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MODELING CAPACITANCE OF CAPACITIVE TRANSDUCER

Abstract. The modern circulating electrical machines used to produce electric power and act as drivers are
wide spread in electric-power industry. One of the typical mechanical troubles electrical machines encounter is rotor
eccentricity. It is usually accompanied by non-uniformity of air gap between stator and rotor and formation of
additional magnetic fields in it which leads to deterioration of electromechanical features of electrical machines and
increase in electric power loss. With a large displacement of the rotor, the rotor core starts to rub against the stator
core. It is accompanied by fairing of cores and overheating. Severe overheat of rotor core can lead to rotor coil
burning-out, and overheat of stator core is accompanied by accelerated thermal deterioration of insulation and a
subsequent fault in its coil. This can lead to total damage of the machine. Nowadays, rotor eccentricity can be
determined by using methods based on measuring values which are caused by additional magnetic fields. However,
the sensitivity of the methods mentioned is limited by the need of considering the interferences due to variation of
mains settings and loads. In this sense, capacitive sensors used as measuring capacitive transducers are known to be
more perspective diagnostic means for determination of rotor eccentricity. However, there are no methods for calcu-
lation of parameters of such measuring transducers with complex geometry of electrodes.

The current document features a simple method for calculation of a capacitive transducer with electrodes of
various shapes. This method comprises modeling the transducer electro-statical field using nets method and calcula-
tion of capacitance based on the empirical formula proposed. As an example, the method efficacy is checked by
determination of plate capacitor capacitance using the method proposed and classical formula. It was demonstrated
that the modeling accuracy did not exceed 5%.

The example included evaluating a capacitance for electrodes with toothed rotor of electrical machines and with
different positions of capacitive transducer plates relative to rotor slot opening. This document also contains the prin-
ciple of forming boundary conditions and electrostatic potential distribution patterns, and the calculation of
capacitance.

Key words: diagnostics method, rotor eccentricity, capacitive transducers.

Introduction. In ¢lectric-power industry, for example, when diagnosing moving parts of electrical
machines (EM) the capacitive transducers (CT) [1-4] are widely used because they provide simple
operation and reliable performance. As it is known, changes in transducers capacitance can happen both
due to movement of target machine part and its circulation on a shaft. The example [4] shows measuring
rotor eccentricity during operation when one of CT clectrodes has constant geometrical sizes and the other
ong represents a circulating toothed rotor core as shown in the figure 1,a; where 1 and 2 — stator and rotor
cores; 3 — armature key; 4 — CT electrode; 5 — EM air gap.

Since CT capacitance during rotor circulation changes both because of rotor eccentricity value and
open slots of rotor that follow along its electrodes development of methods for diagnosing EM rotor
eccentricity is simply impossible without modeling transducer capacitance value depending on the
conditions mentioned.

As it is known [5-9], there are many ways that facilitate calculation of capacitor capacitance with
various electrode shapes. However, their analysis has shown that it is too difficult to use some of them
even equipped with computer technology. Some of them describe only particular cases for electrode
surfaces and others cannot provide the required accuracy.
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Figure 1 — EM specific design features and calculation diagram

In connection with this, electrical capacitance of two electrodes with various shapes can be calculated
the following way.

According to [10-15] electro-statical field density in any point between the two electrodes of the
capacitor is a constant value. In light of this and the figure 1:

- U_®2-0_A¢ (1)
d yx-y1 Ay
where ¢; and ¢, - electro-statical field potentials in points 1 and 2 with respect to lower capacitor plate;
vy and y; - coordinates y of points 1 and 2;. U and d - voltage and the gap between capacitor electrodes.

Then, taking into consideration equation correlations (1) in order to determine the capacitance of air
plate capacitor we can use the following empirical dependence:

C :801112u:801112 A(p’ (2)
Y2 =Vi1 Ay
where 1; and |, - breadth and length of capacitor electrodes; g, - electrical permittivity of vacuum.
Since the capacitor electro-statical field is potential and there are no free electro-statical field sources
in it then taking into consideration the diagram in the figure 1 and [13-17] the ficld can be described by
Laplace equation:

*olox? +0%p/oy? =0. 3)

Analysis of [17-20] makes it clear that it is hard or sometimes impossible to get an analytical
expression from direct solution of equation (3) with complex electrode shapes whereas the net method
provides a simple answer. Here, partial Poisson equations [21-23] (3) for i, k — th node in the figure 2 are
replaced by expressions:

82(pX _ Px(k+D T 20461 T Oxik-D) . (4)
8y2 = B2 ’

% _ Px(i+Lk) ~2Px(ik) T Px(i-1k) )
oz> h?

As aresult in 1, k — th node electro-statical field potential can be described as:

1
Px(ik) = (Ox+1k) T Pxii-1k) T Pxik+1) T Px(i.k—1) (6)
4
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The efficacy of the mathematical model for solution of such issues can be easily demonstrated in an
example with determination of capacitance of air plate capacitor [24-25]. According to [10] and the figure
1,6 plate capacitor capacitance is:

C=goll,/d. (7)

When using the net method for modeling electro-statical field between MF electrodes the area in
question is divided into squares with the help of k,,, + 2 horizontal and i, + 2 vertical lines as shown in the
figure 2 with square side h. When k - th horizontal line crosses i - th vertical line it forms i, k - th node
where ki, and i,, - number of nodes in target area in vertical and horizontal direction where electro-statical
field potential is calculated based on equation (6). In the figure 2 these nodes are located in the arca
outlined with dotted line. Electrode breadth 1; of capacitor and distance d between its electrodes on
calculation diagram can be described according to:

11:X2_X1 anddzyz—}q, (8)

where x;, X, and vy;, y2 - coordinates of capacitor electrodes in cells.
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Figure 2 — Calculation diagram

When modeling the electro-statical field the upper electrode potential v, is assumed to be equal to one
and the lower one ¢ is to zero. After iteration procedure, all nodes with coordinates k = 0 and k =k, + 1
are assigned nodes potentials with k = 1 and k =k, and all nodes with coordinates i=0 and i =i, + 1 are
assigned nodes potentials with i = 1 and 1 = i,, which is boundary conditions for the given type of task.

Potentials of each node within outlined arca are calculated with the help of computer based on
iteration method which assumes potential calculation beginning from the left lower corner and then back
from the right lower comer of the area. After each iteration procedure boundary conditions are reset again
and iteration number is chosen so as to minimize errors.

After calculation of potentials in nodes the capacitor capacitance can be calculated using
mathematical expression (2) as

N N
> ¢, /N—q 2 Py
C=gglly L =g, L — ©)
01112 h 01112 Nh

¢, - potentials of all nodes adjacent to electrode with ¢, = 0; N - number of nodes adjacent to CT electrode
with ¢, = 0. In the figure 2 all nodes that adjacent to electrode with potential ¢; = 0 are marked with dots.

As one can see from the mathematical expression (9) (which defines capacitance through traditional
method [10] with constant plate characteristics) the capacitor capacitance depends on the distance between
the plates that is determined by air gap which sizes are shown in the table.
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EM air gap
Revolutions Gap, mm, with engine power, kW
per minute, rpm Upto 0,2 0,2-1 1-2,5 2,5-5 5-10 10-20
500-1500 0,2 0,25 0,3 0,35 04 0,4
3000 0,25 0,3 0,35 04 0,5 0,65

If for calculation diagram in the figure 2 we assume h = 0,01 m, k,, = 11 and i, = 11 cells and
coordinates x; = 3, x, = 9, y; = 4, y, = 8 then potentials modeling results in nodes can be presented as
tables shown in the figure 3.

Kom

a a 8 a ] a 8
Yf B.Y8B A.80 B.88 O0.B8 B8.88 A.7Y8 B8.77
a a 8 a 8 a 8
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Figure 3 — Potentials modeling results in nodes of electro-statical fields of two-plate electrode

Then, CT capacitance calculated based on mathematical expression (9) using net method amounted
to 1.55pf and 1.442pf accordingly. The net method accuracy was 7.001%. Therefore, such method for
determination of air CT capacitance is simple and provides sufficient accuracy within the diagnostics
system.

Based on the model proposed it is easy to calculate CT capacitance variation of asynchronous motor
(AM) rotor with open slots. If we assume CT breadth 1;, air gap & and rotor slot opening breadth b,; equal
to 5, 3 and 3 cells then potentials modeling results in nodes with CT electrode located above rotor slot
opening can be presented as tables shown in the figure 4. Then, CT capacitance was 2.628pf. At the same
time when CT electrode was located above the middle rotor tooth the capacity amounted to 2.736pf, as
shown in the figure 5.

§= =0
a. .00 0.00 | A.00
km 8. a.608
a. 8.12
a. 8.42 B.44 0.42 O 8.19 0.14 |@.14
8. 8.27 B8.29 B8.27 O .13 0.18 |08.19
a. B.16 B.18 B.16 & 6.60
a. 8.A8 B8.18 B8.89 § 8.a8
8. 0.84 B.86 B.85 @ 0.080
. B.62 ©.83 B.83 @ 6 .60
a. 8.1 8.82 0.82 6 8.88
8. .81 B8.81 B.81 € 0.080
1 a.oa i [:] [l i 8.1 0.1 0.91 @ He if if i a.
0.o0 [0.A0 0.A0 O.A80 B0.90 B0.91 0.81 0.01 0.A0 0.A0 0.0 0.00 | 0.00
1 =0 ¢=0 im

Figure 4 — Potentials modeling results in nodes of electro-statical fields of plate electrode
and air gap area above AM slot opening
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Figure 5 — Potentials modeling results in nodes of electro-statical fields of plate electrode
and air gap area above middle tooth of AM rotor

Thus, CT capacitance with AM rotor can be determined the following way:
Cun = Couno + Coupm sin 27f51)- (10)

where Co and C,n - constant component and CT capacitance variable amplitude; f, = nZ, / 60 - CT
capacitance variable amplitude frequency; n - rotor rpm; t - time.

According to the net method in the figure 4 capacitance values are C,, = 2.682pf and
Cunm = 0.054pf.

The example mentioned shows it obviously that the method proposed allows simple and quite precise
modeling CT capacitance, for example, for diagnosing rotor eccentricity regarding electrode shapes.

A. 0. HOcynora', A. H. Hosoxxuios', T. A. Hoso:xmion'

'C. TopaiirepoB aTEIHIAFH [1aBTIOAP MEMIICKETTIK YHHBEPCHTETI,
*OMGBI MEMITEKETTIiK YHHBEpCHTETI, OMOBIO Peceit

MOJAEJBAEY 3JEKTP ChIHBIMABLIBIFbIH OJIIIEY TYPJTEHIIPTII

Annortamust. Kazipri 3aMasFs! allHAIMANBI 31CKTP MAIIHHAIAPHI NCKTP SHEPTECTHKACHIHA NICKTP YHEPTHACHIH
SHIIPY YIIiH JKOHE KSTCK PCTIHAC KCHIHCH KOMIAaHBIIAAEL ONapablH 631HC TOH MEXAHHKAJIBIK 3aKbIMIAHY BIHBIH Oipi
POTOPABIH, KCUCHTPHCUTETI OONBIT TAOBLIAABL. ONETTE OJI CTATOP MEH POTOP APACHIHAAFBI Y€ CAHBLIAYbIHBIH
OipKeNKi eMECTITIMEH KOHE OHJA KOCBHIMIIA MATHHUTTIK OPICTEPAiH maima OonybIiMeH cyhHemenaeneni. by »xarmaii-
JapasIH 03P 37EKTP MAIIHHATIAPHIHBIH MCXAHUKAJIBIK CHIIATTAMANAPHIH HAIIAPJIAYBIHA KOHE 3JICKTP SHEPTUACHIHBIH
[IaMaJAH THIC MIBIFBIHAAHYHA oKeledi. Erepae poToOpasiH >KUDKYBI YIKEH O0JICa OHZA POTOPABI ©3CTi CTapTop
e3¢riH YHKkenel 0actaiinpl. byt e3ekrepain KbI3ybIHA SKEI COFaabl. POTOPABIH €3€Ti KaTThI KbI3Yhl POTOP OPAMBIHBIH
OanKyblHA OKEIl COFYBIHA MYMKIH, al CTaPTOPABIH ©3CTiHIH KbI3Yhl CTAPTOP OPAMBIHBIH OKIIAYJIAFbIIIAPHIHIH
JKBITY JIBIK KAPTAHyBIH TC3ACTCAI KCHIHCH OpaMaapaa KbICKA TYBIKTAIAIyaap 00aasl. By perTe 3a¢KTp ManiHHACH
TOIIBIFBIMCH ICTCH IIBIFAIBL.

Kazipri yakpITTa poTOPABIH SKCICHTPHCHUTETIH AHBIKTAY YIIIH HETi3iHEH KOCHIMINA MATHHT OPICTEpIHIH maifaa
OONyBIHAH TYBIHIAFAH IMAMATAPABI OIMIICYTS HETI3ACITCH ONICTSP KOMTAHBUIAABL Bipak oJapabiH Ce3iMTATABIFBI
KOPCKTCHAIPYIII KCNIHIH 3CKTP HMAPaAMCTPIICPiHIH TCPOCTICIHCH KOHE KYKTCMCCIHCH TYBIHAAFAH KCACPTLICPICH
ayBITKYIbIH KAJKCTTLNINIMEH MMeKTeneAl. byn skaraaina poTOpABIH SKCUEHTPHCHUTETIH AMATHOCTHKANAY >KYHemepi
YIIH 6Imeyim TYPACHIIPTIIN PeTIHAC CHIHBIMIBLIBIK JATYHKTCPAl MAHTANAHY HSFYPABIM OOMAIIAFEl OOJTBIT TAOKI-
magpl. Anadiga 37eKTpPOATapAbIH KypAehwi (OpMachIMEH OCBIHAAN OJIIEYill TYPICHIIPTIITIH MapaMeTpicpiH
CCCNMTEY OiCi KOK,

Y CBIHBUFAH KYMBICTa 3JCKTPOATAPABIH, CPKiH (POPMACHIHIAFHI CHIHBIMABLIBIKTBI OJIICYINI TYPIACHIIPTIiIITI
CCCNTCYIIH KapamalbsIM d4ici YCHIHBIIFAH, Oy TYPJICHOIPTIITIH 3JCKTPOCTATHKAIBIK OPICIH TOP dHiCIMCH MOICT-
JICYTC MKOHC KCATIPUITCH IMITHPHKATBIK (PopmMyia OOHBIHIIA CHIMBIMABLIBIKTEI ecenTeyre HerizaenreH. OCHl 9micTiH
GapabapbIFbIH Ka3bIK KOHACHCATOP/IBIH, CHIMBIMIBIIBIFBIH AHBIKTAY MBICATIBIHIA TEKCEPY KY3ETE aCBIPHUIIbI, OHBIH
IIaMachl YCHIHBUIBIN OTBIPFAH OMICTI MAWJaTaHa OTHIPBII JKOHE KJIACCHKANBIK (popMyna OOMBIHIIA AHBIKTAJFAH.
Moaenbaeyain Karemiri 5%-1aH acnaasl.
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Byt omicTi KomaHy MBICATBI PETIHAC NMEKTP MAIIMHA POTOPBIHBIH TiCTi OETi Oap IMEKTPOATAp YINIH CHIMBIM-
JBUTBIKTHl AHBIKTAYBIHA KATBHICTHI OJIICYIMI TYPJICHIIPTIII IUIACTHHACBHIHBIH TYPJl >KaFgaiiapbIHIAa JKY3ere achl-
psiiasl. COHBIMEH KaTap, IICKAPAIBIK >KarJadaapabl KaJbIMTACTHIPY INPHHIMIN KOHE JIICKTPOCTATHKAIBIK 6pic
MOTCHIMANIAPBIHBIH TAPALY CYJI0AChI KENTIPIITCH, COHAAN-AK CHIHBIMIBIIBIKTAP CCENITEITEH.

Tyiiinaik ce3aep: IMATHOCTHKA dJiCTEMECI, POTOPABIH 3KCICHTPUCHTETI, CHIMBIMIBUIBIK ONIMICYIII TYPJICH-
aiprimrep.

A. 0. FOcynora', A. H. Hosoxmios', T. A. Hosozxmios'

'TlaBromapckmii rocynapcTeHnbni yausepcuter mM. C. Topaiirsiposa, [Tasnomap, Kaszaxcran,
Omckuif TocyaapcTBEHHbIH yHIBEPCUTET, OMCK, Poccus

MOJEJUPOBAHME YJIEKTPHYECKON EMKOCTH
HU3MEPUTEJBHOI'O NPEOBPA3OBATEJIA

Annoramus, COBPEMCHHBIC BPAIIAIOIINCCS 3ICKTPHUCCKAC MAMMMHBI IMHPOKO HCTOMB3YIOTCA B JIICKTPOIHE-
TCTHKC JUIA TMPOW3BOJACTBA MICKTPOIHCPTHH M B KAUCCTBC MpHBOAA. OTHHM W3 HX XAPAKTCPHBIX MCXAHHYCCKHUX
TIOBPEKICHUH SBILICTCS SKCUEHTPHCUTET poTopa. OOBMHO OH CONPOBOXKIACTCS HEPABHOMEPHOCTHIO BO3AYIIHOTO
3230pa MEXKAY CTaTOPOM U POTOPOM M BO3HUKHOBCHUEM B HEM JIOMOJHHUTEJIBHBIX MATHUTHBIX NOJEH. UTO MpuBOAUT
K YXYAIWECHUIO 3JEKTPOMEXAHHUYECKUX XapPAKTEPUCTHK JJIEKTPUYECCKOW MAIIHMHBI U YBEIMYCHUEM IOTEPH JJICKTPO-
sHeprum. [Ipu 60IBIIOM CMEHICHHH POTOPA CEPACHHHK POTOPA HAYMHACT TEPETHCS O CEPACHHMK cTaropa. Uro co-
MPOBOKAACTCS «3ATH30M» CCPACYHUKOB H X Pa30rpeBoM. CHIIBHBIN Pa30TPECB CCPACYHAKA POTOPA MOKET MPHBECTH
K BBIIUIABJICHHIO OOMOTKH POTOPA, 4 Pa3oTpeB CEPACUHHUKA CTATOPA CONMPOBOMKAACTCSI YCKOPESHHBIM TCILIOBBIM CTa-
PCHHCM H30JLIHH W TOCICAYIOIMIAM KOPOTKHM 3aMBIKAHHCM B ¢¢ OOMOTKE. B Takwmx CiIyuasx MammmHAa MOXKCT
TIOJTHOCTBEO BBIMTH U3 CTPOSL

B Hacrosmiee BpeMst A1 BBIBICHHS 3KCLIEHTPHCHUTETA POTOPA B OCHOBHOM HCIIOJIBb3YHOTCS METObI, OCHOBAH-
HBIC HA U3MCPCHUH BCJIMYHH BBI3BAHHBIX TOSBICHHEM JOMOJHUTCIBHBIX MATHUTHBIX moncH. OJHAKO MX YyBCTBH-
TEIBHOCTh OTPAHMUYCHA HCOOXOAHMOCTHIO OTCTPOHKH OT TOMCX, BBI3BAHHBIX KOJICOAHMEM 3JICKTPHUCCKHX Iapa-
MCTPOB MHUTAOMICH CCTH W HATPY3KH. B 3TOM OTHOIICHNH 0OICe MCPCIICKTHBHBI CHCTEMBI AMATHOCTHKH SKCICHTPH-
CHTETa POTOPA, Y KOTOPHIX B KAYECTBE M3MEPHTEIBHOTO MPEOOPA30BATEI UCIOIB3YIOTCS €MKOCTHBIC JATYHKH.
OmHako METOJ pacyera MapaMeTpoB TAKHX H3MEPUTCIBHOTO MPeoOpa3oBaTelsl CO CIOKHOH (POpMOI 3NMEKTPOI0B
OTCYTCTBYET.

B mpennaraemoit pabote mpesiosKeH MPOCTOH METO PAacueTa EMKOCTHOTO H3MEPHTEIHLHOTO MPeoOpa3oBaTeist
C TPOM3BOJILHOM (POPMOH 3IEKTPOAOB OCHOBAHHBIH HA MOJCIHPOBAHHH 3JIECKTPOCTATHYECKOTO IOJ 3TOTO IIpe-
00pazoBaTes METOAOM CETOK M PACUETOM €MKOCTH IO MIPUBEICHHOM aMITHpHyecKkoit popmyne. OcymecTBieHa mpo-
BEPKa 4JCKBATHOCTH 3TOTO METOAA HA MPHMEPE OMPEACICHHA €MKOCTH IIOCKOTO KOHACHCATOPA, BEIMYMHA KOTO-
pOTO ONpEIe/UIach C HMCIONB30BAHHUEM IIPEIAracMOT0 METOJA W MO Kiaccmdeckoit (opmyrne. Ilokazano, uro
MOTPEITHOCTh MOJICIMPOBAHMS HE TIPEBhICHIA 5%.

B xavecTBe mpuMepa HCHOIB30BAHMA 3TOT0 METOAA OCYLIECCTBICHO ONMPEACICHUE EMKOCTH AT 3ICKTPOAOB C
3yO4YaTOH MOBCPXHOCTHE) POTOPA 3ICKTPHUCCKON MAIMWHBI B PA3HBIX MOJIOKCHHAX ILIACTHHBI H3MCPHTCIBHOTO
mpeoOpPa30BaTeIIA OTHOCHTCIBFHO PACKPHITHA mMa3a. Takke MPHBEICH MPHHIMI (POPMHUPOBAHNS TPAHIMIHBIX VCIOBHI
M KAPTUHBI PACIPEACTICHIA NOTCHIHATOB 3ICKTPOCTATHYCCKOTO MO, 4 TAKKE PACCUUTAHBI EMKOCTH.

KmodeBnie ¢10BA: METOANKA THATHOCTHKH, 3KCICHTPHCHTET POTOPA, CMKOCTHBIC H3MCPHTCIIFHBIC TPeoOpa-
30BaTCITH.
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