Izvestia Orenburg State Agrarian University. 2021; 88(2) Technical Sciences

Hayunas cmamos
VK 621.3

BnusHue HeCnHycounpanbHOCTU CeTeBOro HanpsHxeHusa Ha nopor
CpaGaTblBaHMﬂ yCTpOﬁCTBa 3alWunTbl OT aCUMMETPUN HanpsiXxeHusa

BukTop Maspunosuy MeTtbko, Unbmupa ArsamosHa PaxumxaHosa, Makcum bopucosuy ®omut, Banepuit Banepbesuy Kotouel,
Bnapucnas Buktoposuy Camoctok
OpeHbyprekuii rocyaapCTBEHHbIV arpapHbIi YHUBEPCUTET

Annomayusa. TIpon3BeeHO aHATUTHIECKOe 000CHOBAHUE IPHHIIMIIA AEHCTBHUS YCTPONHCTBA 3aIIUTHl aCHHXPOH-
HBIX 2JIEKTPOABHIaTENeH OT aCHMMETPHH HANPSDKEHHS, BBIMOIHEHHOTO Ha 0aze RC-(QUIBTPOB CHMMETPUYHBIX
COCTABISIIOLIMX MPSIMON U 0OpaTHON mocienoBaTenbHOCTEN (a3. M31okeHa METOIUKA ONpPENeIeH s CONPOTUB-
JICHUH pPE3UCTOPOB M EMKOCTEH KOH/EHCATOPOB, BXOISIIMX B CXEMbI (MIBTPOB, a TAKKE MPOHM3BEIEHA OLIEHKA
BIIMSIHASL HECHHYCOMIAIBHOCTH HAINPSDKEHUsT B MHTAIOMIEH DJICKTPOIBUTATENM DJIEKTPUIECKOH CEeTH Ha IMOpOT
cpabarbiBaHMs yCTPOMCTBA 3aIlUThl. [IpH OlLlEHKE OTpaHUYMBAINCH HAIMYMEM B KPUBOW (ha3HBIX HANpsOKEHUN
CCTHU BCINYUH TpCTbCﬁ U MSTOU FapMOHUYCCKUX COCTABJIAIOIIUX MPHU PA3JIMYHBIX UX Ha4YaJIbHBIX q)asax. Y4uuTel-
BaJIach IMPU OLICHKE BIMSHUS TAKXKE BEJMUMHA M HavyajbHas (a3a CUMMETPHYHOW COCTABJISIOIIEH HarpsuKeHHS
HYJIEBOH MmocienoBaTeabHOCTH (a3, He OKa3bIBArONIas BIUSHHS Ha MOPOT cpabaThiBaHUs YCTPOMCTBA 3alIATHI IPH
CHHYCOHAAJIBHOM HaNpsDKeHUH. [IpeyioxkeHa MeToAnKa ONpeaeIeH s opora cpabaTbIBaHus yCTPOWCTBA 3aIUThI
pu JI000M M3 BO3MOXKHBIX COYETAHUH yKa3aHHBIX IIapaMeTpoB. B kauecTBe mpumepa Uil OLEGHKH CTENEHU OT-
KIIOHEHUs! [I0pora cpabaTbIBaHusl /; IPU HECUHYCOMIATILHOCTU HANPSLKEHMUS OT [OPOra CpabaTbiBaHus Iy TAHHOTO
YCTPOMCTBA 3aIUTHI IPH CHHYCOMIAIFHOM HANPSDKEHUH MPOM3BEAEH PAcU€T 7 1O BBIIICH3IOKEHHON METOANKE
C UCIOJIb30BAHUEM YHHMBEPCAJIbHOM cucTeMbl MateMarndeckux pacuéroB MathCAD. B pesynsrare mpoBengH-
HBIX TEOPETHUUECKHX PACuéTOB YCTAHOBJIEHO, YTO HA IOPOr CpadaThIBAaHUS PACCMOTPEHHOIO Y3 aCHHXPOHHBIX
snekTponsurareneil Ha 6aze R-C GuUiIbTPOB NPsIMOH U 0OpaTHON HOC/IeNoBaTeIbHOCTEN (a3, pearupyrolero Ha
BEJIMUUHY KOdQ UIMEHTa aCHMMETPHU CETEBOTO HANPSDKEHUSI, HEIMHEHHOCTh CETEeBOTO HANPSDKEHUS] OKa3bIBaeT
CYIIECTBEHHOE BIMsHHE. Hamnmume rapMOHHK B CIIEKTPE HANPSDKEHUS! MOBBIIAET YYBCTBUTEIBHOCTH 3aI[UTHI
K CHMMETPUYHOIl COCTaBJIAIOIIEH HampsbkeHMs oOpaTHON mmociemoBaTenbHOCTH (a3. MaxkcumanbHoe (XOTd U
MaJIOBEPOATHOE) CHIDKEHUE Iopora cpabaTblBaHMs 110 3TOH cocraBistomei gocturaer 72 % ot mopora cpaba-
TBIBAHUS TIPH CHHYCOMJAIBHOM HAIPSHKEHHH. DTO MOXKHO CUUTATh BIIOJHE IIe7I€CO00pa3HbIM, TaK KaK COBMECTHO
ACHUMMETpUS ¥ HETMHEHHOCTh HANPSDKEHUS OKa3bIBAIOT 00JIee HeraTMBHOE BO3ACHCTBUE HA 3aLIUIIAEMbIH OOBEKT.

Knioueswie cnoga: HecunyCOUIaIbHOCTD HAIIPSKEHHS, aCUMMETPHS], yCTPOUCTBO 3aIUThI, BBICILINE FAPMOHUKH,
oOparHas Mocie10BaTeIbHOCTh (a3, Mopor cpabaThIBaHUS 3aIIUTHI.
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Abstract. An analytical substantiation of the principle of operation of the device for the protection of asyn-
chronous electric motors from voltage asymmetry, made on the basis of RC filters of symmetric components of
the positive and negative phase sequences, has been carried out. A technique for determining the resistances of
resistors and capacitances of capacitors included in the filter circuits is described, and also an assessment of the
influence of non-sinusoidal voltage in the supplying electric motors of the electric network on the threshold of
operation of the protection device was made. When assessing, they were limited by the presence in the curve
of the phase voltages of the network of the values of the third and fifth harmonic components at their different
initial phases. When assessing the effect, the value and the initial phase of the symmetrical component of the
zero phase sequence voltage, which does not affect the operation threshold of the protection device with a sinu-
soidal voltage, were also taken into account. A method for determining the threshold of operation of the protec-
tion device for any of the possible combinations of these parameters is proposed. As an example, to assess the
degree of deviation of the response threshold r, when the voltage is not sinusoidal from the response threshold
ry of this protection device with sinusoidal voltage, r. was calculated according to the above method using the
universal system of mathematical calculations MathCAD. As a result of the performed theoretical calculations, it
was established that the nonlinearity of the mains voltage has a significant effect on the response threshold of the
considered protection device of asynchronous electric motors based on R-C filters of the direct and reverse phase
sequences, which responds to the value of the mains voltage asymmetry coefficient. The presence of harmonics
in the voltage spectrum increases the sensitivity of the protection to the symmetrical voltage component of the
negative phase sequence. The maximum (albeit unlikely) decrease in the response threshold for this component
reaches 72% of the response threshold for sinusoidal voltage. This can be considered quite appropriate, since
both asymmetry and nonlinearity of voltage have a more negative effect on the protected object.
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J1s1 381K THI STIEKTPOABUTATENIEN OT ACUMMETPUU
HanpsHKeHNUs U3BECTHBI yCTPOMCTBA 3aIUTHI, peari-
pyIoLMe Ha pa3HOCTh ACHCTBYIOIUX HAMPSKEHUI
B (pazax 3JIEKTPUUECKON CeTH WM Ha OTKIOHEHHE
YIJIOB MEXJy BEKTOpaMHM O3THUX HANpPsKEHUH OT
120°. Kak mpaBuiio, BBIIOJIHEHBI 3TH 3alIUThl WU
Ha OCHOBE 2JIEKTPOMAarHUTHBIX peie, MOAKIIOUYEH-
HBIX B Kaxnayro u3 (a3 cetu [1], nim Ha ocHOBe
SNIEKTPOHHBIX (Yallle BCEro MOIYNPOBOIHHKOBBIX)
aneMeHTOB [2]. OnHako Hambosiee COBEPIICHHBIMH
ABJISIFOTCS 3aIUThl HA Oa3ze RC-QUIBTPOB cHUMMe-
TPUYHON COCTABISIOIICH HANpPsHKEHUS OOpaTHON
nocnenosarenabHOCTH Ga3 [3, 4]. Takue ycrpoiicTa
3amuThl (Y3) pearnpyloT Ha aCHMMETPHIO Hamps-
JKEHUSI aHAJIOTWYHO 3aIUIIAEMOMY JIIEKTPOIBH-
rarento. OQHUM W3 HUX SIBIAETCS pa3zpaboTaHHAs
HaMHU 3ammTa [5, 6], B KauecTBe MyCKOBOIO OpraHa
KOTOpOi ucnonb3yercs RC-QUiIbTp CUMMETPHUYHON
COCTaBIIAIONICH HaNpspKeHUs: 00paTHOM mociienoBa-
TenbHOCTH (a3, a B KauecTBE TOPMO3HOro — RC-
(UIBTP CHMMETPUYHON COCTABIISIONICH HAIPSKEHUST
IpsSMOM MOCIIeI0BaTEIbHOCTH (has3.

MarepuaJy u MmeToabl. [ [puHiunuansHas cxema
sToro Y3 n3zo0OpakeHa Ha pUCYHKE 1.

V3en A’ siBIsieTCS TOPMO3HBIM OPTaHOM YCTPOHi-
CTBa, a y3ed A’ — MyCKOBBIM oOpraHoM. Kaxplii
y3€J1 COOEPKUT TPU Npeodpa3oBaTessi HaPSKEHUS
B MPONOPUHOHAIBHBIA eMy TOK. OHHU NOJKIIOUYEHBI
BXOJAaMH X K (pa3aM 3JIEKTPHUECKOH CETH, a BBIXOAA-
MU y 4epe3 OJUH M3 JAUOJOB K HYJIEBOMY IPOBOIY

JNMEKTPUYECKOH CETH W 4Yepe3 APYrod Iuom — K
HU3KOOMHOMY Bxony Kitoda. Kirou ycrpoiictsa [7,
8] obecTounBaeT KaTyIIKy MarHUTHOTO ITyCKaTes
KM u TeMm cambIM OTKJIIOYAeT BJIEKTPOABHUIATEb,
KOTJa HallPSKEHUE Ha €ro BXOJE U3MEHSETCS C OT-
PHULIATETIHHOTO HA IMOJOKHUTEIBHOE.

B KkakIoM H3 y3J710B KOMIUIEKCHI BBIXOTHBIX
TOKOB TIEPBOT0, BTOPOTO U TPEThEro Mmpeoldpa3oBa-
TeJel paBHBIL:

L1 =Yg Uyp; Lh=YpUs; 3= Yp3Us,
rae Ypy, Ygp M Yg3 — KOMIUIEKCHl 9KBHBAJIEHTHBIX

MPOBOAUMOCTEH MEPBOro, BTOPOTO M TPETHETO

npeoOpazoBareneit, Cum;

U, Up u Uz — xoMImiekesl (ha3HBIX Hampsi-

JkeHui, B.

[Ipu HecumMeTpHH (ha3HBIX HANPSDKEHUH KaXKaast
13 HUX paBHA CyMME CUMMETPUYHBIX COCTaBIISIFOLIIX
npsimoii U, , obparnoii U, u Hynesoit U, nocneno-
BatenpHOCTEH (a3 [9]:

Up=U+ Uy + Uy, Ug=a?U, +al,+ Up;

Uc = alU, + a?U, + U,
e a = e120 u g2 = 240 — (hazospamaromue orne-
paropsl.

O creneHn HECUMMETPUHU HANPSKEHUH 1O 00-
paTHOH MoCIen0BaTeIbHOCTH (a3 cyasaT no kodpdu-
mueHty acumMmetpun » = U,/U;, a 0 HEeCUMMETpUHN
M0 HYJIEBOH IMOCienoBaTenbHOCTH (a3 — Koddu-
LUEHTY HeypaBHOBemeHHocTU 1 = Uy/Uy. Bennunna
kodpdunuenta acummerpun cornacio ['OCTy
32144-2013 poimkHa ObITh He Oosee 2—4 %, Tak

A BCN
3~50Tm, 220/380B 8@ © 8 ®

Puc. 1 — IlpunuunuanbHas cxeMa yCTPOUCTBA 3allUThl OT aCUMMETPUM HallpsLKEHUS
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KaK aCUMMETpPHUsl HaNpsDKEHUH yXYIAIIAeT XapakTe-
pUCTUKH TPEX(Pa3HBIX MEKTPOIBUTATENCH, BIUIOTH
II0 BbIXxoja ux u3 crpos [10].

Ecnu npoBoaMMOCTH PEe3UCTOPOB M KOHIEHCATO-
pOB mpeobpaszoBareneil B KaXKA0M y3J€ Mo100paHbl
TaK, YTO KOMIUIEKCHI SKBHBAJIEHTHBIX MPOBOIHMO-
creit Ygi, Yo 1 Y3 HAXOOATCS B COOTHOLLCHUU:

Y =Y, =Y Ypp=al; Yp3=a%y, (1

TO CyMMapHbIe TOKU NpeoOpa3oBaTesell IepBoro u

BTOPOTO Y3JI0OB:

[ =3Y (Up+aUg+a’Uc)/3;
I =3Y"(Up+a?Ug+alUc)/3 =3Y"U,.

CHMMETpHYHBIE COCTABIISIONINE HAXOAATCS IO
BBIPKCHHSM:

U, = (Ua +aUg + a?Uc)/3;
U, = (Up +a?Ug + alc)/3;
Up= (U +Ug+ Uc)3 [11].

Torna [ =3Y'U;, u [ =3Y""U, — nponopuuo-
HaJIbHBI COOTBETCTBEHHO HANPSHKEHUSAM MpsiMoit U
u obOparHoit U, TocienoBarenbHOCTEH ¢a3.

OTO W MO3BOJIAET CUYMTATh MEPBBIA y3em A’
(GUIBTPOM HaAmNpsDKEHHUST OPSMOW IOCIIEA0BATEIb-
HocTH (a3, a BTopoid A’ — GUIBTPOM HAIPSKEHUS
0o0paTHOH mocienoBaTebHOCTH (a3s.

Ki1r04 ycTpoiicTBa OTKITIOYAET 3EKTPOIBUraTellb,
Kak ObIIIO yKa3aHO BBIIIE, IPH [IEPEX0/Ie HAPSKEHUS
Ha ero BXOJIE C OTPULATEILHOTO Ha MOJIOKUTEIFHOE.
B nanHOM ciydae 3TO MPOMCXOJUT B MOMEHT, KOTIia
k03 PULIKMEHT acUMMETpPUH CETEBOr0 HampsiKe-
HUS 7 OCTUTAET IOIMYCTUMOH Ul 3allMIIaeMOro
SNIEKTPOABUrATENs BEINUUHBI 7. [Ipu 3TOM TOK [
¢ BbIxoza (uibTpa 00paTHOM MOCIen0BaTEeNbHOCTH
(a3 craHOBHUTCS paBHBIM TOKY / € BbIX0/a (DUIBTpa
NpsSMOI MOCIeI0BaTeIbHOCTH (a3:

ry=ry—>1 =1 —-3YU =3Y"U, >

> U/Ui =YY" —-ry=YIY "=glg",

TJe 7y — yCTaBKa cpabaThIBaHUs yCTPOUCTBA 3aIU T,
Y'=g' u Y=g — Momynmu npoBoxuMoOCTei
NEepBBIX IpeoOpas3oBaTeeil COOTBETCTBEHHO
¢uneTpaM npsMoil 1 00paTHOM MOCIEe0BaTEb-
HocTel (a3, Cwm.

CrnenoBareinbHO, €CIIH TPOBOANMOCTH (GUIBTPOB
BBIOpaHBl B COOTBETCTBUH C ycsoBusAMU (1), koa¢-
(ULHMEHT acCUMMETPUH, IPU KOTOPOM NPOUCXOAUT
cpabarbiBaHME yCTpoiicTBa (ycTaBKa cpabaTbIBaHUs
), 3a7aéTcsi M3HAYaJIbHO COOTHOIICHHEM IPOBO-
muMocTeld g =Y u g =Y pe3ucTopoB mepBbIX
npeoOpazoBaTesell HapsHKEHUS B TOK, BKIIFOUEHHBIX
B JIaHHOM ciy4ae B ¢azy A.

B mpennonokeHnu, 4To aKTUBHBIE U PEAKTHB-
HbIE TPOBOIMMOCTH B Ka)KAOM IpeodpasoBarene ¢
LENBI0 00NeryeHns KOMIUIEKTAlMM OIMHAKOBBI, B
panee onyOnukoBaHHOH pabote [12] mist cunycou-

JTATBHOM (hOPMBI HANIPSHKEHHUSI TIOTYYCHBI (POPMYIIBI
ISl OTIpEAeNICHUs UX 3HAYCHUM, MPU KOTOPHIX BBI-
nonHstoTCs yenoBus (1):

8 4
=G=g,83=Gy=~g by=bs= —g,
81 1 gi—3=g72=g9§G32= 4 \/gg
8143002 +413)* + (2++/13)*
- 24(2+4/13) ’
2++/13
NE)

Tlo HaiijieHHbIM 3HAaYEHUSIM MPOBOJUMOCTEH
OTIPENIETISIIOTCS] COTIPOTUBIICHUST PE3UCTOPOB (HHITh-
TpoB (obmias Gpopmymna — R = 1/G) u s cranmapt-
HOM 4acToThl TOKa f, paBHOW 50 I'm, — &MKoCTH
KoHIeHcaTopoB (obmas popmyma — C = B/2xnf).

Pesynbrarer 5TUX pacy€ToB A GUIBTPOB M-
MOl W oOpaTHOW ToclenoBaTenbHOCTEeH (a3 mpu
g =1100Cm u g =1-10-5 C™m npuBeneHsl B
Tabmure 1.

Taxum o6pazom, y3nel A 1A' ipu puBenEH-
HBIX B TaOJIHIIEC TapaMeTpax, Tak Kak OHU BBIOPAHbI
13 YCIOBHS COONMoAcHMsI cooTHomeHus (1) s
CHHYCOHUJIATFHOTO HampspDKeHUsT dactotor 50 I,
(YHKIHOHAIEHO OymyT SIBISATHCS COOTBETCTBEHHO
¢uIBTpaMH CHUMMETPUYHBIX COCTaBISIONINX Ha-
MIPSDKCHMSI TIPSIMON W 0OpaTHON TOCIIEeOBATEIhb-
HoCTeH (has.

OpHako Ha MPAKTUKE HAMIPSDKEHUE B MUATAIOMICH
CETU B TOM WMJIM MHOM CTENEHH HECUHYCOUIANBHO.
B »TOM cityqae oHO MOXET OBITH TPEACTaBICHO B
BHJIE CYMMBI ITOCTOSSHHOH COCTAaBIIIIONMICH U Oec-
KOHEYHOTO psiJja CHHYCOMAAIBHBIX HaIPSKCHUH
(TrapMOHHK) C YacTOTaMH, KPaTHBIMH YacTOTE Ha-
npsokernst cetd [13]. A Tak Kak KpuBasl CETEBOTO
HaTpsHKEHUS CHMMETPHUYHA OTHOCHUTEIIEHO OCH Bpe-
MEHH, B CIEKTPE 3TOTO HAIMPSDKEHHUS OTCYTCTBYIOT
MTOCTOSTHHASI COCTABIISIONIASA U TAPMOHUKH C YETHBIMA
KpaTHOCTSIMH dacToT [14].

U= U, Sin(ot + a;) + U,3Sin(B3wt + a3) +

+ U,,5:Sin(Swt + as) + ..,
rne U,,;, U,3 n U,s — aMIuTyabl HanpsuKeHUH

TepBO (OCHOBHOM), TPEThEH M TIATONH TapMo-

HUK, B;

oy, 03 ¥ 05 — HadaJgbHBIE (ha3bl TAPMOHUK;

® =27f — yrmoBas 4YacToTa TMEPEeMEHHOTO Ha-

npspkeHust (Toka), 1/c;

t — TeKymiee BpeMms, C.

Pacuér Toka B nienu BeAETCA B 3TOM cllydae OT-
JIETILHO JJIsI KaX 0 rapMOHUYECKOM COCTABIISIOIIEH
C TOCJIEAYIOUINM HMX HaJOKEHHEM.

OnHako BRIOpaHHBIC BBIIIE TTApaMETPhI (PHITETPOB
VIOBJIETBOPSIOT ycinoBue (1) TOMBKO 1T OCHOBHOU

b6:b8:B3: G3.

1. ITapameTpsl GUIABTPOB HAMPSIKEHUM MPSAMON W 00paTHOW MocieaoBaTelbHOCTeH (a3

OHIII Gl" Cm Rl‘a OmMm Gz‘, Cm Rz‘, OMm Bz‘, Cm Cz‘, () G3‘, Cm R3‘, OmMm B3‘, Cm C3‘, D
1-10-6 1-106 ]2,67-10-6 | 3,75-105 |{2,31-10-6 | 7,35-10-9 | 1,49-10-5 | 6,69-10* | 4,84-10-5 | 1,54-10~7

onon |G Cn [ R™ O [ Gy Cu [R"Om | By".Cu | G\ ® [ Gy, Cw | Ry, Om [ By".Cu | G, @
1-10-3 1105 |2,67-10-5 | 3,75-10* |{2,31-10-5 | 7,35-10-8 | 1,49-10~4 | 6,69-103 | 4,84-10~4| 1,54-10-6
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rapMOHUKHU. {7151 BBICIIUX TAPMOHUK COOTHOLICHUS
(1) Mex Ty SKBHBaJICHTHBIMY IIPOBOJAUMOCTSIMH TIPE-
oOpazoBareneii Y, Ygo v Y3 He OyyT BBIIOTHSTHCS,
CJIEI0BATENBHO, Y316l A’ 1A' 17151 ’TUX TAPMOHUK
He OyIyT SBIATHCS (PUIBTPAMU CUMMETPUYHBIX CO-
CTaBJsIIOIIMX B yucToM Buue. Kak crnenctBue, Ha
UX BBIXOZE MOSBATCA CUTHAJIBI MOMEXH, KOTOpPbIE
B HUTOTE IPHUBEIYT K cpabaThiBaHUIO Y3 TIpU KO-
b duIeHTe aCUMMETPUH 7., OTIMYAIONIEMCS OT
3a[]aHHOTO 3HAYEHHUSI 7.

OLEHUTh YPOBEHb 3TOM MOMEXU U HAUTHU KOM-
OMHAIMU aMIUIATYN BBICIIMX TapMOHUK W WX Ha-
YanbHBIX (a3, P KOTOPBIX HAOTIOIAETCS MAKCUMYM
BHOCHUMOW HMHM MOTPEIIHOCTH, SIBISETCS IEJIbIO
HacTosIIel padoThl.

Jng kKoHOEHCcaTopoB MPOBOAMMOCTH IPOMHOp-
LHMOHANbHBI YACTOTE HAMPSDKEHUS, HA KOTOPOE OHU
noakitoueHsl. [IoaToMy NpoBOAUMOCTH KOHACHCATO-
POB, 3aJI0KEHHBIX B CXEMbI (DHIIBTPOB, JUIS BBICIIAX
TapMOHUK MOTYT OBITh HAWACHBI MO OOLIUM IS
TOTO U APYTOT0 PHUILTPOB POPMYIIaM, BKITFOHAIOIIIM
MIPOBOJUMOCTH ITHX KOHAEHCATOPOB AJIs1 OCHOBHOM
TapMOHUKU:

By =kBy v B3, = kBs,
rJe k — HOMep TapMOHHKH.

C yu4€TOM 3TOro KOMIUIEKCHI SKBUBAJICHTHBIX
MIPOBOAMMOCTEH 15 k-X TAPMOHUK IIEPBOTO, BTOPOTO
U TpeThero mpeobOpasoBareneld B (UIbTpaX MOTYT
OBITh HaWJIEHBI 10 BhIpAXKEHUsM [15]:

Yie=0Gy
_BR(=Gy+j2By) |

G22 + 4822k
Gi (3G5 — B3y — j4G;Byy)
(G5 ~B3)* +(4GsBy,)”

KoMrutekch! HanpsiKeHUH k-X TaApMOHUK MIPSIMOIA,
00paTHOIi 1 HYJIEBOH MOCIIEIOBATEIILHOCTEH B pa3ax
A, B u C cetn — no BeIpa)keHUAM:

Upare=Un@%; Uypr=a?Uy s Uicr=alyags

Us = U@ B*0; Us = aly y; Uncr= @U, i
Upi= Upgereh),
tne U = miUyy, Upp=miUyy = mprUy Uk =

o

3k

=mpUg =my:nUy; — MOy HANPSDKEHUH k-X
TapMOHHK MPSAMOi, 0OpaTHOH W HYJIEBOW MO-
CIIEIOBAaTEILHOCTEH;

My, — KPaTHOCTH HANPSDKEHUH k-X TapMOHHK K
HaNpsDKEHUIO 1epBoi rapmoHukH (my, = U/Uy);
Uy — Monyib HampspKeHHs MPSIMOI mociiesio-
BaTeJIbHOCTH TEPBOI FapMOHUKH;
oy, P ¥y — HadanbHbBIe (ha3bl HAMPSHKEHUH Ak-X
TapMOHHK TPSIMBIX MOCJEI0BaTeIbHOCTEH (a3,
a TaKKe HampsDKEHUH 0OpaTHOW W HYJEBOM Mo-
cienoBareNibHOCTE B (hasze A ceTH.
Torga HampsbkeHHsl k-X TapMOHHMK B (azax A,
B u C cetn npumyT BHI:

Uge= Ukt Uouse + Yo

Upi=Uipr t Uopr + Uois

Uck=Uick + Uack + Yok

TexHU4eckme Hayku

a KOMIUJIEKCHI BBIXOJHBIX TOKOB A-X TapMOHHK
¢uneTpoB npsiMoit A’ 1 oOparHO# A’ mocienoBa-
TesbHOCTEH (a3, paBHbIE CyMME KOMIUIEKCOB TOKa
NIePBOTO, BTOPOTO U TPEThEro mpeodpasoBareieii B
Ka)XJIOM U3 (UIBTPOB:
L=+ Lyt l3=
=UnY 15+ UpilY 2+ UckY 345
L=yt gt L=
=Ug 1t UcklY o+ UprlY i
MrHOBEHHBIE 3HAUCHUS 3THX TOKOB OYyIIyT PaBHBI:
i’ =abs(l';)Sin(kwt + arg({';) u
iy =abs(l " pSin(kot + arg(ly),
rae abs({" ) u abs({*;) — abcomoTHBIE (MaKCHMAITh-
HbIC) 3HaUYeHUsI TOKOB [, u [y, A;
arg(l" ) uarg(l" ") — HauabHBIE (ha3bl ATUX TOKOB.
Torma MrHOBEHHBIC 3HAYCHHSI CYMMBI TOKOB
BCEX TapMOHUYECKHX COCTABISIIOIIMX Ha BBIXOIE
¢uneTpoB A' M A':
i :lﬂl +lﬂ3+lﬂ5+ ... 1
= st
Yepe3 nuoapl Ha oOkmanky koHuaencaropa C
OyzeT MoCTynarh MOJIOKHUTENIbHAs ITOTYBOJIHA TOKa
i’ c BeIxOAa GuisTpa A’ M CTEKaTh OTpULATEIIbHAS
MOJTYBOJIHA TOKa i° c Beixona ¢umbtpa A'. Ecim
ACHMMETPHSI HANPSKEHUSI CETH — HIDKE IOy CTUMOM
(r <(ry = ry), CPEMHSIS BENMYMHA TOKA C BBIXOJA (HUITb-
Tpa HANpsHKEHUS TMPAMOM MOCIEeI0BATENBHOCTH A’

T
I'.=f JO dt
3HAYMTEIIBHO OOJIBIIE cpeuHeﬁ BCIINMYMHBI TOKa C

BBIXOJIa (PUIIBTPA HAMPSDKEHUST 00PaTHOM MOCIen0-
BaTeJIbHOCTH A’

il

i

T
o= fJ |

Konzpencarop C mpu 3TOM TIO OTHOLICHHIO K
oOI11elt HyJIeBO# LITMHE 3apsKeH oTpuIaresibHo. Kirrou
YCTPOHCTBA MpPHU OTPHUIATEIHLHOM HANPSHKEHUH Ha
€ro BXOJI€ OTKPBIT, KaTyIIKa MATHUTHOTO ITyCKaTes
KM — 3amuTana, 3MeKTpOIBUTaTeNlb — BKIIOUEH.

[To mMepe yBenW4eHHsT ACUMMETPHH CETEBO-
ro HampspkeHust (yBenuueHus: koddduuumenra r)
yBenuuuBaeTcss U Tok [, ¢ BeIxoga ¢uibTpa A’
Korga oH craHeT paBHBIM WM HECKOJBKO OOJbIIE
TOPMO3HOTO TOKa [ . ¢ BbIxoaa ¢uiibTpa A’

r'.—r.>o,
koHzneHcarop C mnomeHsieT 3Hak 3apsga. Korou
NPU 5TOM OTKJIFOUUT 3JIEKTpOABUTATENh. Tak Kak
CPEIHUE TOKU TOTO U APYroro (GHUIBTPOB SIBISIOTCS
byHKIMSAMU:

e KO3 PUIIMCHTa ACUMMETPUH 7'

e HauabHOU (ha3pl HANpsDKEHHUsT 00paTHOM Mo-
cienoparenbHOCTH (a3 f3;

e k02 uneHTa HEYPaBHOBEIICHHOCTH 71;

e HauanbHOW (ha3bl HATPSHKEHHS HYJICBOH IO-
CJIEJIOBATEIILHOCTH (a3 v;

e KPaTHOCTEW 7 HANPSKEHWM BBICIIUX TIap-
MOHHUK TI0 OTHOILICHUIO K HANPSHKEHUIO OCHOBHON
TapMOHHKH;

e HaualbHBIX (a3 3TUX TAPMOHHK O,
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BBIILIETIPUBEAEHHOE YPAaBHEHUE 3alMILIETCS B Cle-
JIYIOILEM BHJE
I (r.B,n,y,ms3,03,ms,05,...) —
— I (r,P,n,y,ms3,03,ms,05,...) > 0.

Pesynbrarom pemieHuss 3TOrO ypaBHEHHsS OT-
HOCHUTEJIBHO 7 SIBISIETCS KOA(QPHUUHUEHT acuMMe-
TPUM HANpSDKEHUS 7., MPU KOTOPOM YCTPOMCTBO
3alUThl CpabaThIBa€T NMPH HECHHYCOMIAIbHOCTU
HanpsDKEeHUs ceTH. BenuunHa ero OTKIOHEHHS OT
3aJJaHHOTO MapaMeTpamMu GpuiIbTPoB Ko durenTa
¥y, IPU KOTOPOM YCTPOMCTBO 3allUThI CPa0aThIBAET
IPY OTCYTCTBUH F'APMOHMK B CETEBOM HalpPsDKEHHH,
MO3BOJIUT OLEHUTH BIUSHUE HECHHYCOMIATbHOCTU
HanpsDKEHUs Ha TOpOr cpalbaTbIBaHUS paccMarpu-
BaeMoro Y3.

Pe3yabrarsl ucciienopanus. B kauectse npume-
pa IUIsl OLICHKH CTEIICHH OTKJIOHEHHs mopora cpada-
TBIBAaHUSI 7, IPU HECUHYCOUAILHOCTH HAIIPSKEHUS
OT nopora cpabaTbIBaHus Fy IPH CHHYCOUATLHOM
HaNpsDKEHUH JAaHHOTO YCTPOMCTBA 3alUTHI C Mapa-
MeTpamu, npuBen€HHbIMU B Tabmuue 1 (ry = 0,1),
MPOU3BEIEH PACUET ¥ TIO BBILICU3IOKEHHON METO-
JIMKE C UCIIOb30BaHUEM YHHUBEPCAIBHOW CHUCTEMBI
maremaruueckux pacuéroB MathCAD. Ilpu stom
MPUHSTO, YTO HadanbHas (haza HanpsHKEHUS IpsSMOn
MOCJIe0BaTeIbHOCTH (Da3 MEepBOM T'apMOHMKH 0l
paBHa HYJIO, a TApMOHUYECKHUI COCTaB HAIIPSKEHUS
OrpaHUueH TPETbEH U MSATOW rapMOHHKAMHU.

B pesynbrare mosyueHsl NpUBEAEHHBIE Ha
pucynkax 2 u 3 rpaduku 3aBHCHMOCTE mopora
cpabarbiBaHMs paccMarpuBaeMoro Y3 mo kosddu-
LUEHTY aCHMMETPHH HANPSIKESHUS 7'¢, SIBISIOLICTOCS
(byHKIMEH:

B, n,vy, ms, 03, ns "
os [rc :f(Banoyam33a3am57("5) =
= rC(B,n,y,mg,a3,M5,(x5)].

0.096
0.095 K =

— - ,_,_ —’—’_’_’/
0.094 = —

So— 4
0.093
0.092

0 001 002 003 004

n
re(135,7n,0,0.025,90,0.04, 135)

r¢(135,7n,90,0.025,90,0.04, 135)

ro(135,n,180,0.025,90,0.04, 135)
re(135,n,270,0.025,90,0.04, 135)

Puc. 2 — I'pacduku 3aBucuMocTeil mopora cpadaTbiBa-
HUS 7. OT K03()(UIMEHTa HEYyPABHOBEIICH-
HOCTH 7 TIPH (PUKCHPOBAHHBIX 3HAUCHUSX f3,
Y, m3, 03, Ms, s

Ha ocHoBe aHanu3a 3aBUCHMOCTEH, MpHBE-
NEHHBIX HAa PUCYHKAaX 2 W 3, ClelaH BBIBOJ, 4YTO
OTKJIOHEHHE TIopora cpalaThlBaHUs F, OT IOpPOTa
cpabarbiBaHUSI MPU CUHYCOUIAIBHOM HaIpsiKe-
HUM 7y TeM Oobiie, deM Gonblie KodphuuueHt
HEYPaBHOBEIIEHHOCTH 71 HAIIPSDKEHUSI U KPAaTHOCTh
M3 HaNIPSDKEHUS TPEThEH TapMOHKKH 110 OTHOIICHUIO
K HalpsDKEHUIO OCHOBHOW TapMoHUKH. [Ipuuém
BEIMYMHA OTKIIOHCHUS B 3HAYUTEIBHOW CTEIeHU
3aBUCUT OT HauajbHBIX (Pa3 ITUX HaNpPSHKEHUH.
B 1O ke Bpems Benu4MHA OTKIOHEHHUS 7. OT 7y
c1a00 3aBUCUT OT HavailbHOW (a3l HAINPSHKCHUS
MATOW TapMOHHMKH (pHC. 4) U OT KPaTHOCTH ITOU

0.1

0.09

0.08 NG

0.07
0 0.02

ms

r.(135,0.02,90,m3 ,0,0.04, 135)

0.06

r.(135,0.02,90,m3 ,45,0.04,135)

r«(135,0.02,90, m5 , 90, 0.04, 135)
r«(135,0.02,90, m3 , 135,0.04, 135)

Puc. 3 — I'paduku 3aBucHUMoOCTEil Iopora cpadaThl-
BaHMA 7 OT KO3((UIMEHTA M3 KPAaTHOCTH
HaNpsDKeHUST TPEThe TapMOHMKH TIPH (PUK-
CHUPOBAHHBIX 3HAYCHUSAX P, 71, Y, O3, M5, 05

0.12

0.1 ===

o
'\\\\(

0.08

P

0.06

0.04 '

0.02 v

0 0.02 0.04

mg

r.(135,0.02,90,0.025,90, m,, 0)

0.06 0.08

r(135,0.02,90,0.025,90, m,, 45)

r(135,0.02,90,0.025,90, m,, 90)
r¢(135,0.02,90,0.025,90, m,, 135)

Puc. 4 — I'paduku 3aBucHUMoOcCTEil IOpora cpadaThl-
BaHMA 7, OT KO(PHUINCHTA M5 KPATHOCTH
HaNpspKeHUs MSITOM TapMOHUKY TPH (HKCH-
POBaHHBIX 3HAYCHUSX B, 1, Y, M3, 03, Os
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TapMOHMKH ms B npeaenax e€ uameHeHus ot 0 1o
0,04. Ilpu ms Gombrie 0,04 MPOMCXOIUT pe3KOe
YMEHBILIEHUE .

IToaTOMy A5 MOCHEAYIOIIEro OmpeneaeHus
MaKCHMaJIbHO BO3MOYKHOTO OTKJIOHEHHUS Mopora
cpabarhIBaHUsl IPU HECHHYCOMJAIBHOM HampsikKe-
HUHU OT yCTAHOBIIEHHOIO mapameTpamu GuisTpa ry
JUIsl CHHYCOUJAJIBHOTO HAaIpPsDKEHUS MpPUMEM J10-
nyctumble mo [OCTy 32144 -2013 koadpunuent
HeypaBHOBEIIEHHOCTH 7 paBHbIM 0,02 1 KpaTHOCTH
HaNpsHKEHUS TPEThell FrapMOHMKH 110 OTHOIIEHHUIO K
nepsoii paBHbIM 0,025. KpatHoCTh HanpsikeHNs 1si-
TOM TapMOHUKH IPUMEM I10 YCIOBHUIO 10y CTHMOTO
e¢ BnusHUS Ha oTKIoHeHUe (puc. 4) paBabiM 0,04.

[Tpu 5THX 3HAUCHHUAX KOAPPHULNEHTA HEYPaBHO-
BEIICHHOCTH W KPaTHOCTEH TapMOHMK OyneT Ha-

0.094

por -
0 (;88 \ \
ool \

0.086
0.084 B
0.082

0 100 200 300 400

Oy

7:(0,0.02,90,0.025,03,0.04,0)

Puc. 5 — I'paduk 3aBucUMOCTH MOpoOTa
cpabaThIBaHU 7. OT Ha4YaIBbHOU (ha3bl O3
TpeTbeil FTapMOHUKHU MPH (PUKCUPOBAHHBIX
3Ha4YeHUusIX P, n, v, m3, ms, s

0.1
0.095 [ i ,
0.09];" . i
\ ’I-n!’.i / \\_ |:'_//)
0.085 N L7 ,'t\__\,\‘_gf
\"y' :r’
0.08
0 100 200 300 400

r:(0,0.02,60,0.025, a, ,0.04, 0)

r:(0,0.02,60,0.025, 0, ,0.04,45)

7¢(0,0.02,60,0.025, ., ,0.04,90)

7¢(0,0.02,60,0.025, o, , 0.04,135)

Puc. 7 — I'paduku 3aBUcUMOCTEl 1Opora
cpabaTrbIBaHUs 7', OT HAYaJIbHOU (a3bl 03
HaNpsOKeHUs1 TPETbe TapMOHUKH IPU
HayaJlbHbIX (pa3ax o5 MATOW rapMOHUKH,
paBubix 0; 45; 90 u 135 rpaaycos, u npu
(uKcMpOBaHHBIX 3HAYCHUSX B, 1, ¥, m3 ms

TexHU4eckme Hayku

OronaTbcss MAKCUMYM OTKIIOHEHHUS . TIO CPABHEHHUIO
C TMapaMmeTpamMy HampsOHKCHHS, HE BBIXOAAIIIMH 32
paMKH, yCTaHOBJIEHHBIE BBIIIE, MTPH BCEX BO3MOXK-
HBIX COUYETAaHUAX HadaldbHBIX a3 vy, B, o3 U 0s.
Ocraéres ornpenenuTs HanboIee HeOIaronpusATHOE
WX COUeTaHue, MPH KOTOPOM YKa3aHHBIH MaKCUMyM
OTKIJIOHEHHUS OyJeT HanOOJBIINM.

Bun rpagukoB, n300paxEHHBIX Ha PHCYHKaX S5
1 6, TIOKa3bIBAET, YTO 3aBHCHMOCTH IOpora cpada-
ThIBaHAA Y3 OT HadaJlbHBIX (pa3 TpeTbel W MATOM
TapMOHHMK TIEPUOJUYECKHE C TIEPUOAOM, PaBHBIM
TIOJIOBMHE TTEPHO/Ia OCHOBHOM TapMOHUKH.

C yué€toM »TOrO OIpenencHue HamOojee He-
ONarompuATHOTO COYETAaHUS Ha4dalbHBIX (ha3 ITHX
TapMOHUK OCYIIECTBHUM IYTEM IOCTPOCHHS 3a-
BUCUMOCTEH 7. = f(013) IJIST YETHIPEX TUCKPETHBIX

Wl NN
A

0.085 \~

0.095

\V3

0.08
0 100 200 300 400

o
5
7:(0,0.02,90,0.025,0,0.04, a.5)

Puc. 6 — I'paduk 3aBucUMOCTH TTOpora
cpabaThIBaHUs 7, OT HAYaJIBHOM (assl 05
MSITOM TAPMOHUKY TPH (PUKCHPOBAHHBIX
3HAYCHUSIX P, 1, Y, m3, 03, Ms

0.1

0.095[ 7 r\ ‘f\

0.09 7 .
AN AN
A

% - T
0.085 10, | A =Ty,
7 *\3:., AR
NS N
0.08
0 100 200 300 400
o

r:(0,0.02,60,0.025,0,0.04, 0., )

r:(0,0.02,60,0.025,45,0.04, 0, )

r:(0,0.02,60,0.025,90,0.04, 0, )

r:(0,0.02,60,0.025,135,0.04, o)

Puc. 8 — I'paduxu 3aBucUMOcTEll opora cpadarbiBa-
HUSI 7', OT Ha4aJIbHOU (Da3bl 05 HAMIPSIKEHHUSI
MSITOM TapMOHUKH TIPH HAYaIbHBIX (a3ax oj
HAINPSDKCHUST TPEThe FapMOHHMKH, PABHBIX
0; 45; 90 u 135 rpagycos, u npu HUKCUPO-
BAHHBIX 3HA4YEHUSX [3, n, y, m3 ms
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0.11
01— ——

. )
0.09] -
008~ L=
0.07

0 100 200 300 400

Y

r.(0,0.02,v,0.025,90,0.04,135)

r,(90,0.02,y,0.025,90,0.04,135)

r,(180,0.02,y,0.025,90,0.04,135)

r,(270,0.02,y,0.025,90,0.04, 135)

Puc. 9 — I'paduku 3aBHCcUMOCTEl TTopora cpabarbiBa-
HUS 7, OT HadJaJIbHOH (ha3bl Y HAPSIKEHHUS
HYJIEBOHU ITOCIICOBATEIEHOCTH (a3 Ipu
HayalbHBIX (pa3ax [ Hamps KeHUs 0OpaTHOM
nocJieoBareIbHOCTH (a3, paBHbIX 0; 90;
180 u 270 rpaaycoB, U pH PUKCHPOBAH-
HBIX 3HAUYEHUSX 1, M3, 03, M5, O3

3Ha4YeHUH 05 B quamazoHe oT 0 mo 180° (puc. 7) u
3aBHCUMOCTEH 7, = f(0l5) A YETBIPEX TUCKPETHBIX
3Ha4YeHUH 03 B auamazone ot 0 go 180° (puc. 8).

Haubonee HeOnarompusTHOE CcOYeTaHUE Ha-
JanpHBIX (a3 HaNpsOKEHWH BBICIIMX T'apMOHUK,
IpU KOTOPBIX NPOMCXOAUT HAauOONbIIEe CHIKEHNE
nopora cpadarblBaHUs 7., KaK CIIEAyeT U3 BBILIE-
NpuBeIEHHBIX TpauKOB, HabmoaaeTcs npu o3 = 90°
u o05=135°. IMEHHO 3TH 3HAYEHUU HaAYAIBHBIX
(a3 ucnonbp30BaHbl Janee MpH ONpelesieHUH CO-
YyeTaHusl HadaJbHBIX (ha3 HanpsDKEHU oOpaTHOH n
HYJIEBOW MOCJEeNOBaTeIbHOCTEN (a3, MpH KOTOPbIX
MPOMCXOAUT HAaUOOJbIEe CHWKEHUE MOpora cpa-
OatbiBanus V3.

Huxe noctpoeHsl rpaduku 3aBUCUMOCTEH
re = f(y) npu HayanbHBIX (azax P HampsoKeHus 00-
paTHOU mocneaoBaTenbHOCTH, paBHBIX 0; 90; 180 u
270 rpanycos (puc. 9), u — rpaduKy 3aBUCUMOCTEN
re =f(P) npu HavanbHBIX dazax Yy HANPSKECHUSI
HyJEeBOM mocneaoBarenbHocTH, paBHbIX 0; 90; 180
u 270 rpagycoB (puc. 10).

Bun KpuBBIX yKa3aHHBIX 3aBHCHMOCTEH yKa-
3bIBAET HA TO, YTO HamOOJbLIee CHIKEHUE 11Opora
cpabaTbIBaHMs TPOUCXOIUT IpH f =225° my = 135°.

BoiBoabl. Ha mopor cpabatbiBanusi paccMo-
TPEHHOTO Y3 aCHHXPOHHBIX AJIEKTPOABHIaTENIeH Ha
6aze R-C QuabTpoB mpsMoil 1 00paTHOH mocieno-
BaTeJIbHOCTEH (ha3, pearupyromero Ha BETHYUHY
K03 PULNEHTa ACUMMETPHH CETEBOTO HANPSDKEHMUS,
SBJISTFOLIETOCS MPSIMBIM [TOKa3aTeNeM Iepexoaa deK-

0.11

0.1 f

0.09 :
0.08 / \x\j}
\

0.07
0

100 200

re(B,0.02,30,0.025,90,0.04, 135)

re(pB,0.02,90,0.025,90,0.04, 135)

re(p,0.02,135,0.025,90,0.04, 135)

re(B,0.02,270,0.025,90,0.04, 135)

Puc. 10 — I'paduku 3aBUCHMOCTE# TIOpOTa cpadaThi-
BaHMUSA 7, OT HAYAJIBHOH (pa3bl B HampsiKe-
HESI 00paTHOHN MOCIEAOBATEIFHOCTH (a3
IIpY HaYalbHBIX (Da3zax y HaIPSHKEHHS HY-
JICBOH TTOCIIEIOBATENFHOCTH (a3, paBHBIX
0; 90; 180 u 270 rpaxycoB, U IpH PUKCH-
POBaHHBIX 3HAUEHUSX 1, M3, O3, M5, O3

TPOJABHTaTENEH B aBAPUIHBIN PEKUM, CYILIECTBEHHOE
BIIMSIHAE OKa3bIBa€T HEIMHENHOCTH CETEBOTO HAIIPSI-
skeHust. Hannume rapMOHMK B CIIEKTpe HAPSKEHUS
MOBBIIIAET YYBCTBUTEIBHOCTh 3alUTBHl K CHMMeE-
TPUYHON COCTABISIOIIECH HANpsDKEHUS 0oOpaTHON
nocienoBaTeabHOCTH (a3. MakcuManbHoe (XOTS U
MaJIOBEPOSITHOE) CHU)KEHHE Iopora cpabaTbIBaHUS
0 TOM cocTaBIsAIoNIEeN focTuraer 72 % ot nmopora
cpabaTbIBaHMs MIPY CUHYCOUIATBHOM HalpsDKEHHU.
OTO MOXXHO CUUTATH BIOJIHE LeIeCO00Pa3HBIM, TaK
KaK COBMECTHO aCUMMETPUS U HETMHEHHOCTD HaIlpsi-
JKEHUSI OKa3bIBAIOT OoJiee HEraTHBHOE BO3ACHCTBHE
Ha 3aILUIIAEMBII OOBEKT.
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