 77.66 °C
4911W  334.97W 3840BW  B8.04°C 71.42°C
Converter AC Parameters
IGBT 3 169.44W  F7LIIW  94056W  9291°C 99.66 °C G
162.25W  54082W  703.07 W B0.53°C B5.56 °C Real Power  Reactive Phase Phase Output
160.84W  B0BB2W T7E7EEW  7573°C 79.32°C Prser Voltage Curent  Frequency
196.45W 44659 W B430SW  76.84°C 82.93°C (RUS) AS)
19644 W  439.62W 63576W  71.77°C 74.72°C
187.91W 37687 W 56478W  67.88°C 7168 °C O01KW  OO1 MVAR 3468V B65A S0Hz
IGBT 4 15846 W  7G6BBOW 928.25W  8239°C 98.73°C 001kW  8.011 MVAR 3458kV BBSA SOHr
15326 W  539.27W B9253W  BO.0BC 84.42°C O0TKW Q01 MVAR 3468V BESA S0z
15221W 60536 W 757.57W  75.42°C 78.67°C 001NN 001 MVAR 3468V BEEA S0Hr
18561 W  44535W B3095W  76.32°C 81.26°C 5 2
186.61W  43845W 62506W  71.40°C 73.65°C Lotk aou m:: L A 5‘:“‘
176.70W  37598W 55268W  67.50°C 70.27°C Aoy eon bbb oA hackin
Diode 3 50.74W  40035W 54100W  9627°C 104.07°C  10282°C
3BE6W  41460W 45335W  B8544°C  91.90°C  90.02°C Control Parameters
47.80W  41440W  46219W  7521°C  79.62°C  78.85°C Mo
3857W  37930W 417.87W  7625°C  B3.07°C  B207°C oheior o Fsmm' lnd':““" u""' &
3858W 357.80W 39647W  7450°C  7831°C  77.62°C b, | ! aphase
4753W  33399W 381.52W  68.07°C  7231°C  71.44°C 1205 kY 260Hz 08 500
Diode 4 53.00W  489.49W 54279W  96.14°C  104.17°C  102.88°C 1.205 kV 260 Hy 08 500
40.39W  41390W 45429W  8530°C  91.94°C  90.95°C 1205 KV 260 He 08 500
5049W  41372W  46421W  7509°C  79.65°C  78.86°C
40.17W  37BB0W 41877W  76.06°C  B3.17°C  BLIEC :x: :: ;ng 3:@ :g
4074W  35727W 39801W 7437°C  7880°C  77.62°C
5045W 303.43W 38388W  67.94°C  7240°C  71.53°C 1205 k¥ 260 He 08 500

Figure 4 — Calculated results of electric losses, allowable operating heating
temperatures, total PEM and output calculated parameters of fast-acting IGBT
device RPC

Thus, having considered 6 options for the use of power semiconductor
components — IGBT1 ... IGBT4 and power reverse diodes of full bridge, we
note, in general, the high efficiency of the adopted scheme. At the same time, the
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calculated total losses for various options are from 0.63 % to 0.98 %, or in nominal
units from 56.49 kW to 88.53 kW of electrical power. Characteristics in the form
of design curves and design parameters for the variant of RPCS with the lowest
losses when using HiPak IGBT module are shown in Figure 5.

Parsmoter oo Device Losses & Temperatures
Switching Conduction Combined  Tvilvg  TviMax  TvjBLS
osses

IGBT 1 18285W 37495W S5RTOW  67.68°C  TIBS°C  7119°C
1GBT 2 18250W 37489W S557.39W  67.67°C  T1.03°C  70.2°C
A6 e e o5 Diode 1 48BTW 33508W 38385W  €A04°C  T252°C  7ATEC
Diode 2 49.11W  33487W  3B408W  B804°C  7232°C  7142°C
1GBT 3 187.01W  376RTW SBATEW  6788°C  T2B4C  7150°C
1GBT 4 6TOW  37SI8W  S5268W  67.50°C 7113 027G
Diode3 4753W 33399W  3B152W  BRO7C  T231°C T144C
Diode 4 5045W 33343W 383BEW  E7.94°C  7240°C  7153°C

Loss Summary

Semiconductor Total
per Cell 3786 kN 3766 kW
eTer——— per Converter 56.40 kN 56.40 b
% Losses 063% 0563%

Converter AC Parameters

e Real Power  Reactive Phase Phase Output
Powier Voltage Current  Fraquency
(RMS) (RMIS)

D01 KW SDTIMUAR  34BBKY 866 A 50Hz

Control Parameters

Cell Valtage Switching Modulation o.
Frequency Index Cellsiphase

1.205 kv 260 Hz 080 5.00

Figure 5 — Calculation curves (left) and calculated parameters for the RPCS
variant with the lowest loss when using a HiPak IGBT module

Assessment of annual losses of energy under the condition of constant year-
round operation — 8760 hours/year, with full steady load, by options: for the option
of minimum converter losses of 56.49 kW, it will make 494852.4 kWh. At cost
of «commodity» product — electric energy on a selling tariff of 0,0023 $/kWh
cost of annual losses for the best of considered variants will make $11156.43 for
one connection.

For comparison further a research of parameters of efficiency of power part
of MPE for RPC based on full thyristor controlled cells is carried out. The design
diagram of the power part of REM on the basis of a power thyristor IGCT bridge,
the interface of input and set parameters and the view of a fragment of digital
design results output in the form of design curves and tables are shown in Fig. 6.
The circuit is multimodular, the PM contains a compensating capacitance «tied» by
semiconductor controlled components —thyristors with reverse-connected diodes.
The computational «star» circuit in Figure 6 (left) contains 5 PM in each branch.
The branches are symmetrical and form a three-phase electrical system with the
possibility of separate regulation of electrical parameters in each phase. Thyristors
IGCT]1.... identical in parameters are used in each PM IGCT4 and reverse diodes
D1...D4. Thermal resistance of IGCT is 0,03K/W, other parameters correspond
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to those given in Fig. 1 for comparative researches. The types of IGCTs adopted
for research are reverse and asymmetric conductivity; operating voltage is 4.5 kV.

L0

LU

oeo0000000

Figure 6 — Calculation diagram of the RPCS power part based on the IGCT
bridge (left); interface of input and set parameters (center) and the output
fragment view of the digital design results (right)

Calculation results are shown as curves in Figure 6, from top to bottom on the
right: inverter phase voltages and currents; inverter AC side voltages and currents;
average voltage value of the IGCT module compensating capacitance; below,
respectively: IGCT and reverse diode D losses in conducting state and in switching
mode; heating temperatures of IGCT and D for 9 variants of their parameters.

Parameters and main characteristics of pre-selected power components for
calculation of IGCT RPCS electrical circuit variants are shown in Figure 7. The
following recommended variants are considered: SSHX36L.4521, SSHX36L.4520
and 5SHX261.4520.

= ooy Reverse Conducting Integrated Fm = 80V Royerse Conducting Integrated
 =mpwa  Gate-Commutated Thyristor —popa  Oate-Commutated Thyristor
Vo = 14V !

Yl e oHX 36L4S21 s BSHX 36L4520

Ve = 20V Preliminary SR Preliminary

Figure 7 — Basic data and appearance of the PM selected for preliminary
calculations

To calculate the variant preliminarily accepted from those recommended by
the company-supplier full-featured thyristor module, controlled by input, reverse
conductivity, SSHX36L.4521 type with parameters: voltage — 4500V, current
—3600A; pulse current — 20000A; voltage drop in open state — 1,24V; internal
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resistance at nominal parameters — 0,51 mOhm; direct current voltage — 2800V.
Module is intended for work in electric circuits of direct and alternating voltage.
It contains an RC-IGCT power semiconductor component in the form of a fully
controlled thyristor and reverse diode, as well as a control component, as shown
in Figure 8.

RC-IGCT

- Ke ]

_ Gate Unit

| et :
| Supply Vg ; I
*1 ‘47 Z:S - Internal Supgly (No galvanic isclation to power circuit) ] | H

: Cirouit ]
] ¥ ogic i
$ O d Signal (Light) 7
c5 ——cemmend Sgns | 'q---'iﬂ;—b Maoritoring T | Cathode

= P Cicat — i ‘

|=
o
g

SF < Stus Feeduack fLight)

L;

|

Fig. 13 Block diagram

Figure 8 — Schematic diagram of integrated module with fully input
controlled thyristor, reverse diode and control unit

Results and discussion

To calculate the version of power circuit preliminarily taken from among
those recommended by the company-supplier IGCT module, controlled by input,
reverse conductivity, type SSHX361.4520: voltage —4500V; current —3600A; pulse
current 15000A; open voltage drop — 1,59V; internal resistance — 0,74 mOhm;
DC voltage — 2800V. Designed for operation in DC or AC voltage circuits and
recommended for use with the above initial data. The module contains an RC-
GCT power semiconductor component in the form of a fully controlled IGCT and
reverse diode, as well as a control component; the schematic is shown in Figure 8.

By analogy, we have considered 9 options for using power semiconductor
components — power cells with IGCTs, we note, in general, their high efficiency.
Estimated total PEM are from 0.89 % to 0.98 % or from 79.69kW to 88.31kW. For
the minimum PEM option, the annual PEM cost is § 15477.95; for the maximum
PEM option, it is $ 17152.16. The worst case with IGCT and the best case with
IGBT gives the difference, which at a lifetime of 25 years and an optimistic scenario
of stable cost of electrical energy would be $ 154507.36; the best case with IGCT
and the best case with IGBT under the same conditions would resultin $ 112651.5.
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Conclusions
In conclusion, we note, in general, the high computational efficiency of the
schemes under consideration. The calculated total PEM with IGBT modules is
0.63 % for the best variant; the use of fully controlled IGCT modules gives the
minimum level of PEM — 0.89 %.
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*B. Menvnuxos', O. Tanunoe’, FO. Kubapmene®
1-23TopaltFbIpOB YHHBEPCHTETI,

Kasakcran Pecry6mukacel, [TaBnomap k.
Marepuan 28.08.21 Gacnara TycTi.

SJIEKTP KEJUIEPIHAE TUIMAIJIIKTI APTTBIPY YIIIH
PETTEJIETIH O©TEMAKBI )KYHAEJEPIH KOJIJAHY
MYMKIHAIT'TH BAFAJIAY

Maxkanaoa snexmp siceniepindezi peakmuemi Kyammoi 6mey apKblivl
oHepeust kepcemxiumepin sicaxcapmy yuiin IGCT acone IGBT mooynwoepine
Heziz0eneen Ken OeHeelllli Kyam mypieHOIpeIUiHIY mMUuiMoiniein apmmoipy
mocenenepi kapacmoipvliadst. SEMIS SimulationTool scobanay Kypanvin
KOIOAHa OMulpbln, dicepeinikmi sjexkmp oiceniciniy moicanvinoa IGCT
aicone IGBT bap xen Oeneeiini mypienHOipeiuumepOoin HyCKAIapblH ecenmey
Homudicenepi kenmipineen. Okiemmi backapyvl Oap Jcapmuliai OmKizeiu
aleMenmmep He2izinoe dicepeinikmi snexmp diceninepinde (JIIC) peaxmuemi
kyammol (RPC) emey ywin ken Oeneelili Kyam mypieHOIpeiuumepitiy
(MPE) muimoinicin apmmeipy MyMKIHOIKmMepIiH 3epmmey epeKuie
KbI3bl2YUbLIBIK MYOblpaObl, OUMKEHI JCeli HCYMbLCbIHbIY MUIMOLLIe]
AHCEMKINIKCI3, dcipece INeKMp IHEPSUSCHIHBIY YIKEH UWbl2bIHOAPbIMEH
(PEM) oicyxmeme peaxcumoepi e3eepeen kezoe. Ocvl mypavblOaH an2anoa,
ey muimoi Kypanoapowsiy 6ipi — sceinoam oackapy ocytenepi (PFC).
Ocbl makcamma 2#caxcol HOmudice any YuliH 3epmmeyiep Jicypeizinoi.
Kypan men ecenmey adicmemeci cepmupuxammanzan 6a20apiamanvix,
oHIMOepOi acone ABB-SEMIS Simulation Tool Komnvromepnix scobanay

aneopummoepin Koi0anaobl.

Kinmmi ce3z0ep: snexmp Kyamoin 6epy, muiMmOilix, xHco2anmy,

peaxmuemi Kyam, ememarwt, IGCT, IGBT, kyam mooyni.

*B. Menvnuxos', O. Tarunoe’, FO. Kubapmene®
1-23TopaiiTBIpOB YHHBEPCHTET,

Pecmyonuka Kaszaxcraw, . [TaBnoaap.
Marepuan noctynui B penakiuto 28.08.21.
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OLEHKA BO3MOXHOCTH NPUMEHEHUSA CUCTEM
PET'YJIUPYEMOM KOMITEHCAIIUHU /111 HOBBIIIEHUS
IOPEKTUBHOCTH B QJIEKTPUYECKHUX CETAX

B cmamuwe paccmampusaromes éonpocul nosvluenus s¢pghexmusrocmu
MHO20YPOBHE8020 npeobpazosamens mourocmu Ha ochoge mooyrel IGCT u
IGBT ona ymyuuenus sHepeemudeckux nokasamenel 3a cuem KOMneHcayuu
PeaKmusHoll MowHoCcmu 8 diekmpuyeckux cemsax. Ha npumepe nokanvHot
EKMPOcemu ¢ UCNONb308AHUEM UHCMPYMeRma npoekmuposarus SEMIS
SimulationTool npedcmasnenvl pe3yrbmamul paciemos 8apuanmos
MHOo20YposHesvix npeoopazosamereit c IGCT uIGBT. Hzyuenue 60amodichocmelt
NOBbIUEHUSL IPDEKMUBHOCU MHO20YDOBHEBLIX NPEOOPAZ0BAMEIICI MOUWHOCIU
(MPE) ons xomnencayuu peaxmuenou mownocmu (RPC) 6 noxanvhvix
anrekmpuyeckux cemsix (JIDC) na ocnose noaynpoBoOHUKOBLIX ITIeMEHMO8
C NOTHOMOYHBIM YNPasIeHUeM Npeocmasisem ocooblil UHmepec, NOCKOIbKY
apghexmusrocmo pabomol cemu HeOOCMAMO4HA, 0COBEHHO NPU UMEHEHUU
pexrcumos Hazpysku ¢ obonvuumu nomepamu snexkmposnepeuu (PEM). U ¢
OMUX ROZUYUL OOHUM U3 HAUOOIee IPPEeKMUBHBIX UHCIPYMEHIMOE SABNIOMCSL
cucmemul ovicmpozco ynpasienuss (PFC). C amotul yenvio 6viau npogedemvi
uccre008anUs OIsl NOMYMEHU HAUIYHWUX pe3yibmamos. B uncmpymenme u
MemoO0N02UL PACHENO8 UCNONIL3VIOMCA CEPMUPUYUPOBAHHbIE NPOSPAMMHbBIE
NPOOYKMblL U ANCOPUMMbL KOMIbIOMepHo20 npoekmuposanusi ABB-SEMIS
Simulation Tool.

Knwouesvie cnosa: nepedaua snexmposnepeuu, KIIJ, nomepu,
peakmusHas mowpocmu, komnencayus, IGCT, IGBT, cunosoii mooynb.

Onepeemuxanvik cepusicol. Ne 3. 2021
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