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UPDATE OF ROTOR ECCENTRICITY DIAGNOSTIC SYSTEM ON
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This thesis work offered is dedicated to update of rotor eccentricity diagnostic
system on electric machines using capacitive sensors.

Actuality of the work. Rotating electric machines (EM) in electric power
industry and industrial production are used for production of electric power and as
electric drives. At the moment, CIS countries use about 20 million EMs. And EM
practical use demonstrates that substantial part of them for a long time operates
with static rotor eccentricity that exceeds the technological eccentricity.

As it is known, rotor eccentricity in EM results in air-gap irregularity,
induction of additional magnetic fields in air gap and as a result it leads to
deterioration of electromagnetic characteristics and growing loss of electric energy.
Considerable rotor core displacement interferes with the stator core which results
in its heating. Intensive stator core heating leads to intensive breakage of stator
winding insulation and causes short circuit in it. In its turn, rotor core heating can
lead to breakage or burn-out of rotor winding.

In such cases, stator winding of the machine needs a time-taking and
expensive repair and when rotor cast winding burns out it will totally comes out of
action. Besides, during repair of winding it is necessary to get rid of «rubbing» of
stator core from air gap side. Otherwise, the further operation of electric machines
will lead to «fire in steel» because of short-circuit in core laminated sheets. This
process requires long-time and hard manual work.

Timely detection of rotor eccentricity and its value can help both to reduce
electric power consumption and prevent damage of electric machine. The
following scientists made a great contribution to development and update of EM
rotor eccentricity diagnostic system: Geller B., Gamata V., Voldek A.lL,
Novozhilov A.N., Kletsel M.Ya., Manukovskiy A.V., Kryukova Ye.V., Mirzoyeva
S.M., Nikiyan N.G., Veinreb K.B., Gashimov M.A., Rogachyov V.A., Surkov
D.B., Tonkikh V.G., Petukhov V.N., Potapenko A.O. and many others.

However, despite of evident achievements in this field, so far devices for
detection of rotor eccentricity and its value are still less popular in industry. One of
the reasons is that EM winding current or winding stray magnetic field were
usually used as data source. However, data parameters offered by that data sources
varied because of rotor eccentricity and fluctuation of electric mains parameters
during operation modes and shut-down time in rundown mode. Need in reset of it
would sharply reduce diagnostic system's sensitivity to eccentricity.

On the contrary, diagnostic systems that obtain data on rotor displacement
from capacitive measuring sensors (MSs) have no such disadvantages. However,



all that is known about such diagnostic systems is drawn from few sources
published describing several capacitive MSs construction diagrams. So, in this
context update of EM rotor eccentricity diagnostic system using capacitive MSs is
an acute question.

The goal of this study is update of EM rotor eccentricity diagnostic system
using capacitive MSs.

In order to achieve this goal the following tasks shall be set and fulfilled:

- to develop capacitive MSs capable of being installed on all types of AC
machines;

- to develop boundary conditions and software for modelling capacitive
MSs parameters based on the net method by means of which a «zonal» method for
capacitive MSs modelling shall be developed depending on rotor core teeth
position during rotation;

- to select a reference damage criterion for EM rotor eccentricity diagnostic
system,;

- to investigate all factors capable to affect the sensitivity of diagnostic
system with capacitive MSs and to develop a measuring chain capable to reduce
the influence of the factors mentioned;

- to develop diagrams and justify parameters of measuring chain elements
as high-frequency generator, measurement bridge and bandpass filter as well as an
independent source to provide these elements with power supply with stabilized
direct-current voltage;

- to develop a method to diagnose rotor eccentricity and a device to
complete this task where one of the electrodes of capacitive sensors is EM shaft;

- to develop a method to diagnose rotor eccentricity and a device to
complete this task where one of the electrodes of capacitive sensors is metallic foil
on stator core coil brace and the other one is rotor core surface.

The object of the study is EM rotor eccentricity diagnostics with the view
of updating EM rotor eccentricity diagnostic system using capacitive sensors.

The subject of the study is update of EM rotor eccentricity diagnostic
system by means of using capacitive sensors.

The main tools to obtain study materials are:

- fundamentals of EM design theory;

- fundamentals of EM status diagnostics theory;

— theoretical basics of electric engineering;

— programming, physical modelling and full-scale experiment.

The scientific novelty is defined by:

1. By comparison of advantages and disadvantages of the already known
technical solutions that allow determination of rotor eccentricity the reasons that
reduce its sensitivity were studied.

2. Based on the net method a new capacitive MSs modelling method was
proposed with arbitrary shape of electrodes as well as a software to complete this
task.



3. A «zonal» method was developed for modelling capacitive MSs as a
function of both rotor eccentricity value and its teeth position as well as poles with
the reference to MSs during rotation.

4. It is proposed to use capacitive MSs components as the reference criterion
of rotor eccentricity. The component values for analysis as a function of rotor
eccentricity and its teeth and poles positions with the reference to MSs are
determined by expansion of the capacitance into Fourier series.

5. A new diagnostic system measuring chain was developed which consists
of measurement bridge and two-stage bandpass filter with passing frequency equal
to vibration frequency of the power source in form of high-frequency generator.

6. Based on the microprocessor quartz generator a high-frequency vibration
source was developed with frequency rate of 100-120 kHz. It has fixed frequency
f.and output voltage amplitude U, and two-stage bandpass filter on gyrators

capable to provide output voltage stability within working temperature range of the
machine.

7. An independent source with stabilized direct-current voltage was
developed to provide the diagnostic system elements with power supply, as well as
methods for calculation of current and voltage transformer parameters providing
this source with power supply from electric mains.

8. A new rotor eccentricity diagnostic method was developed as well as the
method for determination of tripping tresholds of the rotor eccentricity detection
device. Here, one of the MSs electrodes is rotor shaft and passing frequency f;, of

the measuring chain bandpass filter is equal to high-frequency generator rate f..

9. Capacitive MSs on stator coil brace were studied with the reference to
rotor eccentricity value and it was found out that in asynchronous and synchronous
machines with nonsalient pole rotor the capacitive MSs constant component shall
be used as the reference damage criterion. At the same time, in salient pole rotor
synchronous machine for this purpose both the capacitive MSs constant component
and the first harmonic component can be used; in this respect the use of the second
one is more preferable.

10. A new method for diagnosing rotor eccentricity of electric machines was
developed as well as method for determination of tripping thresholds where one of
MSs electrodes is the surface of rotor core or its poles. Herewith, pass frequency
fy of measuring chain bandpass filter can be equal to carrier frequency f,. or side

frequencies f. =f_, in this respect, use of the last one to diagnose machines with

salient pole rotor is more preferable.

The practical effect of the work consists of the following:

1. It was proved that the most perspective technical solutions for detection of
EM rotor eccentricity are the ones that use capacitive MSs as MSs. It means that
diagnostics results do not depend on fluctuation of electrical mains parameters and
load as well as on EM shut-down time when diagnosing the machine in run down
mode.



2. The method developed based on the net method and software for
modelling capacitive MSs with arbitrary electrode shapes gives the opportunity to
calculate it with the accuracy of 4.5%. This can allow its use for controlling the
accuracy of «zonal» method developed for modelling capacitive MSs parameters.

3. The «zonal» method developed with calculation accuracy of 13% allows

modelling capacitive MSs as a function of rotor eccentricity value and rotor core
teeth and poles positions with the reference to MSs during rotation.

4. Use of Fourier method for determination of capacitive MSs components
can help to find out ones with maximum values and the components that heavily
depend on rotor eccentricity and when used as the reference damage criterion.

5. A measuring chain developed based on measurement bridge and two-
stage bandpass filter is capable to provide a reliable protection for diagnostic
system against external electric and magnetic fields when these elements are
located inside the EM.

6. High-frequency vibration source developed based on the microprocessor
quartz generator and its software can help to provide frequency instability f.within

+(0,1-0,5)- 107% Hz and output voltage amplitude U, within +2-5% when
ambient air temperature changes from —30 to +80 degrees.

7. Two-stage bandpass filter developed on gyrators can provide amplitude
variation of output voltage equal to 2-2.5% within the frequency range of 114-127
kHz and when ambient air temperature varies from —30 to +80 degrees.

8. The independent power source developed can help to provide all
diagnostic system elements with stabilized voltage of 12V with current
consumption of up to 0.2A.

9. The methods developed for calculation of current and voltage transformer
parameters providing it with electric power from EM electric mains gives the
opportunity to calculate them for a wide range of output voltage and current
parameters.

10. In the rotor diagnostic system developed where one of the electrodes is
rotor shaft the capacitive MSs are located inside the EM and other elements of the
diagnostic system in a single block are located on its external surface. Such
construction can help to avoid long connector wires and easily provide a reliable
protection for the system elements against electric and magnetic fields, as well as
more «light» temperature mode during operation, easy control of correct operation
of the device and its adjustment without machine disassembling.

11. In rotor eccentricity diagnostic system developed the capacitive MSs
(where one of electrodes is a metallic foil on stator coil brace and the other is rotor
core surface or pole surface) and measuring chain are located on MSs coil brace,
and other elements of the diagnostic system in a single block are located on EM
external surface. This makes MSs construction and installation more easy.

Approbation of the study results. Main statements of the thesis were
reported and discussed at the 17-th International conference entitled " Satpayev
readings " (Pavlodar) in April, 2017, at the 9-th International conference entitled "
Toraigyrov readings " (Pavlodar) in November, 2017; at the VIII-th International



scientific and technical conference entitled "Technical sciences: problems and
solutions" (Moscow) in February, 2018.

Publications. Regarding to this document 11 works were published
including 3 works in the magazines recommended by VAK RK, two articles in
«Vestnik OmGTU» (Russia) magazine and 3 patents of invention were submitted:
2 of them in RoK, 1 in Russian Federation. Also, two articles were accepted for
publication: «Elektrotekhnika» (Moscow, Russia) magazine, 2019 and «Przeglad
Elektrotechniczny» (Poland) magazine, 2018 entering the Scopus citation base.

Structure and volume of the thesis. The thesis consists of introduction, 3
chapters, conclusion and 2 attachments. It comprises 101 pages, has 61 figures and
4 tables. The reference list used includes 80 names.

The first chapter describes EM constructional features and types of
eccentricity. Analysis of the constructional features of rotating EMs demonstrated
that the main cause of rotor eccentricity laid in constructional elements securing
rotor position with the reference to stator where the main reason of rotor
eccentricity was shaft displacement. Process equipment used nowadays and human
factor lead to the fact that EM production plants produce items with the
eccentricity of up to 0.1-0.12. Moreover, rotor eccentricity features were described
with air-gap irregularity, induction of additional magnetic fields in it, deterioration
of EM electromagnetic characteristics and rise of electric energy loss for about
0.45-3.95%. The analysis of the already known methods for detection of rotor
eccentricity on EMs that come out of action or EMs that are still in operation
demonstrated that the most perspective way is application of a method where
capacitive MSs is used to obtain the damage criterion. In this respect, EM
diagnostics results do not depend on variation of electric mains parameters, load
jumps and EM parameters changes as well as its operation mode. MSs capacitance
used in EM rotor eccentricity diagnostic system depends both on rotor eccentricity
and rotor core surface shape. Therefore, the already known capacitance modelling
methods do not allow modelling parameters of such MSs during rotor rotation.

In the second chapter a capacitive MSs modelling method was developed
for rotor eccentricity diagnostic system which is based on the net method. This
method with the accuracy of up to 4.5% can help to perform modelling with
arbitrary electrode shape. The «zonal» method offered for modelling capacitive
MSs for rotor eccentricity diagnostic system allows its easy modelling as a
function of rotor teeth positions during its rotation with calculation accuracy of up
to 13%. The reference criterion of rotor eccentricity was found out which can be
determined through analysis of MSs harmonic capacitance range depending on
rotor eccentricity value. In asynchronous machines where one of the electrodes of
capacitive MSs of the diagnostic system is rotor shaft surface or rotor surface with
closed or open slots; the constant component shall be used as the reference damage
criterion in the diagnostic system. In synchronous machines where one of the
electrodes of capacitive MSs of the diagnostic system is salient pole rotor surface
its constant component or the first harmonic components of its capacitance shall be
used as the reference damage criterion. In synchronous machines where one of the
electrodes of capacitive MSs of the diagnostic system is nonsalient pole rotor



surface its constant component shall be used as the reference damage criterion
since the first harmonic component value is much more less.

It was found out that the measuring chain in form of a measuring bridge with
band-pass filter where the bridge is powered by the high-frbreakage47generator
satisfies in the best way possible the requirements of the EM rotor eccentricity
diagnostic system with MSs where one of the electrodes is grounded.

In the third chapter at Pavlodar state university named after Toraigyrov
(«Electric power» department) jointly with Manukovskiy A.V. (PhD in Technical
Sciences) the design of the quartz generator and its software was finished off for
the measuring chain of the diagnostic system updated; this can provide sufficient
stability for frequency and amplitude as well as permissible level of harmonics of
the signal generated within the required temperature range. It was found out that
the two-stage filter on gyrators is capable to provide a pass band of 5 kHz with
gain bandwidth of Q= 60 dB within working temperatures ranging from —30 to +80
degrees which is quite sufficient for diagnostic system. An analysis is made based
on which an independent source with stabilized direct current was selected capable
to provide power supply for the high-frequency generator and the two-stage filter
of the system diagnosing the low-voltage and high-voltage electric machines with
the help of small size and cheap voltage transformers as well as standard T3PJI
split-type and through-type current transformers.

The rotor eccentricity diagnostic system with MSs was updated where one of
electrodes is EM shaft. This system can control both the shaft displacement and
direction of the displacement. In addition, all elements are located on EM external
surface that enables to create a shielding to protect from external electric and
electromagnetic fields and provide an access to control the functionability of the
device and set up tripping limits.

The rotor eccentricity diagnostic system was updated where one of MSs foil-
type electrodes is located in coil braces. This can help to control both the shaft
displacement and direction of displacement. In addition, measurement bridge and
bandpass filter are located on protruding part of the coil brace and other elements
are located on EM external surface. Thus, it makes MSs manufacture and
installation more easy.



AHJATIIA
6D071800 — «OneKkTp3HepreTHKa» MaMaHAbIFbl OOMBIHIIA
¢dunocodus noxkropsl (PhD) FeutbIMU 19pexkeciH aly YIIiH AuccepTanus

IOcynoBa Aceas Opa3oBHa

CHIUBIMABLIBIKTHI OJIHIEY TYPJEHAIPTIIITEPIH/E
JIEKTPJIIK MAHINHAJIAP POTOPBIHBIH DOKCHEHTPUCUTETIH
AUATHOCTHUKAJIAY KYUEJIEPIH XXETIIAIPY

¥YCHIHBUIFAH ~ JIUCCEPTAIUSIIBIK ~ JKYMBIC — CHIMBIMJBUIBIKTBL  OJIIICY
TYPACHIIPTINTEPIHAE JICKTPJIIK MAaIIMHAIAP POTOPBIHBIH AKCIIEHTPUCUTETIH
JIMarHOCTHUKAJIAy JKyHelepiH KeTU1Aipy TaKbIpbIObIHA apHaJFaH.

KyMBICTBIH  @3eKTidiri. OIJEeKTp SHEpreTukajga >KoHE OHJIPICTEri
allHaJIATBIH AIEKTPIIIK MamrHanap (OM) aeKTp KyaThIH jKacay YILUIH KOHE 3JIEKTP
xKeTek perinae naiaanansuiansl. Kazipri yakeirra TM] ennepinae 20 MUILITMOHFA
KybIK DM Kosnanblnyaa. JKoHe onapabl maijanaHy TOXIpUOECT KOPCETKEHJEH,
OJIApJIbIH, Kom OeJiri y3aK YakbIT OOWbl TEXHOJOTHSIIBIK SKCIEHTPUCUTETIHEH
YKOFapbl POTOPABIH CTATUKAIBIK IKCLIEHTPUCUTETIMEH KYMBIC KaCaNIbl.

benrimi  Oomranmaii, poTtopAablH  OM-meri  SKCHEHTPUCHUTETI  aya
CaHbUIAyBIHBIH OIpKesKi eMec OOJybl, aya CaHbUIAYbIHAAFbl KOCHIMIIIA MAarHuT
OPICIHIH Maiia 00JIyhl )KOHE AIEKTPOMEXAHUKAIIBIK CUITATTaMaIapAblH HaIlapiiaybl
YKOHE AJICKTP DHEPTUSCHIHBIH KOCBHIMIIA HIBIFBIHIAPBIMEH KaTap xKypeai. PoTopasiH
OUITIriHIH €19ylp XKBUDKYBI K€31H/I€ OHBI CTATOpIbIH Ouririne Oexiteni. byn ke3ne
OJIApJIbIH,  KBUTYbl OpbIH anagel. Cratop OUIETIHIH KAaTThl KbI3ybl CTaTOP
OpaMacChIHBIH JKOHE KbICKA TYUBIKTATYIBIH OKIIAyJaHybIH T€3AETe Nl O3 Ke3eTiHe,
poTOpABIH OieriHiH KbI3ybl POTOPIBIH OpPaMAaChIHBIH OY3bUIYbIHA HEMece
OaJIKybIHA K€yl MYMKIH.

MyHnpait sxargaiiapaa MaligHa cTaTop opaMajapbiHbIH Y3aK KoHE KbIMOaT
KOHJICYIH KaKeT eTell, al pOTOPIbIH KYMbUIFAaH OpaMachbIHbIH €pyl Ke3lHAe Ol
TOJIBIFBIMEH iCTeH mibIFaabl. COHBIMEH KaTap, opamMajap.bl KeHJACY Ke3iHjae, aya
CaHBUIAYBIHBIH JKaFbIHAH CTATOPJIbIH OLIETiH «BICKbUIAHY» KYHIH >KOIO KaXKeT.
ONTIIECe, OJEKTp MAaIllMHAJIIAPBIH OJIaH opl TNaijajaHy OHBIH OCTTepiHIH
KaObUTybIHA OailyIaHBICTBI OUIEKTErl «0ojaTTaH jKacaJiFaH OTKa» oKemenl. by
oriepaIus y3aK ’oHe KoIl eHOCKTI Tajall eTe/Il.

PoTtopasiH sKcrieHTpUCUTETIHIH Oap OOMYbIH JKOHE IIaMachlH JIep Ke3iHe
aHBIKTAy DHEPTUSHBI TYTHIHYIBl a3aiTyFa FaHa €MeC, COHBIMEH KaTap JJEKTP
MaIllMHACBIHBIH ~ 3aKbIMJIAaHYBIHA JKOJ OepMmeimi. OM  SKCIEHTPUCHTETIHIH
JMArHOCTUKAJIay >KYHEJepiH NalblHAAyFa JKOHE KETUIAIPYTe YJKEH YJIeC KOCKaH
raneiMaap - I'emnep b., 'amara B., Bonsaek A.U., HoBoxwmios A.H., Kieuens
M., ManykoBckuii A.B., Kprokosa E.B., Mupzoesa C.M., Hukusu H.I.,
Beitnpe6 K.b., I'ammmoB M.A., Poraue B.A., CypxoB JI.b., Tonkux B.I'.,
[TeryxoB B.H., [lotanenko A.O. xxaHe T.0.

JlereHMeH, ocChl cajafarbl KYMOHCI3 JKETICTIKTEPre KapamacTaH, pOTOPJIbIH
AKCIICHTPUCUTETIHIH O0ap->KOFbIH aHBIKTayFa apHaJFaH KYPBUIFBI oJIi Jie eHJIpicTe



KEeHIHEH KOJIaHbpuIMaiiapl. MyHBIH Oip ce6ebi, kebinece DM opamanapblHIa TOK
KOJIJIJAHBUTYbl HEMECE OChl OpaMaiapJIblH MAarHUTTIK ©PICIH TapKaTy akKmnapaTr Kesl
peTiHAe KoJJaHAbl. Ajaiiga, OChl aKmapar Ke3[EepiHEH allblHFaH akKmnapar
napameTpiepl pOTOPAbIH 3KCUEHTPUCUTETIHEH FaHa €MeC, COHJai-aK KYMBbIC
PEKUMIICPIHJIET] JICKTP JKEIICIHIH IapaMeTpiepl MEH MIbIFapy PEKUMIHIE OIIIPY
YakbITBIHBIH ~aybITKybIHaH Jla aybicafgel. Ocbklian 0ac  TapTy KaXeTTUTIr
JUArHOCTUKAJIBIK ~ KYWeNepAlH OKCIEHTPUCUTETKE CE3IMTaJABIFBIHBIH  KYpPT
TOMEH/ICY1HE OKeJe .

by keMIIIiKTep POTOPABIH CHIMBIMABUIBIKTHI OJIIICY TYPJCHIPTiIITEepiHEeH
(OT) Ko3FanbIChl Typasbl AKIAPATThI ANaThIH IUATHOCTUKAIBIK KYHEAEH albIpaibl.
JlerenMeH, OChIHIAM TUAarHOCTUKAIBIK JKyHenep Typaibl OuteriHimiz OT OipHeme
KYPBUIBIMJIBIK, ChI30aapbiH kapusiiayra keneni. OcblFan 0aiIaHbICThI, CHIABIMIBI
OT apuHanran OM pOTOPBIHBIH HSKCUEHTPUCHUTET] YIIIH JUArHOCTUKAIBIK
KyHenep/l )KeTUAIPY MaHbI3bI OOJIBIN TaObLIAIbI.

KymbicThIH MakcaTbl — cbliibiMabl OT apuHanran DM poTopablH
AKCLIEHTPUCUTETHIH JUArHOCTUKAJIBIK KYHECIH )KEeTUIIPY.

MakcaTKa ’eTy YIIiH KeJecl MIHAETTEP KOUBLIBIIN, MIESIIJIIL:

- aybpIcalibl TOK MalllMHAJAPBIHBIH OapiiblK TYpJEpiHE OpHATyFa >Kapamibl
CHIMBIMABIIBIKTE OT a3ipiiey;

- POTOPJIBIK OUTIK TICTEPIHIH POTOPJBIH alHAIy >XarjgalblHa OaiIaHBICTHI
celiibiMabl OT yirineyre apHaiFaH «aiMaky» 9JIICIH HETI3JICUTIH KoHE 931pJICHTIH
TOp oficiHe coiikec ChiMbIMIbI OT mapameTpiepiH MOJENbACY YIIIH IIEKapaJIbIK
miapTTap MeH OaraapiiaMalblK KaMTaMachl3 €Tyl d31pIiey;

- OM pOTOpBIHBIH HKCIEHTPUCUTETIHIH JIUATHOCTHKAJIBIK >KyHecl VIIiH
3aKbIMJIAaHYIbIH aKIMapaTThIK OCITiHI TaHIaY/Ibl )KY3ETe achIpy;

- CHIMBIMABUIBIKTEI OT NUarHOCTUKANBIK JKYHEHIH CE3IMTaJIbIFbIH LIEKTEY1
MYMKIiH 0apibIK (hakTopiaap/ bl 3epTTey KOHE OCHI (haKTOpIapIbIH dCEPiH a3alTyra
KaO1JeTTi emiey Ti30€riH xacay,

- JKOFaphl KUUIIKTI TEHEPATOp, OJIIIEy KOIMIpl *KOHE MKOJIAKThl OTKI3TIIITIK
Cy3ri TypiHAe eJiey TI30€riHIH 3JIEMEHTTEPIHIH ChI30anapblH J3ipiiey >KoHE
napameTpiepiH Heri3fey, COHJal-aK OChl 3JEMEHTTEpAl TYpaKTaHJbIPbUIFaH
TYpPaKThl KEPHEYMEH KaMTaMachl3 €Ty YIIIH TOyelCi3 Ko3/1 JalbIHaaY;

- POTOPJIBIH 3KCUEHTPUCUTETIH OHE OHBI ICKE achpy YUIIH KYPBUIFbIHbI
JMArHOCTUKAJIay OMICIH 931pyiey, OHJla ChIMBIMIBUIBIKTEI OT 31eKTpoATapbIHbIH
Oipi - OM 6iiri;

- POTOPJIBIH JKCUEHTPUCUTETIH OHE OHBI ICKE achIpy VIIIH KYPBUIFBIHBI
JMATHOCTUKAJIAy OMICIH 931pyiey, OHJla CHIMBIMIBUIBIKTEI OT sneKkTpoaTapbIHbIH
Oipi - craTopiblH OUIITIHIH CaHBUIAYJIbl CBIHACBIHAAFBI METaI (Dojbra KoHe
0acKachIH/Ia - POTOP/IBIH OUTITIHIH OETI.

3eprTeyaiH HbICaHbl — ChIMBIMIBUIBIKTEL OT ymiH OM  poTOpBIHBIH
DKCEHTPUCUTETIH JIMarHOCTHKANay >KYWECIH KEeTULaipyre apHaimradn DM poTopsl
AKCLIEHTPUCTETIH JUArHOCTUKAJIAY CaJlachl.

3epTTeyaiH TaKbIPbIObI — CHIMBIMIBUIBIKTE OT yIlIiH naiinanany >K0JIbIMEH
ANEKTP CTAHIMACHI MAaIlMHAIAPBIHBIH OM POTOpPJIAPBIHBIH AKCICHTPUCHUTETIH
JMAarHOCTUKAJIAy KYHECIH KETUIIIPY.



3epTTEy MaTepUaJAapbIH a1y Kypajjaaphbl:

- OM KOHCTPYKUMsUIAy bl TEOPHUSICHIHBIH HET13I'1 epexkKenepi;

- OM KyiliH AMarHOCTUKaJay TEOPUSCHIHBIH HETI3T1 epexenepi;

- BJIEKTPOTEXHUKAHBIH TEOPUSIIBIK HET1311epi;

- Oarmapiiamanay, (pU3NKaIbIK MOJEIBALY JKOHE TAOUFU SKCIIEPUMEHT 9JIICI.

7KYMBICTBIH FBIJIBIMHU KAHAJIBIFBI AHBIKTAJIA/IBI:

1. PoTOpabIH SKCIEHTPUCUTETIH aHBIKTayFa MYMKIHIIK OepeTiH Oenriii
TeXHUKAIBIK IICHIMACPAIH AapTHIKIIBUIBIFEI MEH KEMIIUIIKTEPIH CaJIbICThIpa
OTBIPBII, OJIAPABIH CE3IMTANIBIFbIH IEKTEHUTIH ceOenTep 3epTTeNal.

2. Topnap omic Heriziaae OT CHIUBIMABUIBIFBIH JJICKTPOATAPIBIH EPIKTI
HBICAHBl MEH OHBI ICKE achlpy YIIIH OargapiamMaiblK KaMTaMachl3 €Tyl
MOJIEITIbJICYTE apHAIFaH KaHa d/1iC YCHIHBUIIBI.

3. OT-HIH CBHIABIMIBUIBIFBIH TOYENIUIIKTEPAl POTOPABIH 3SKCLEHTPTETI
[IamMachlHa FaHa €MeC, COHbIMEH Karap aiHany ke3iHae OT - re KaThICThI TiCTEp
MEH NOJIFOCTEP/IIH OPHBIH MOJIENIBACY YUIIH «aliMaKy 9/1iC1 Kacasbl.

4. OT CHIUBIMIBUIBIK KYPaMJACTBIPBIH POTOPIBIH OKCIICHTPHUTETIHIH
aKMmaparThlK OeNrici peTiHie naijanaHy YChIHBUIAbI, OHBIH IlIaMachl POTOPJbIH
AKCIIEHTPUTETIHIH MOJIIEPIHEH TOYCJIUIINH Tajjiay YIIiH koHe OT-re KaThICTh
TICTEp HEMece MOJICTEepAiH opHanacybl Dypre KaTapblHa BIABIPATY >KOJIBIMEH
aHBIKTAJIA]IbI.

5. Omiey KemipiHEeH JKOHE KOFapbl KUUIIKTI TeHepaTop TYpiHAEri KyaT
OepyaiH TepOery KUUTIriHe TeH Oepy KUUTTIMEH ChI3BIKTHI — XK10epy €Ki CaThbUIbI
CY3T1JIEH TYpaThlH AUArHOCTUKAJIBIK KYWEHIH JKaHa eJIey Ti30eci 93ipaeHl.

6. MuKpompoIeccopbIK KBapIThl TeHepatopabiy Herizigae 100-120 kI
KUUTIKTET1 JKOFapbl JKULTIKTI TepOenmicTepaiH Ke31 o31pJeH/l, OHBIH TYPaKThl
xuulri f.MeH WbIFbIC KepHEyiHIH ammuuTynacel U, cOHOail-aKk MallluHaHBIH
KYMBIC ~ TEMIEpPaTypachlHbIH  JUANa30HbIHAA  KEPHEYIIH  TYPaKThUIBIFbIH
KaMTaMachl3 eTyre KaOijaeTTi reHepaTopiap/iarbl €Ki caThUIbl TacMalbl — OTKI3T1II
cyarici 6ap.

7. JlmarHocTuKa >KYHECIHIH AJIeMEHTTEPIH KyaTTaHIbIPY YIIIIH TYPAKThI TOK
KepHEYiHIH aepOec Ke3l, COHAal-aK OChl Ke3/1 d3JEKTp JKEIICIHEH JJICKTPMEH
KaMTaMachl3 €TETIH TOK JKOHE KepHEy TpaHC(POpMaTOpiapbIHBIH MapaMeTpiiepiH
ecenTey dJIiCcTepl d3IPIICH]I.

8. POTOpABIH 3KCIEHTPUCUTETIH MUAarHOCTUKATAYIBIH KaHA 9/IiCi KOHE OCHI
ONICTI ICKE achIpy YIIIH KYPBUIFBIHBIH KYMBIC ICT€Yy IIEKTEpiH aHBIKTay 9IicCi
a3iprieH i, CHIMBIMABUIBIKTEL OT 31eKTpoATaphIHBIH Oipi - POTOPABIH OLTIKIIEC, all
’KOHE eJIley TI30€eriHIH KONAKThl - ©TKI3III CY3TiciH ki0epy f( KHULUIIr1 )KOFapsbl

JKUUIIKTI TEHEPATOP/IbIH KULIIriHe f. TeH aen ecenrtemnend.

9. OT CHIUBIMABLTBIFEIHBIH POTOPBIH SKCIIEHTPUCUTETIH IIaMachl OOWBIHIIIA
CTaTOPJBIH CaHBUIAYJIBI KY31HE TOYEJAUNKTEpl 3€pTTENAl *KOHE aHBIKTaIMaraH
MOJIFOCTIK  POTOpPHI  0ap aCHHXPOHIBI JKOHE CHHXPOHIL MamuHamapaa OT
CHIMBIMIBUIBIFBIHBIH  TYPaKThl KOMIIOHEHTI Oy3bUIYJIbIH aKmapaTThlK Oenrici
peTiH/ie MmaigaTaHbUTybl THIC €KEHIT aHBIKTAJIbl. byl karmaiiia aHbIK MOJIIOCTI
cUHXpOoHAbl MamnHaga OT ChIBIMABUIBIFBIHBIH TYPAKThl Kypamaac OeJIiriH *KoHe



OHBIH aJIFAIlIKbl TapPMOHUKAJBIFBIH KOJJAaHyFa OOJIajbpl, COHJal - ak OipiHmIi
TrapMOHUKAJIBIKTHI TIaiiJaJlaHFaH KOH.

10. DneKTp MalIMHACBIHBIH POTOPBIHBIH SKCIIEHTPUCUTETIH TUarHOCTHKAIAY
YIIIH JKaHa 9JIC KoHEe OyJI 9MICTI ICKE achlpy YLIIH KYPBUIFBIHBIH >KYMBIC iCTEY
HIEKTEPIH aHBIKTAY 9JIIC1 931PJACH/I1, OHBIH CHIMBIMIBUIBIKTEI OT 37eKTpoATaphIHBIH
O1pi poTOpbIH OUTIriHIH HEMECe OHBIH TMOJIOCTEPIHIH 0eTi 00JbIT TabbuIaabl. by
Kardaiga eniey Ti30€riHIH JKOJIAKTBI-OTKI3rill cy3riciHiH f xiOepy Xuuiri
Her13ri xuinri f. men OyHipmik »xuinikrepre f. =f. ne TeH 60Iybl MYMKIH, aHBIK
MOJIFOCTI  POTOPJBl JUATHOCTUKAJIBIK MAallMHAIapFa COHFbl HYCKAHBI KOJJaHY
THIMAIPEK OOJIBITT TaObLIa/IbI.

/KYMBICTBIH NPAKTHKAJIBIK KYHAbLIBIFbI:

1. OM pOTOpPBIHBIH AKCIIEHTPUCTETIH aHBIKTAy VIIIH €H THIMIl KOJI
TeXHUKaJBIK MentimMaep 0omnbin Tadbbuiaabl, onapaa OT peTiHae ChIMBIMIBUTBIKTHI
OT mnaiinanansuianpl. OcblFaH OalIaHBICTBI, JUATHOCTUKAHBIH HOTHDKEIEPI
AIIEKTPMEH KaOJIbIKTAy KENICIHIH MapaMeTpiiepl MEH KYKTeMeNepiH aybITKybIHa,
COHJIaii-aK, WIBIFAPY PEKHUMIHAEC MallWHAHBI JUATHOCTHUKANAy Ke3diHae OM-mi
eIIIipyTe TOYEIIi eMec.

2.  DuexTpoATapABIH TOpJap 9MiCiHE HETi3AenreH epikTi (GopmMackiMeH
OT ChHIMBIMABUIBIFBIH MOJICTBACY OAICI MEH OardapiiamaliblK KamMTamachl3 €Ty
4,5% xaTenikneH ecenteyre MYMKIHAIK Oepeal. byn cbliibIMabUIBIKTEL OT
napaMmeTpiepiH MOJAENbJey YIIIH «alMaky oMICIHIH JoiiiriH - OakbliayFra
MYMKIHIIK Oepe/l.

3. OBIpJIEHTEH «aillMak» 9diCi POTOPJbIH AKCIEHTPUCUTETIHIH IIaMachl
OoiipIHINIA, CcOHAaW-ak aWHamaplpy mnpouecigae KT-re KaTbICThl TICTEp MeEH
MOJIFOCTEP/IIH OpHBbIHA OalmaHbICTel OT  CHIMBIMIBUIBIFBIHBIH TOYCSIIUIIKTEPIH
Mozenbaey yuriH 13% kaTenikieH TopTiOiH ecenTeyre MyMKIHIIK Oepei.

4. OT ChHIMBIMIBUIBIK KypamaacTapblH aHbIKTay YIIiH Dypbe omiciH
naijanany eH YJIKEH IllaMara He »oHe OY3bUTYJIbIH aKMapaTThIK OENricl peTiHje
naijajiany YIIH pPOTOPABIH OAKCIEHTPUCTETIHEH TOYENIi ©3repeTiHIrH
aHBIKTayFa MYMKIHJIIK Oepeti.

5. Onmey Kemipi MEH KOJAKThl - OTKI3TIII €Ki CaThUIbl CY3TiHIH
HETI31HJIe 93IpJIEHIeH oiey Ti30eri Oy aiaemMeHTTepal DM opHalacThIpbUIFaH
KE3/1€ CBIPTKBI AJIEKTP >KOHE MArHUT OpPICIHIH 9CEPIHEH JIMArHOCTHKAJay >KYHECIH
KETKUTIKT1 CEHIM1 KOpFayAbl KAMTaMachl3 €Te aaabl.

6. MukponpoueccopablK KBapll T€HEPAaTOPBIHBIH HETI31HJE 931pJICHIeH
YKOFapbl KUUTIKTI TepOeNiCTep/IiH Ko31 kKoHe OHBIH OaraapiamMaiblK KaMTaMachl3
€Tyl KoplllaraH opTaHbl Temreparypachl -30-maH +80 rpaaycka neiiH e3repreH
Ke3/le OKUUIK TYpPaKChI3AbIFbIH  f ir(O,l—O,S)-lO_6 I'm xoHe KepHey
ammmatynaceln U, mbiryna £2-5% apansiFblHIa KaMTamachl3 €Tyre MYMKIHIIK
oepeni.

7. OBIpJIEHTeH TUpaTopjapAarbl €Ki CaThbUIbl >KOJIAKThI - OTKI3TIII CY3rl
KOpIIIaraH OpTaHbIH TemmepaTrypackl -30-man +80 Tpamyc apanbsiFbiHAa OoJFaH

warpaina 114-127 I’y xKuinikTe WbIFy KEpHEYIHIH aMIUTUTYIAChIHBIH ©3repyiH 2-
2,5% aybITKyBIMEH KAMTaMacChI3 €T€ aJIaJlbl.



8. OsipieHreH nepbec KyaT Ke31 IUarHOCTHKAIBIK >KYHEHIH OapibIK
AJIEMEHTTEPIH TYTBIHBUIATHIH TOK OoiibiHa 0,2A neitin Oonran xarmaii 12 B
TYpaKTaHABIPbUIFAaH KEPHEYMEH KaMTaMachI3 €Tyre MyMKIHAIK Oepe/i.

9. DM kyar Oepy >XeNICIHEH JJICKTPMEH KaMTaMachl3 €TETIH TOK >KOHE
KepHEy TpaHCc(hOpMaTOpJIapbIHBIH MapaMeTPJICPIH €CeNTEYIIH S31PJICHTeH dJIiCcTepl
OJIapAblH IIBIFYy KEpPHEYIHIH JKOHE TOKTaphIHBIH KEH AayKbIMBbIH €CEeNTey
MYMKIHJITIH Oepei.

10. DnektpoatapabliH Oipi pPOTOPALIH OUTIKIIECI OOJBIN TaOBUIATHIH
ChIBIMIIBI OT POTOPBIHBIH IKCUEHTPUCUTETIH IUArHOCTUKANAY YIIIH 931pJICHIeH
KyppUIFbIIa o1 OM  imiiHAe, al JUarHOCTUKANBIK JKYHEeHIH OapiblKk Oacka
DJIIEMEHTTEPIHE CHIPTKBI OeTiH/Ee OipbIHFall OJIOK PETiH/IEe OpHANACTHIPbUIAIbI. by
JKaraia y3bIH KOCBUIBIM CHIMIAphl KKET €MEC KoHE KYMEHIH JJIeMEHTTepl
JIEKTP,  MArHUT  OPICIHIH  OCEPIHEH, JKYMbBIC  PEKUMIHIH  (OKEHUD)
TEeMIIepaTypachblHaH, KYPBUIFBIHBIH JYPBICTHIFBIH  OaKbUIAWTHIH KOHE  OCHI
KYPBUIFbIHBI OOJIIIEKTEMECTEH PETTEY MYMKIHIIITH KAMTaMachl3 €Tel.

11. DnexkTpoarapAbiH Oipi CTATOPBIH CaHbLIAY KY31HAET1 MeTall (OJIbIachl,
an Oackajapsl YIIIH pOTOP/AbIH Olleri HeMece MOJIOCTEePiHIH Oacka OeTi OOoJIbII
TaOBIATBIH CHIMBIMABI OT POTOPBIHBIH 3KCIEHTPUCUTETIH AMATHOCTHKAJAY YIIIH
O3ipJieHreH  KYpBUIFbIA, eimey Tizoeri ©OT  caHpuiaynbl  Ky3iHAE, all
JIMAarHOCTUKAJIBIK JKYHEHIH OapJiblK Oacka ajieMeHTTepiHe OipbhIHFail OJIOK peTiHje
CBIPThIHAH OpHanacThipbuiafibl. byn OT KOHCTPYKUMSICHIH >KOHE OpHATBHUTYBIH
alTapabIKTal )KeHUIIEeTEe .

3epTTey HITH:KeJEepPiH ChIHAY - JUCCEPTAIMSIHBIH HETi3r1 epexenepi 2017
KBUIIBIH ~ coyipiHae oTkeH «CormaeB  oOKyjapb»  17-mm  XambIKapalibIK
koHpepenmusaceiaaa (IlaBmomap x.), 2017 bU1ABIH Kapaiia aibiHaa « TopalFeIpoB
OKyJIaphl»  O-IbI  XaNbIKApadbIK  KOH(PEPEHIMSICHIHAA  OasHIANIbl  JKOHE
Tankputanapl; 2018 KpUiAblH aknaHblHOA « TeXHUYEecKWe HayKu: MpoOJeMbl U
pemenusi» attel  VIII  XanmbikapanblK FBUIBIMU-TEXHUKANBIK KOH(EpEeHLHs 1A
(Mackey K.). TaHBICTBIPBUIIBI.

Kapusnansimaap. XKymeic OoiibiHIIa 11 sxapusiiaHbIM OaChUIBIIN MIBIKTHI,
onblH imiHae KP JKAK ycemran xypnannapaa exi, «Bectouk OmMI'TY» (Peceit)
JKypHaJIBIHJIa €Ki Makaja, COHJaii-aKk eHepTalbicka 3 maTteHT, oHblH 2 KP, 1 P®
oepinred. CoHpaii-ak, >KapusjaHyFa €Ki Makaja KaObUIJIaHIbl, aTan alTKaHja:
«Inexkrporexnukay (Mockey, Peceil) KypHanbiHIga, Scopus —JoHeKce3
nepexkopsina kipetid «Przeglad Elektrotechniczny» (ITonbma) sxypuansiama, 2018
K.

JAuccepTanMsiHbIH KYPbLUIBIMBI MeH KoJeMi. Jluccepranus KipicrieneH, 3
OeJiMHEH, KOPBITBIHIBIIAH KOHE 2 KochkiMmimanaH typaabl. Kymeic 101 Gerre
oepuiren, 61 cyper xoHe 4 kecreci Oap. Konmaneurran opebuerrep Tizimi 80
aTayJaH TYpaJbl.

Bipinmi 0esimae 3JIeKTp MalllMHATAPBIHBIH KYPBUIBIMABIK €PEKIIETIKTEPI
JKOHE  OKCHEHTPUCHUTET TYypJepl KapacTelpbUlFaH. AilHanmansl  OM-HiH
KYPBUIBIMJIBIK E€pEeKIIENIKTEPIHE Talfgay pPOTOPIbIH SKCIEHTPUCTETIHIH HEri3r1
cebenrepl oOJapAbIH POTOPABIH CTATOpPFa KATBICTBl OpHAJACyblH OEKITETIH
aleMeHTTepl OOoJbIm  TaOBUIANbI, ajdl POTOPABIH AKCICHTPUCUTETIHIH Taiiia



OoybIHBIH OacThl Oenrici - OUTIKTIH Ko3famybl. Kasipri yakeITTa KOJJaHBLIATHIH
TEXHOJIOTUSITBIK JKaOABIKTap MeH aaaMm ¢akTopiapel DM eHipyre apHaiIFaH
KoH bIpFbUIap 0,1-0,12 MoHIHE KETEeTIH TEeXHOJIOTUSIIBIK AKCIICHTPUCUTET OHIMICD
HIbIFapajbl. POTOpIbIH SKCIIEHTPUCMTETIHIH OIpKEIKI eMec aya caHbulayJiapbIMEH
Oipre KYpeTiH epeKIIeNKTepl, OHJa KOChIMIIIA MAarHUT OPICIHIH Mmaiiaa 60ysl, OM
KYMBIC CHUIATTaMaJIapbIHBIH HaIlapiiaybl KOHE AJIEKTP DHEPrUSICHIHBIH KOFaybl
IaMaMeH 0,45-3,95% YKOFapblIaybl KapacCThIPbLUIFaH. Portopabix
AKCIIEHTPUCUTETHIH KYMBICTaH IIbIFAPbUIFaH HEMECE OHBI Malanany OapbIChIH/IA
aHBIKTayFa apHAJIFaH TaHbIMAJ OMICTEP/Al OHIIPICTIK Tajjay XKYpri3uIreH, OoHJa
3aKbIMJIAHY TypaJibl aKmapaT aixy YIIH ChIMBIMIBUIBIKTEI OT maiganany TUIMII
omic Oonbim  TaObutambl. OckifaH OalyaHbBICTBI, OM  AUArHOCTHUKACHIHBIH
HOTHKEJIepl AIEKTPMEH Ka0bIKTAy KEJICIHIH MapaMeTpiepiHiH aybITKyblHa, OM
JKOHE OHBIH JKYMBIC PEXKUMIEPIHAErl NapaMmeTpiepliH ©3repylHe JKoHE
KYKTeMeciHe Tayensi emec. DM maiinanany Ke3iHJe POTOPIbIH SKCIEHTPUCUTETIH
JTMArHOCTUKAJIAy KYHECiHe KOMAaHBUIATHIH CHIMBIMIBUIBIKTEI OT TeK poTOpABIH
HKCLEHTPUCUTET FaHa €MEC, COHJai-aKk poTop OUIriHIH OeTiHIH MilIiHIHE
OaitmanbicThl. COHABIKTAH, CHIMBIMIBUIBIKTBI MOJEIBICYIIH Oenrial oaicTepl
pOTOpPJIbIH, aifHalMy mpoleciHae ockiHAall OT mnapameTpiiepiH MOJEIbIAeyTe
MYMKIHIIK OepMeiii.

Exinmi 0esiiMae Top oJiCiHE HETI3ACITEH POTOPIBIH SKCIEHTPUCUTETIH
JTUarHocTukaiay xyveciniH OT ChIUBIMIBUIBIFBIH MOJIEIBILY 9/1ICT 931pICH/1, O
4,5% acmailThiH KaTENIKIIEH AJIEKTPOJATAPIbIH €pKiH (OopMachiHIa MOJEIbACYTE
MYMKIHIIK Oepeni. POTOpABIH SKCHEHTPUCUTETIH JUarHocTukanay xxyiecinig OT
CHIMBIMIBIIBIFBIH MOJICIBACYTC YCHIHBUIFAH «aiiMaky oJici OHal KoHe alHay
KE31HJIe POTOPJBIH TICTEPIHIH OpPHBIHA TOyeAUIriH Moaenaeyal 13% acnalThiH
KATENIKIIEH KYpri3yre MYMKIHAIK Oepeai. PoTopablH 3KCIIEHTPUCUTETIHIH
aKMmapaTThIK Oenrici aHbIKTamabl, o1 OT TapMOHUKANBIK CHIABIMIBLIIBIFBIHBIH
CHEKTPIH OChl POTOPJBIH JKCIEHTPUCUTET IIaMachlHA Taljgay AapKbUIbI
AHBIKTAJIBIHA aJTa]TbI.

CoiiibiMabUIbIKTEI OT nuarHocTuka XyHeciHiH 3JeKTPOATAPBIHBIH Oipeyi
poTOpIbl OUTIKTIH HEeMece >KaObIK HEMEcCE alllbIK OWBIKTapbl Oap pOTOpIbIH OeTi
00JaThIH ACHUHXPOHIBl MalIMHANApJa JUATHOCTHKAJBIK >KYHEZeri 3aKbIMHBIH
aKmapaTThIK O€JNricCl peTiHAE OHBIH akKMapaTThIK KypamJachblH MaiJanaHbLITy
kepek. ChIMbIMIBUIBIKTEL OT MUarHOCTUKANBIK >KYMECIHIH 3JIEKTPOATAPbIHBIH
Oipeyl alKbIH TIOJIOCTI POTOPABIH O€Ti OONBIN TaOBLIATBIH CHUHXPOHJIBI
MalIuHaIapJa OHbIH TYPAKThl Kypamaachl PEeTiHJIE €, OHBIH CHIMBIMIBLUIBIFBIHBIH
QJIFAIIKbl TAapMOHUKANBIK Kypamaachl Ja 3USHIBI aKMapaTThIK O€Nri peTiHnae
nanganaHnbuTybl  MYMKIH. ChIMBIMIBUTBIKTEI OT NHMArHOCTUKAJIBIK KYHECIHIH
AJIEKTPOATAPBIHBIH Oipl aHBIK €MEC MOJIOCTIK POTOPILIH O€Ti OOJBINT TaObUTATHIH
CHUHXPOH/BI MAIlMHAJIAP/IA, OHBIH TYPAKThl Kypamjac OeJiiri 3aKbIMIaHYIbIH
aKmapaTThlK OeNrici peTiHAe TaHJalTybl KepeK, OMTKeH1 OipiHIll TrapMOHHUKa
KYPaM/IaChIHBIH I1aMAChl aUTaPJIbIKTAal KEM.

DnekTpoarapaeiy Oipi kepre TyhbikTasiran OT Gap OM poTOpBIHBIH
AKCLIEHTPUCUTETIH JIMarHOCTHKANAy >KYHECIHIH €H KON Tajam €TUIeTIH eJieMi -



YKOFapbl T€HEPATOPMEH KOPEKTEHIIPUIETIH >KOJAKThl — OTKI3TIII CY3Il TYPIHIETI
eJIIICY KOIipl €KEeHIIT1 aHBIKTAJIJIbI.

Yminmi Tapayaa OKeTUIIIPUIETIH JAUArHOCTUKAIBIK >KYHEHIH eJley
T130er1 yuiin C.TopalirslpoB aTteiHAarkl [1aBnogap MEMIIEKETTIK YHUBEPCUTETIHIH
«InekTpaHepreTukay kadenpacoinaa T.F.K. A.B., ManykoBckuiimMeH Oipre KBapii
reHepaTopbl JKOHE OHBIH OarjapiamMalblK KamMTaMachl3 €TUIylH —o3ipiey
JKYMBICTaphl JKaJFACTBIPBUIABI, OJIAD KHUIIIK TEH aMIUTUTYAaHBbIH JKETKUIIKTI
JIOPEKECIH, COHNal — aK KaKeTTI TeMmIepaTypaiap Avamna3oHbIHIA >KacallaThIH
CUTHAJIJIBIH TapMOHUK JEHTeMiH KamTamachl3 ere anajpl. ['mparopiapaarbl eki
caTbutbl Cy3ri 5 kIl JKONAKTHI ©TKI3y KaOlJIeTIH KaMTaMachl3 €T€ ajJaThIHIbIFbI
AHBIKTAJbI, OYJ JUArHOCTHUKAJBIK >KYMEHI EHTI3y VIIIH J>KETKUIIKTI OOJIBII
tabbaTeiH  -30-man  +80 rpagycka JAEWIHTI JKYMBIC TeMIEepaTypachIHbIH
JMANa30HbIHAA JKY3€re achIpbliaabl. Tanmay *Kypri3uill, OHbIH TYPaKThl TOKTBHIH
TYpPaKTaHABIPBUIATHIH AepOec Ke31 TaHAAIIbl, OJ TOMEH BOJBTTHI KOHE JKOFAPHI
BOJIBTTBI AJIEKTPJIIK MalIMHAIAPJBIH JHAarHOCTHKANAy »XYHEJIEpIHIH €Kl CaThUIbI
CY3TICIHIH >KOHE KOFaphl KUIIIKTI F€eHEPaTOPABbIH KOPEKTEHIIPUTY1H KaMTaMachl3
eTe ajajabl, TOMEH TralapuTTI KOHE ap3aH KepHey TpaHCcHOPMATOPIAPBIHBIH
KOMETIMEH, COHJIall — aK CepusIapMEH LIbIFApbUIAThIH aXbIpaTKbi, T3PJI Tunti
OTKI3y TOK TpaHC(hHOpMaTOPJIaAPbIHBIH KOMETIMEH.

CoiiibiMabUIbIKTEL OT 0ap pOTOPIbIH IKCUEHTPUCUTETIH AUArHOCTUKANIAY
JKyHecl SKeTULMIPUIAI, OHBIH DJICKTPOATApAbIH Oipi - OM Ouriri OUTIKTIH
KO3FaJIbICHIH FaHa €MEC, COHJIaii-aK KO3FaJbICThIH OaFbIThIH J1a OaKbpUIal ayiajbl.
ConpiMeH Oipre, OHBIH OapibIK dieMeHTTepi OM-HBIH CBHIPTKBI O€TiHIE
OpHAaJacKaH, COHJBIKTaH OJIAPJBI CBHIPTKBI JJIEKTP >KOHE JJIEKTPOMArHUTTIK
OpICTEP/ICH KOpFayFa yKOHE KYPBUIFBIHBIH OHIMIUIITIH OaKbLIam, iCKe KOCY IIeTiH
OpHATY >KETKUIIKTI.

PoTopablH 3KCHEHTPUCUTETT] JUATHOCTUKAJIBIK JKYWeCl KEeTUIAIPLIAL, OHbIH
AIIEKTPOATAPBIHBIH O1pl - (osbra TYpIHAE CaHbLIAY KY31HIAE OpPHAIACTHIPBLIAIbI,
COHBIMEH KaTap OUTIKTIH KO3FaJbICHIH FaHa €MEC, COHJal-aK KO3FalbiC OarbIThIH
na Oakputaiinbl. by skarnmaiia eniey Keripl MEH KOJAaKThl - ©TKI3TIII CY3Ticl
caHplIay >KY31HIH IUBIFBIN TYpraH OeJjiriHe, aj KaiafaH 3jeMeHTTepli OM-HiH
CBIPTKbI OeTiHe opHamacThipbliaAbl. Oceiran opail, OT nailblHIay MEH OpHATY
auTapJIbIKTAal OHANIIATHLIIBL.



AHHOTAIUA
JMCCEPTAINK Ha COMCKAHKE YICHOU cTereHn qokTopa prumocopuu(PhD) mo
crennasibHOCTH 6D071800 — «O1eKTpOo3HEPreTHKAY

IOcynoBa Aceas Opa3oBHa

COBEPIIEHCTBOBAHUE CUCTEM JUAT'HOCTHUKH
IKCHEHTPUCHUTETA POTOPA JIEKTPUYHECKUX MALINH HA
EMKOCTHBIX UBMEPUTEJIBHBIX IPEOBPA3OBATEJIAX

[TpennoxenHass nuccepTallioHHasl paboTa MOCBALIEHA COBEPIICHCTBOBAHMIO
CUCTEMBl JMATHOCTUKU DKCLEHTPUCHUTETA POTOpPA DIEKTPUYECKUX MAIIWH Ha
€MKOCTHBIX U3MEPUTEIIBHBIX TPE00pa30BATEIAX

AKTYyaJbHOCTh PadoThl. Bpamaronuecs snnexkTpuyeckre Mamuubl (OM) B
DJIIEKTPOIHEPTETUKE M INPOMBIIUIEHHOM IPOM3BOJACTBE MCIHOJIB3YIOTCS — JUIA
IIPOU3BOJICTBA DJIEKTPOOHEPTMUM M B KAadyeCTBE JJIEKTponpuBoAa. B Hacrosiiee
BpeMs B crpaHax CHI' maxommrcs B skcruryatanuu nopsiaka 20 MuwummoHoB OM.
M, kak MOKa3bIBa€T NMpPAKTHKAa MX DKCIUIyaTallud, 3HAYMUTENbHAs 4YacTb U3 HHX
JUINTENIbHOE BpeMs paboTaloT CO CTaTHYECKUM OKCIEHTPUCUTETOM pPOTOpA,
MPEBBIIIAONINM X TEXHOJIOTUYECKUN IKCIIEHTPUCUTET.

Kak wu3BeCTHO HSKCUEHTpUCUTET poTopa B OM  cOnpoBOXKAAETCSA
HEPAaBHOMEPHOCTBIO BO3YIIHOTO 3a30pa, BOSHUKHOBEHHEM B BO3IYIIHOM 3a30pe
JOIIOJIHUTEIIBHBIX ~ MAarHUTHBIX TOJIEM M  KaK CIEACTBUE  YXYALIEHUEM
IEKTPOMEXAHUYECKUX XAPAKTEPUCTUK M POCTOM JOIOJHUTENIBHBIX IIOTEPh
IEKTPOIHEPTUU. IIpy 3HAUUTETBHOM CMEIEHUH CEPICYHUK POTOPA 3aLECIUILeT 3a
cepacuHUK craropa. Urto compoBoxkaaeTcs ux pasorpeBoM. CHIBHBIM pa3orpes
CepJIeYHUKA CTaTopa MPUBOAUT K YCKOPEHHOMY pPa3pyLIEHUE HU30JLUU OOMOTKHU
cTaTropa U KOPOTKOMY 3aMBIKaHUIO B HEW. B CBOIO ouepens pa3orpeB CEpAcUHMKA
pOTOpa MOKET MPUBECTU K Pa3pyLICHUIO WIIM BBIILJIABJIECHUIO OOMOTKH pOTOpA.

B Takux cnydasx wmammuHa TpeOyeT IJIMTENbHOIO W JIOPOrOCTOSLIErO
peMoOHTa OOMOTOK CTaTopa, a MpHU BBIUIABIECHUU JHUTOM OOMOTKHA POTOpa OH
MOJIHOCTBIO BBIXOJIUT U3 cTposi. Kpome Toro, Bo BpeMsi peMOHTa OOMOTOK
TpeOyeTcsl OCYIIECTBUTh YCTPAHEHHUE «3aTUPA» CEPICUYHHKA CTaTOpa CO CTOPOHBI
BO3JYIIHOTO 3a30pa. MHave panpHeWInas 3KCIUTyaTalusl AJIEKTPUYECKUX MAalluH
IPUBEAET K «IO0Kapy B CTaJIN» CEPACYHHMKA M3-3a 3aMbIKAHMS €ro JMCTOB. JTa
oreparus TpedyeT AITUTEBHOTO U KPOIOTIMBOTO PyYHOr0 TPY/Ia.

CBOEBpEMEHHOE BBISIBIICHHE HAJMYMS U BEJIUYHMHBI SKCLIECHTPUCUTETA POTOPA
MO3BOJIUT HE TOJBKO COKPATUTh PACXO] MOTPEOJICHUS 3JIEKTPOIHEPTUU, HO U
MPEIOTBPATUTh TMOBPEKICHUE DJICKTPUUECKOM MAalIWHBL. bOnbplIOW BKIag B
pa3pabOTKy U COBEPIICHCTBOBAHUE CHUCTEM JHArHOCTUKH SKCIEHTPUCHUTETA
poropa OM BHecnu Takue yudeHsle kak [‘emnep b., I'amara B., Bonmpgek A.U.,
Hosoxwunos A.H., Kieniens M.S., ManykoBckuii A.B., Kprokosa E.B., Mup3oea
C.M., Hukusn H.T'., Beiinpe6 K.b., 'amumo M.A., Poraues B.A., Cypkos /I.b.,
Tonkux B.I'., IleryxoB B.H., [Toranenko A.O. u uemnblii psig Ipyrux.



OpnHako, HECMOTpPS Ha HECOMHEHHBIE JIOCTH)KEHMSI B 3TOH oOnactu
YCTPOMCTBA IO BBISBICHUIO HAJIMYMS M BEJIUYMHBI SKCIEHTPUCHUTETAa pOTOpa 0
CUX TIOp Ha MPOMU3BOJICTBE OHU IIMPOKOr0 PaCHpPOCTPAHEHUs HE nonyymin. OaHon
U3 MPUYUH 3TOrO SBISIETCS TO, YTO B Ka4€CTBE MCTOYHMKA MH(POpPMALUU B HHUX
O0OBIYHO MCHOJIB30BAJICA TOK B 0OMOTKax OM MM MarHUTHOE IOJ€ paccesHus
3TUX 00MoTOK. OpHako mapaMeTpbl HHGMOPMAIMU C OTUX HCTOYHHKOB
uH(pOpPMAIIMU MEHSIOTCS HE TOJBKO OT DJKCUEHTPUCUTETa pOTOopa, HO U OT
KOJeOaHUi MapaMeTpoB JJIEKTPUUECKOW CETH B OSKCIUIyaTAallMOHHBIX PEXKUMAax
paboThl M OT BpPEMEHM OTKIIOYEHHS B pexkume BbiOera. HeobxoaumocTb
OTCTPOMKA OT 3TOr0 MPUBOJUT K TOMY, UYTO UYBCTBUTEIBHOCTH CHCTEM
JUArHOCTUKH K SKCLEHTPUCUTETY PE3KO CHUIKAETCA.

OTHUX HEAOCTAaTKOB JIMIIEHBl CHUCTEMBlI JUAIHOCTUKH, KOTOPBIE IOIYYaroT
UHPOpMAIIMI0O O TEpPEeMEIIEHUH pOTOpa OT EMKOCTHBIX H3MEPHUTEIbHBIX
npeobpazoBateneit (MII). Opnako, Bce UYTO M3BECTHO O TaKUX CHUCTEMax
JMArHOCTHKHU CBOAUTCS K MyOJIMKAIIMU HECKONIBKUX KOHCTPYKTUBHBIX cxem UII. B
CBSA3HU C 3TUM COBEPIICHCTBOBAHUE CUCTEM JIMAaTHOCTHKHU SKCIIEHTPUCUTETA pOTOpa
OM na emkoctHbIxX UII sABAsieTCA akTyanbHbIM.

Heabo padoThbl SBIAETCS COBEPUICHCTBOBAHWE CHUCTEMbI JIMATHOCTHKU
AKCIEHTpUCcUTETa poTopa OM Ha emkocTHBIX UII.
JIJ1s1 JOCTHKeHMsI LeJIN ObLITM TIOCTABJICHBI U PEILIEHBI CIIETYIONINE 3aauHu:

— pazpabotath emkocTtHble MII mpurojgnbsie Ajis YyCTAaHOBKM Ha BCE€ THUIIbI
MalIUH NEPEMEHHOTO TOKA;

— pa3paboTaTh TpaHUYHBIC YCJIOBHS M HIpPOrpaMMHOE oOOecreueHue s
MOJIEJIMPOBaHUs MapaMeTpoB e€MKOCTHhIX MII mo merony cerok, ¢ MOMOIIbIO
KOTOPOT'O B CBOIO OYepeab NMPOU3BOAUTCS 0OOCHOBAHME U Pa3pabOTKa «30HHOTO»
MeTona moxenupoBaHusi emkoctd WII B 3aBHCHMMOCTH OT MOJIOKEHHUS 3yOLIOB
CepJIeYHUKA pOTOpa IIPH €ro BPAILECHUN;

— OCYIIECTBUTH BBHIOOp HH(POPMAIIMOHHOTO MPHU3HAKA MOBPEXKACHUSA IS
CUCTEMBI IMarHOCTUKHU IKCLEHTPUCUTETA poTOopa OM;

— HCCIeoBaTh  Bc€  (aKTOpbl, KOTOpPbIE  CHOCOOHBI  OTPAHUYUTh
YYBCTBUTEIBHOCTh CHCTEMBbl JIUArHoCTUKU ¢ eMkocTtHbiM UII, m pa3paborarhb
U3MEPUTEIBHYIO IIENb CIOCOOHYIO CHU3HUTH BIMSIHUE 3TUX (DaKTOPOB;

- pa3pabotaTth cxeMbl U  OOOCHOBaTh  MapaMeTpbl  3JIEMEHTOB
WU3MEPUTENBHON LENHU B BHJE T'€HEPATOPA BBICOKOW YACTOTHI, M3MEPUTEIBLHOIO
MOCTa U MOJIOCHO-IIPOIYCKAIOMIET0 (MiIbTpa, a TakKkKe aBTOHOMHOI'O MCTOYHHKA
JUTSI IATAHKS STUX DJIEMEHTOB CTa0MIM3UPOBAHHBIM MMOCTOSTHHBIM HAPSIKEHHUEM;

- pa3zpaboTaTh CHOCOO JMArHOCTUKM HKCLUEHTPUCUTETa poTopa U
YCTPOMCTBO JUIsl €r0 peaju3aliy, B KOTOPOM OJHUM M3 AJIEKTPOJOB €MKOCTHOIO
NII saBasercs Ban OM;

- pa3paboTaTh cmocod JUArHOCTUKM  SKCLEHTPUCHUTETa pOTOpa U
YCTPOMCTBO JUIsl €r0 peaju3aliy, B KOTOPOM OJHUM U3 AJIEKTPOJOB €MKOCTHOIO
UII siBnsercss metauinueckasi oyibra Ha Ma30BOM KJIMHE CEpJIEUYHUKA CTaTopa, a
JPYTUM MIOBEPXHOCTh CEpJCYHUKA POTOPA.



O0bexkTOM  HCCJIeJ0BAaHMS  SBISIETCS  O0JAacTh  IMArHOCTUPOBAHUSA
DKCLHEHTPUCUTETA poTOpa OM TMOCBSIIEHHAs COBEPLICHCTBOBAHUIO CHUCTEM
JUArHOCTUKH dKCLEeHTpucuTeTa poropa OM Ha emkoctHbix UII.

IIpeamer uccaeg0BaHMs — COBEPIICHCTBOBAHWE CHUCTEM JHATHOCTHKU
SKCUEHTpUCUTETA poTopa OM MallMH JJIEKTPUYECKOW CTaHIMU  IYyTEM
VICIIOJIB30BAaHUs I 3TOro eMKOCTHbIX UII.

NHcTpyMEHTOM B MOJIy4YEeHUH MATEPHAJIOB HCCIEI0BAHUS SBIISIOTCS:
dbyHIaMeHTalIbHbIE TIOJIOKEHUS] TEOPUU KOHCTPYUpOBaHus OM;
dbyHIaMEeHTaAIbHbBIE TIOJIOKEHUS] TEOPUHU AUATHOCTUKH COCTOSIHUSL DM
TEOPETUYECKUE OCHOBBI AJIEKTPOTEXHUKH;

IporpaMMUpOBaHue, (PU3NYECKOE MOJAEIUPOBAHHWE M METOJ HATypHOTO
JKCIEPUMEHTA.

Hayuynasi HoBu3Ha paOOThI ONIpeesieTcs TEM, UTO:

1. Ilyrem comocraBieHUs JAOCTOMHCTB M HEAOCTATKOB HW3BECTHBIX
TEXHUYECKUX PEIICHUM, ITO3BOJIIOIIMX BBIABIATH OJKCLUEHTPUCHTET POTOPA,
MCCIIEOBAHBI IPUYMHBI, KOTOPBIE OTPAHUYNBAIOT UX YYBCTBUTEIBHOCTD.

2. Ha ocHoBe MeToAa CETOK MPEMIOKEH HOBBIH CIIOCOO0 MOICIMPOBAHUS
emkoct UII ¢ mpousBosibHOM (HOPMOH JIEKTPOIOB U IPOTrpaMMHOE 0OecTiedeHre
JUISL €70 peaau3alni.

3. Pa3zpaboTaH «30HHBIH» CIIOCOO MOJAEIMPOBAHUS 3aBUCUMOCTEH €MKOCTH

NIl He TOJIBKO OT BEIMYMHBI AKCIEHTPUCUTETA POTOPA, HO OT MOJIOKEHUS E€ro
3y0110B 1 noJitocoB oTHocuTenbHO UII B miporiecce BpaieHus.

4. IlpenyioxeHo B Ka4eCTBE MHPOPMAIIMOHHOTO MPU3HAKA IKCIIEHTPUCUTETA
pOTOpa MCIOJB30BaTh cocTaBisionme emxkoctu WII, BenmnunHBI KOTOPBIX JIs
aHalln3a WX 3aBHCUMOCTH OT BEJIWYMHBI 3KCLEHTPUCHUTETA POTOPA U MOJIOKEHUA
ero 3yOIoB Wi MotocoB oTHocuTenbHO UII ompenensitorest myTeM pa3iosKeHus
ATOU EMKOCTH B psag Pypre.

5. Pa3paboraHa HOBas uU3MEpHUTENbHAs LENb CHCTEMbl JIMATHOCTHKH,
COCTOAIIAS U3  M3MEPUTEIBHOIO  MOCTa M IOJIOCHO-TPOITYCKAIOIIErO
JBYXCTYIMEHYATOro GuiIbTpa ¢ YaCTOTOM MPOITYCKaHUS PAaBHOM 4acTOTe KOJeOaHU!
VCTOYHMKA IUTAHKS B BUJE BBICOKOYACTOTHOI'O T'€HEpaTopa.

6. Ha 0aze MHKpONPOIIECCOPHOTO KBAPIEBOIO TeHeparopa pa3zpaboraH
WCTOYHHUK BBICOKOYACTOTHBIX KoieOaHmii ¢ yactoror 100-120xl'11 wumerommii

cTaOuiabHyl0 4acToTy f,. M aMmuTyay BbIXOAHOro HampsbkeHus U, a Takke

MOJIOCHO-TIPOMYCKAIOIMK JIBYXCTYIEHUYAThI (UIABTP HA TUpaTopax, CIOCOOHBIN
o0ecrneynTh CTAaOMIIBHOCTh HANpsDKEHUS Ha €ro BBIXOJE B JUana3oHe padodmx
TEMIIEPATYP MALIWHBI.

7. PazpaboTaH aBTOHOMHBIM MCTOYHUK CTaOMIM3UPOBAHHOI'O MOCTOSHHOTO
HAIPSDKEHUS UL IUTaHUS DJIEMEHTOB CUCTEMBI JUAarHOCTHKH, a TaK)K€ METOIbI
pacuera mapaMeTpoB TpaHC(OPMATOPOB TOKA M HaNpsHKEHUs, 00EeCIeUnBarOIIUX
9TOT UCTOYHHMK IIEKTPOIHEPTUEHN OT CETU ITUTAHUS.

8. Pa3zpaboTaH HOBBIH CIOCOO AMATHOCTUKH 3KCIEHTPUCUTETA pOTOpa U
METOJMKa OIpeesieHUus] MOpOroB cpadaTblBaHUs YCTPOWCTBA I pean3aluu
3TOTO CHocoba, OTHUM U3 EKTPo10B Yy emkocTHOro UII xoToporo siBnsieTcs: Bai



poropa, a dactoTra mpomyckaHus f; moJ0CHO-npomycKkarouero (uibTpa
U3MEPUTEJIbHOM 1LIeNM HpUHUMAaeTcs paBHOM dyactore f,. BBICOKOYACTOTHOTO

reHeparopa.

9. UccnenoBansl 3aBucuMoct eMkocTd MII Ha mazoBoMm kinuHE cTaTopa ot
BEJINYMHBl JKCIEHTPUCUTETA pPOTOPA W BBIABICHO, YTO B ACHHXPOHHBIX H
CUHXPOHHBIX  MalIMHAaX C  HESIBHOIIOJIOCHBIM  pPOTOPOM B  KadecTBE
MH(OPMAIMOHHOIO NPHU3HAKA MOBPEXKIECHUS CIEIYET MCIOJb30BATh MOCTOSHHYIO
coctapistonlyo emkoctu UIIL. [Ipu 3TOM B SIBHONOJIFOCHOW CUHXPOHHOW MAalllMHE
JUIS OTUX LEeJIed MOYKHO HCIOJIb30BaTh KaK IOCTOSIHHYIO COCTaBIISAIOLIYIO €EMKOCTH
NI, Tak U ee mnepByr TapMOHHUYECKYIO, IIPUYEM HCIOJIb30BAaHUE IIEPBOU
rapMOHHUYECKOU IPEANIOUYTUTEIILHEE.

10. Pa3paboran HOBBIM c€MOCOO AMATHOCTUKU 3KCHEHTPUCHUTETA POTOPA
AIIEKTPUYECKOW MalIMHbl W METOJMKA OIpeNeeHHs] MOpPOroB cpadaTbIBaHUs
yCTpPOMCTBA AJIsl peanu3aliy 3TOro crnocoda, OJHUM U3 JIEKTPOJOB €MKOCTHOTO
NII koTOpOro SABISIETCA MOBEPXHOCTh CEPACYHHUKA POTOPA WIIA €ro NoJirocoB. [lpu
3TOM  4YacTtoTa mpomyckanus  f;  IOJOCHO-IpomycKaromero  (QuibTpa

U3MEPUTENIBHON 1IeNH MOXET NPUHUMATHCS paBHOM Kak Hecyllei yacrore f|, Tak
u OokoBbIM wyactoTam f. £f,, mpudeMm U1 AMAarHOCTHUPOBAHMSA MAIUH C

SIBHOTIOJIFOCHBIM pOTOpPOM VCTIOJIb30BAHUE MOCIIETHETO BapHaHTa
NPEANIOYTUTEIIBHEM.

IIpakTH4yeckasi HEHHOCTH PAOOTHI 3aKIIIOYAETCS B TOM, YTO:

1. BeisiBaeHo, u4To HamOojiee TMEPCHEKTUBHBIMU I  BBISIBICHUS
DKCLEHTPUCUTETA poTopa OM dABISETCA TEXHUYECKHE PEUIEHUS, B KOTOPBIX a
kauectBe HUII wucnonw3yrorcs emkoctHbie MII. B cBsizu ¢ uyem, pe3yabTarsl
JTMATHOCTUKH HE 3aBUCAT OT KOJICOAHUN MapaMeTpOB MUTAIOIIEH CETH U HATrPYy3KH,
a TaK)K€ OT BPEMEHM OTKJIIOUeHHsI OM Npu TUarHOCTUPOBAHUM MAIIMHBI B PEXKUME
BEIOCTA.

2. Pa3paboTaHHBI, HA OCHOBE METOJE CETOK, METOJ W IPOrPaMMHOE
obecrieuenne mia MozenupoBanus emkoctu WII ¢ mpoumsBombHON Gdopmoit
3JIEKTPOJOB JAET BO3MOXKHOCTh PACCUUTHIBATH €€ C MOrPEIIHOCThIO mopsiaka 4,5%.
UYTo mO3BOJIAET HCMOJB30BaTh €ro JUisi KOHTPOJS TOYHOCTH pPa3pabOTaHHOIO
«30HHOT0» METOJIa MOJICJIMPOBaHUs TapaMeTpoB eMKocTHoro UII.

3. Pa3zpaboTaHHbBIN «30HHBIIN» METOJ MO3BOJISIET C MOrPEUIHOCTHIO pacyeTa
nopsiaka 13% wmopenupoBars 3aBucuMocTH eMKOocTH HMII kak OT BenMYHMHBI
OKCIIEHTPUCUTETA POTOPA, TaK M OT TMOJOXKEHUS €ero 3yOIOB M TOJIIOCOB
otHocurenbHO UII B mponecce BpaleHusl.

4. Mcnonp30BaHuE IS BBISBICHHUS cocTaBistomux emkoctu WII meroma
@dypbe MO3BOJIAET BBIABUTH T€ U3 HUX, KOTOPbIC UMEIOT HAUOOIBIIYIO BEIUYUHY U
B HaWOOJIBIICH CTENIEHU U3MEHSIOTCSI B 3aBUCMMOCTU OT SKCIEHTPUCUTETA POTOpa
JUUIS1 UCTIOJTB30BAaHUS UX B KaU€CTBE MH(POPMAIMOHHOTO MPU3HAKA MTOBPEXKICHMUS.

5. PaszpabGoranHass Ha 0a3e HW3MEPUTEILHOIO MOCTa U  IOJOCHO-
MPOMYCKAIOIIETO JIBYXCTYIEHUaToro (UiIbTpa H3MEpPUTENIbHAsI IeNb CHOCOOHA
o0ecreynuTh JOCTAaTOYHO HAJEKHYIO 3alllUTy CUCTEMbl JAUArHOCTUKU  OT



BO3JICHCTBHSI BHEITHUX JJICKTPUYECKUX M MATrHUTHBIX TOJEH MpHU pa3MeNeHUN
ATUX BJIEMEHTOB BHYTpU DM.

6. Paspaborannplii Ha 6a3e MHUKPOIPOIIECCOPHOTO KBApIIEBOTO T€HEpaTOpa
WUCTOYHHUK BBICOKOYACTOTHBIX KOJEOAaHWUH M ero mporpamMMmHoe oOecreueHne
NO3BOJIAIOT ~ O0€cleyuTh  HECTaOWIBHOCTh  4YacToThl f. B mpenernax

+(0,1-0,5)- 107 T u aMIIMTyAbl HanpspkeHuss U, Ha ero BBIXOJE B IIpefeiax

+2-5% npu HU3MEHEHHM TeMIlepaTrypbl OKpyxaromed cpeasl or —30 mo +80
I'paycoB.

7. Pa3paboTaHHBIN MOJIOCHO-TIPOITYCKAIOIIMKN IBYXCTYTIEHUAThI QUIBTP HA
ruparopax crnocoOeH B auamazoHe 4yactoT 114-127xI'1iy obGecrieunTh KosieOaHue
aAMIUTUTYJbl BBIXOJHOTO HampspkeHuss B 2-2,5% mpu KoJieOaHUU TeMIIepaTypbl
OKpy»xaromen cpensl B npeaenax —30 mo +80 rpaxycos.

8. Pa3paboTaHHbIli aBTOHOMHbBIA UCTOYHUK MUTAHUS MO3BOJISIET 00ECIIEUUTh
BCE DJIEMEHTHl CHCTEMbl JMATHOCTUKUA CTAOWJIM3UPOBAHHBIM HampspkeHuem 12B
npu notpediseMoM Toke a0 0,2A.

9. Pa3zpaboTanHble METOJIbI pacyeTa mapaMeTpoB TpaHC(HOpPMATOPOB TOKA U
HaNpsHKeHUs, 00eCeurBaIOLUX €ro AJIEKTPOIHEpPTHer OoT ceTh mnuTaHus OM,
JAIOT BO3MOXHOCTb PACCUMTBHIBATh HX JUISI MIMPOKOTO JHana3OHa BEJIMYHH
BBIXO/IHBIX HAIIPSKEHU U TOKOB.

10. B pa3paboTaHHOM YCTpPOMCTBE AMATHOCTUKU IKCIIEHTPUCUTETA POTOPA
emkocTHele WII, omHMM M3 3JIEKTPOAOB KOTOPBIX SBISETCA Bajl pOTOPA,
pa3MeIarTcs BHyTpU OM, a BCe OCTAIbHBIE 3JIEMEHTHI CUCTEMBI IUarHOCTHKHU B
BUJIE €MHOr0 OJI0Ka HA BHELIHEH ee MOBEPXHOCTH. YTO MO3BOJISET OTKA3aThCs OT
JUIMHHBIX COEIMHUTENBHBIX MMPOBOJOB U JOCTATOUYHO MPOCTO OOECHEUYUTDH 3ALIUTY
AJIIEMEHTOB CHCTEMBI OT BO3JIEUCTBHS JEKTPUUECKUX M MarHUTHBIX IOJIEH, Ooliee
«JIETKUI» TeMIIEPaTypHbIA peKUM pabOThl, BO3MOXHOCTh KOHTPOJISI UCIIPABHOCTH
YCTPOMCTBA U €ro PeryJIUpoBKYy 0€3 pa300pKu TON MaIIUHBI.

11. B pa3paboTaHHOM YCTpPOICTBE AMATHOCTUKU SKCLEHTPUCUTETA POTOPA
emkocTHeie HMII, oqHUM W3 3I€KTPOAOB KOTOPBIX MeTauimyeckass ¢oJibra Ha
Ma30BOM KIJIHMHE CTAaTopa, a JAPYrUM MOBEPXHOCTh CEPACYHHKA pOTOpa WU
MOJIFOCOB, M3MEpUTENIbHAS LIeNb pa3MemaroTcs Ha mnasoBom kiuHe HWII, a Bce
OCTaJIbHBIE DJIEMEHTHI CUCTEMbl JUArHOCTUKH B BHUJIE €AMHOTO OJ0Ka HAa BHEIIHEU
noBepxHOCTH OM. UTO 3HAYMTENBHO YIPOIAET KOHCTPYKIMIO U ycTaHOBKY UII.

AnpoOanus pe3yJIbTATOB HCCIEJ0OBAHMA - OCHOBHBIE TIOJOXEHUS
JUCCEPTALIMK  JOKJIAABIBAIUCh M OO0CyKnanuch Ha 17-oif MexayHapoaHou
koH(pepennuu " Carmaesckue utenus " (r.IlaBnogap) B anpene 2017 rona, Ha 9-ou
Mexnaynaponnoii koHpepeHuuu " TopaiireipoBckue uytenus " (r.IlaBmonmap) B
HOos10pe 2017 roga; Ha VIII MexnyHapoJHOI Hay4HO-TEXHUYECKOW KOH(pepeHunn
"TexHuueckue Hayku: mpobiemsl u pemenus” (r. Mocksa) B gpepaiie 2018 roza.

IIyoaukanuu. Ilo padote ony0naukoBano 11 meyaTHbIX paboT, B TOM YHUCIE
B )KypHanax pekomeHnoBaHHbIX BAK PK — Tpu, nBe cratbu B xKypHaie «BecTHUK
OMI'TY» (Poccust), a Takxe nmojana 3 maTeHTa Ha u3obOperenue- 2 u3 Hux — B PK,
1 — B PO. Takke nBe cTaThu MPUHATA K MyOJIMKallMU, a UMEHHO: B XXypHaje



«Onekrporexnuka» (r. MockBa, Poccus), 2019r., B xypHame «Przeglad
Elektrotechniczny» (ITonpmra), 2018r., BXoasmieM B 6a3y ITUTUPOBAHHS Scopus .

CrpykTypa u 00beM auccepranuu. J(uccepranus COCTOUT U3 BBEICHUS, 3
pa3zienioB, 3aKiOUeHUs U 2 mpuiioxkeHuid. Pabota uznoxena Ha 101 ctpanunax,
coaepxkut 61 pucyHkoB u 4 Ttabmauipbl. CHUCOK HUCIOJIB30BAHHBIX HCTOYHHKOB
BKJIHOYaeT 80 HaMMEHOBAHUIA.

B nmepBoii riaBe paccMOTpEHbl KOHCTPYKIMOHHBIE OCOOEHHOCTH
AIEKTPUYECKUX MAalIMH U BUAbl MX MHOBPEXKACHUN. AHaINW3 KOHCTPYKIIMOHHBIX
ocoOeHHOCTe Bpamaronmxcs OM TMokazald, YTO OCHOBHBIMH MNpPUYMHAMU
BO3HHUKHOBEHUS DKCUEHTPUCUTETA POTOPA SBIISIIOTCS DJIEMEHTHI UX KOHCTPYKLIMH,
buKcHpyIolMe MoJIOXKEHNE POTOpPa OTHOCUTEIBHO CTaToOpa, IPU 3TOM OCHOBHBIM
IIPU3HAKOM BO3HUKHOBEHUS 3KCLIEHTPUCUTETA POTOpA SABJISETCS CMEIICHUE Baja.
Hcmonp3yemMoe B HACTOSIIIIEE BpPEMsS TEXHOJIOTHYECKOE OO0OpYyJOBaHHWE U
YeJI0BEYECKU (PaKkTOp MPUBOIAT K TOMY, YTO 3aBOJBI MO MPOU3BOJACTBY OM
BBIITYCKAIOT NPOAYKLIHIO, MWMEIOIIYI0 TEXHOJOTUYECKHM  AKCUEHTPUCHUTET,
BEJIMUMHA KOTOpPOro MoxeT pgocturate BemuunHbl 0,1-0,12. Paccmortpens
0COOEHHOCTH AKCUECHTPUCUTETA poTopa, KOTOPBIN COIPOBOK/IAECTCS
HEPaBHOMEPHOCTBIO  BO3AYIIHOTO  3a30pa,  BO3HUKHOBEHHMEM B  HEM
JOTIOJIHUTENIbHBIX ~ MArHUTHBIX — MOJEH,  yXYAIIEHHWEM  3KCIUTyaTalMOHHBIX
xapakrtepucTuk OM u poctoM npumepHo Ha 0,45-3,95% norepp 3J1€KTPO3HEPTHUH.
[Ipon3BeACHHBI aHAIU3 W3BECTHBIX METOJOB BBIABICHUS HKCIEHTPUCUTETA
poTopa Ha BBIBEJIEHHON U3 paboThl DM wiM B TMpolecce €€ IKCIUTyaTaluu
HamOoJiee TMEpPCIEeKTHUBHBIM SIBIAETCS METOJ, B KOTOPOM [IJISl TOJY4YeHUs
uHpOpMAITUU O TIOBPEXKIEHUU HCTOb3ytoTcst emkocTHbie UII. B cBs3u ¢ stum
pe3yibTaThl JAUArHOCTUpOBaHUS OM He 3aBHCIAT OT KoyieOaHUN MapamMeTpoB
NUTAIOLIEN ceTH, OPOCKOB Harpy3ku M U3MEHEHUU mapameTpoB OM u ee pexuma
pabotsl. EMkocTs UIT ricnonib3yeMoro B CUCTEME NMATHOCTUKHU SKCIIEHTPUCUTETA
poTopa mpoluecce dKcIutyaraiuu OM 3aBUCUT HE TOJBKO OT SKCIEHTPUCUTETA
poTopa, HO ¥ OT (POPMBI MOBEPXHOCTU CEplIeUHUKA poTopa. [lo3TOMY H3BECTHBIC
METOJIbl MOJICIMPOBAHUSI €MKOCTH HE TIO3BOJISIIOT MOJEIUPOBATH IApPaMETPHI
takoro UII B mpouecce Bpaiienus poropa.

Bo BTOpoii rnaBe paspaboraH MeTon MojaenupoBaHus eMmkoctu I
CHUCTEMBl JAUArHOCTHUKH SKCIEHTPUCUTETA POTOPA, B OCHOBE KOTOPOTO JEKHUT
METOJ| CETOK, IIO3BOJIIET C MOTPEIHOCThIO He mnpeBblmaromend  4,5%
MOJIETTUPOBaTh €€ TMpHU MPOU3BOJIIBHONW QopMe 3iekTponoB. [IpemioxeHHbIHl
«30HHBIN» MeTox MoaenupoBanus eMmkoctu WMII cucreMbl nIMarHOCTUKU
DKCUEHTPUCUTETA POTOpPA IMO3BOJSAET IMPOCTO U C IOIPEIIHOCTBIO pacyeTa He
npeBbimaromei 13% MoaenupoBath €€ 3aBUCUMOCTH OT TOJIOKEHHUS 3yOIIOB
poTopa TMpuU €ro BpalleHUH. BrbisiBieH UHOOPMAUMOHHBIA  MPU3HAK
DKCUECHTPUCUTETA POTOPA, KOTOPBIM MOMKET OINPEHCIAThCA IYyTEM aHajau3a
CIIEKTpa TapMOHWYECKUX €MKOCTH HMII OT BENMYMHBI 3KCLHEHTPUCHUTETA 3TOTO
poropa. B acHHXpOHHBIX MalIMHAX, B KOTOPBIX OJHUM M3 DJIEKTPOJOB
eMkocTHOro MII cucrembl TUarHOCTUKH SBJISIETCS MOBEPXHOCTh Baja poOTOpa WA
MMOBEPXHOCTh POTOpPa C 3aKPBITBIMM WA OTKPBITBIMH I[1a3aMH, B KayeCTBE
WH(OPMAIIMOHHOTO TPU3HAKA TMOBPEXKJICHUS B CUCTEME JMArHOCTUKHU CIIETYyeT



WCIIOJIb30BAaTh €ro MOCTOSHHYIO COCTAaBIAIONIYI0. B CHHXPOHHBIX MalllMHAX, B
KOTOPBIX OJHUM M3 3JEKTPOA0B eMKOCTHOrO MII cuctemMbl 1TMarHOCTUKY SABISETCS
MOBEPXHOCTh SIBHOIIOJIFOCHOTO POTOpA, B KaueCTBE MHPOPMALIMOHHOTO MpHU3HAKA
MOBPEXKIEHUS MOXHO MCIOJIB30BAaTh KaK €ro IOCTOSHHYIO COCTABIISIONIYIO, TaK
IIEPBYIO TAPMOHHUYECKYIO COCTABIIIOIIME €T0 EMKOCTH. B CHHXpOHHBIX MalllMHaX,
B KOTOPBIX OJHHUM W3 3JeKTpooB emkocTHoro MII cucrtembl AUAarHOCTUKH
SABJISIETCSA MIOBEPXHOCTh HESBHOTIOJIFOCHOTO poTopa, B KAauecTBe
MH(OPMAIMOHHOTO TTPU3HAKA MTOBPEXKICHUS CIeIyeT BHIOUpAaTh €ro MOCTOSHHYIO
COCTaBJISIIONIYI0, TaK KaK BEJIMYHMHA MEPBOM rapMOHUYECKON COCTABIISIONICH Ha
MOPSIOK MEHBIIIE.

BrlsiBieHO, 4TO B HAaMOOJIBIIEH CTENEeHN TPEOOBAHUSIM CUCTEMBI TUATHOCTHUKU
sKcIieHTpucuTeTa potopa OM ¢ UII, onuH U3 3JEKTPOJOB KOTOPOTO 3a3€MJICH,
MOAXOJAUT HM3MEPUTENbHAS LENb B BHJAEC H3MEPHUTEIBHOIO MOCTa C ITOJOCHO-
IPOMYCKAIOMINM (PUIBTPOM, MOCT KOTOPOTO MUTAETCSI TEHEPATOPOM BBICOKOM

B Tperbeii riiaBe s U3MEPUTEIBHON LIENMU COBEPIIEHCTBYEMOU CHUCTEMBI
JMArHOCTUKH opaboTaHbl B [1aBnomgapckoM rocy1apCTBEHHOM YHUBEPCUTETE HM.
C.TopaiireipoBa Ha Kadeape «DIEKTPOIHEPTreTUKa» COBMECTHO C K.T.H.
A.B.MaHyKOBCKMM KBaplLEBbI TE€HEpaTOp M €ro MHporpaMmHoe olecreueHue
CIIOCOOHBI  O0ECMEeYUTh B JIOCTATOYHOM CTENEHU CTAOWIBHOCTh 4YacTOThl U
aMIUTUTYAbl, & TAKKE JOMYCTUMBbI YPOBEHb FrAPMOHUK I'€HEPUPYEMOI'O CUTHAJA B
TpeOyeMoM Auana3zoHe Temrneparyp. BbIsiBIeHO, YTO JBYXCTyneudaTblii GuibTp Ha
rupaTopax crnocoOeH oOecneunTh Mmoyiocy mporyckanus B SKI'1 mpu mobpoTHOCTH
Q =606 B nuamnaszone pabouyux temmeparyp crnocodber ot —30 mgo +80 rpaaycos,
YTO SBJISIETCS BIIOJHE JIOCTATOYHBIM JUISI pealu3aldd CUCTEMbl JTHATrHOCTHKHU.
[IpousBeneH aHanu3, B pe3yJbTaTe€ KOTOPOro MoJoOpaH aBTOHOMHBIM MCTOYHUK
CTaOMJIM3UPOBAHHOIO IOCTOSIHHOTO TOKA, CHOCOOHBIM 00ecneunTh MUTaHuE
reHeparopa BBICOKOM YacTOTbl M JBYXCTYIEHYaTOro (uibTpa CHCTEMBI
JMArHOCTUKU HU3KOBOJBTHBIX M BBICOKOBOJBTHBIX DJICKTPUUECKUX MAIIWH C
MOMOIIBIO MAJIOTa0apUTHOIO U JIEHIEBOTO TpaHC(hOopMaTOopa HAMPSIKEHUS, a TaKKe
C TOMOIIbIO CEPUMHO BBIMYCKAEMBIX Pa3beMHBIX, MPOXOIHBIX TpaHC(HOpMATOPOB
toka tuna T3PJI.

VYcoBeplIEHCTBOBAaHA CUCTEMA JMArHOCTHKM 3KCUEHTPUCHTETA POTOpa C
eMkocTHBIM UII, y KOTOpOro oHUM H3 3JIEKTPOJOB sBJsieTCs Baa DM, cocoOHa
KOHTPOJIUPOBaTh HE TOJBKO IIEPEMELICHHE Bajla, HO U  HaIpPABJICHUE
nepemenieHus. Ilpu 3TOM Bce €€ 2JIEMEHTBl pAacloyiararoTcs Ha BHEIIHEU
NOBEPXHOCTH DM, a MOTOMY MX JIOCTATOYHO MPOCTO 3KPAHUPOBATH OT BHELIHETO
AIEKTPUUYECKOTO U IJIEKTPOMATHUTHOIO TOJISI U 0O0ECTIEUUTh JOCTYH JJIsi KOHTPOJIS
paboTOCTIOCOOHOCTH YCTPONUCTBA U BHICTABIICHUS TTOPOTOB CpabaThIBAaHUSI.

Y coBepIIEHCTBOBAaHA CUCTEMA JUArHOCTUKH dKCLHEHTPUCHUTETA POTOPA, OJUH
u3 371eKkTpo10B eMKocTHOro UII koTopoii B BUae Qoabru pa3mMeniaeTcst Ha ma3oBbIX
KIIMHBbSIX TAaKXE€ KOHTPOJIHMPOBATH HE TOJIBKO MEPEMENIEHHME Bajla, HO U
HallpaBJICHUE TMepeMenieHus. Ilpu 3ToOM H3MEpUTENbHBIE MOCT M IOJOCHO-
MPOIYCKAIMMK (PUIBTP pa3MelIaroTcsi Ha BHICTyHAIONIEH YacTh Ma30BOr0 KIIMHA,
a OCTAJIbHBIEC AJIEMEHTHI HAa BHEIIHEN MOBEPXHOCTH OM. B CBSI3M M3roTOBIEHUE U
ycranoBka U1 3nauntensHO ynpoiaercs.



