Hayrosuii sorcypnan "Komi 10TepHO-IHTErpOBaHi TEXHOJIOTII: OCBITa, HayKa, BUPOOHHUITBO 61
Jlyywvk, 2016. Bunyck Ne 24-25

YK 621.317.7

Byp6emno M. ﬁ.l, I.T.H., ['agai A. B.Z, K.T.H.

! BinHuubKMI HAIOHATBHYN TEXHIYHMI YHIBEpCHUTET
? - JIyupKkuii HaiOHANBHYI TEXHIYHMIT yHIBEpCHTET

BU3HAUEHHSA NOTYXKHOCTEM HEJIIHIMHAX HABAHTAKEHb TPUDA3ZHUX
EJEKTPUYHUX MEPEX

Byp6esno M. WM., Tanaii A. B. BusHAYeHHS NOTY:KHOCTeli HeJiHiiiHHX HABAHTAKEHb TPH(AZHHX eJeKTPHYHHX MEpPe:K.
B cratTi npoananizoBaHO MOXKJIHMBICTH 3aCTOCYBAHHSI KJIACHYHOI Ta MHUTTEBOI TEOPiH MOTYKHOCTEH IJIsI BU3HAYECHHS ITOTYKHOCTEH
HEJIHIHHUX HAaBaHTAXXEHb TPU(A3HUX ENEKTPHIHUX MEPEeX 13 3a3eMIIeHOI0 HeHTpasmo. [loka3zano, mo HalKpaIiM € 3aCTOCYBAHHS
KIIaCU4IHOI Teopii moTyxHocTel. BBeneHo MOHATTS eeKTUBHUX HA NEpiofi HANPYrH >KUBICHHS aKTHUBHOI, PEAKTHBHOI Ta MOBHOI
MOTY)KHOCTEH, a TaKOX IX CepeIHBOKBAIPATUIHHUX BiIXWICHb. [loka3aHO, IO OCTAaHHI € MOTYKHOCTSIMU ITyJbCAlliif, a Ti, B CBOIO
9epry, € CyMOIO TIOTYKHOCTeH HeOaJlaHCy Ta FapMOHIYHUX CIIOTBOPEHb. 3alIpOIIOHOBAHO JUISI BH3HAYEHHS IOTYKHOCTI CIIOTBOPEHD
BUKOPUCTOBYBAaTH CEJHBOKBAAPATHUYHI 3HAUCHHS PI3HUII INOTYKHOCTeH mynbcariii Ta Hebamancy. IlokasaHo, IO MOTYXHICTH
CIIOTBOPEHHSI, 3yMOBJICHY HAsBHICTIO KaHOHIYHMX TapMOHIK, JOCTaTHHO BHUMIPIOBATH HA YaCTOTi INOCTOI T'apMOHIKH HaNpyru
JKUBJICHHS 3 BUKOPHCTAHHSM MUTTEBUX Ta KOMIUIEKCHUX ITOTY>KHOCTEH.

KuiouoBi ciioBa: TputasHi enexrpudHi Mepesxi, HeTiHiMHI HaBaHT)XEHHS, BU3HAYEHHS ITOTY>KHOCTEH.

Byp6eno M. W, I'apaii A. B. Onpenenenue MOIHOCTH HeJIMHE{HBIX HATPY30K TPeX(a3HbIX JJIeKTPUYECKHX ceTeil. B
CTaTb¢ IPOAHAIM3MPOBAHA BO3MOXKHOCTb IPUMECHEHUS KIACCUYECKOM M MIHOBCHHOH TEOPHMHM MOLIHOCTEH [UI1 ONpeAcicHUs
MOIIHOCTEH HEMMHEHHBIX HArpy30K Tpex(a3HBIX MIEKTPUUECKHUX CeTell ¢ 3a3eMIICHHOH HelTpainbio. [lokazaHo, 4TO HAMIYdIINM
SIBISIETCS TIPUMECHEHHE KJIACCHIECKOM TEOpHH MOIIHOCTeHd. BBeneno momnsrie »¢QexkTHBHBIX HAa MEepHOAe HANPSDKEHUS MUTAHHS
AKTUBHOH, pPEAKTUBHOM U IOJHOM MOIIHOCTEH, a TakkKe MX CpPeJHEKBAaApaTHUYHBIX OTKIOHeHWH. IlokazaHo, 4ro mocneaHue
SIBISTIOTCS.  MOITHOCTSIMH ITyNBCAIlMH, a Te, B CBOIO OYEpelb, SBIIIOTCI CyMMOH MOINMHOCTEH HeOadaHca M TapMOHHYECKHX
ucKakeHUi. IIpeliokeHo Uit OHmpefelcHUs MOIMHOCTH HCKAKEHHUH MCIONb30BaTh CPEAHEKBAJpPAaTHYHBIC 3HAUYCHHE DPa3HULIBI
MOIIHOCTEH mynbcanuii u Hebananca. [loka3aHo, 9TO MOIHOCTH UCKKCHHMS, 00YCIIOBICHHYIO HATHMINEM KaHOHHYECKUX TapMOHUK,
JIOCTaTOYHO M3MEPATh HA 4YACTOTE IIECTOM IapMOHMKM HAlpsDKEHUS MUTAHUSA C UCHONB30BAHMEM MTHOBEHHBIX M KOMIUIEKCHBIX
MOIIHOCTEH.

KnioueBsle cjioBa: Tpex¢a3HbIe JIEKTPHUESCKIE CETH, HeMMHEHHbIC HAarpy3KH, ONPEeICHIe MOITHOCTE.

Burbelol M. J., Hadaj A. V. Determination of three-phase nonlinear loads electric. The article possibility to application
of classic and instantaneous theories of capacity is analysed for determination of powers nonlinear loading of three-phase electric
networks with the earthed neutral. It is shown that the best is to use the classic theory of capacity. The concept of effective voltage on
the period of active, reactive and apparent power and their rms deviations. It is shown that the rms deviations are ripple capacity, and
those, in turn, are the sum of unbalance powers and harmonic distortions. It is suggested for determination of distortions power to
use the rms value of difference of ripple power and unbalance power. It is shown that distortion power, predefined by the presence
of the canonical harmonics, it is enough to measure the frequency of sixth canonical voltage using instantaneous and complex
power.

Keywords: three-phase electrical network, nonlinear load, power determination.

IMocranoBka HaykoBoi mnpodsaemu. PoOora TpudasHUX eNEeKTPUYHHX MepeX 3 HeNiHIHHUM
HaBaHT)KEHHSM, MPU3BOAUTH 10 3HAYHMX CIIOTBOPEHb CHHYCOITHOCTI CTpyMy i Hampyru. Lls mpoGiema
0COOJIMBO  CTOCYETHCA MEPEX OOMEKEHOI MOTYXHOCTI 3 KOPOTKHMH JiHIIMH 3B’s3Ky. Jlo Takux Mepex
BIJHOCATHCSl 3 HAIIBIPOBIAHUKOBUMHU IIEPETBOPIOBAYaMU. B Takux yMoOBax cTa€ BaXJIIMBUM MUTAHHS
MPaBUIBHOIO BU3HAUCHHS aKTUBHOI, PEAKTUBHOI Ta MOBHOI OTYXHOCTEH.

AHajniz gocaimxenb. KnacwmuHWil migxiq 0 BU3HAYECHHS TOTYXHOCTEH B CHHYCOIJHHX pPEXHUMAaXx
Tpu(a3HUX ENEeKTPUYHUX MEPEK OCHOBAHMH Ha BUKOPHCTAaHHI KOMIUIEKCHOI TOBHOI TMOTY)KHOCTI $IK
CKaJISIPHOTO JOOYTKY BEKTOPIB TpH(a3HMX KOMIUIEKCHUX HAIPYT 1 CIPSDKEHUX CTpyMmiB [1]

* * * *

S=P+jQ= U-If|= LjAIA"'L‘iBIB'i_U.CIC ! @)

ne P,Q - aktuBHa Ta peaktuBHa nory:kHocti; U, | — BekTOpM KOMIUIEKCHUX HANPYT i COPSHKEHUX

T

. . . T * * *
CTPYMiB B (ha3HUX KOOPJMHATAX, BIAMOBIIHO: [U ~ Us, UC} A, Is, lc

Peanizaniss BUMIpIOBaJIbHMX MEPETBOPEHb MOJSraE y GopMyBaHHI MUTTEBHX aKTUBHOI Ta PEaKTHBHOI
MOTY>KHOCTEH SIK CKaJIIPHOTO JOOYTKY BEKTOPIB TpU(PA3HUX MUTTEBUX HANPYT i cTpyMiB [2, 3]:

p=(|U-1])=(upip+Ugis +Ucic ); )

© Bypbemo M. M., Tamaii A. B



62  Hayxosuii sicypran "KoMir 1oTepHO-IHTErpOBaHi TEXHOJIOTIT: OCBiTa, HayKa, BUPOOHUITBO"
Jlyywvk, 2016. Bunyck Ne 24-25

q=(JU1])=(u"siy+U'sig +U'cic), 3)
ne U,U"l - Bekropu Hampyr i crpyMiB B (pa3HHX KOOpAMHATAX [UA, Ug, UC]T, [U'A, u's, U'C]T,
[i o Iy e ]T , IITPUXOM TYT 1 HWXK4E Mo3HadYeHo (a3oBuil 3cyB MuTTeBHX BeimmunH Ha —90 en. rpaaycis. 3a

YMOB HECHHYCOIAHOCTI (pa30BUH 3CYB yCiX FapMOHIK HAPYyTrH 3a0e3MeUyETHCS 3a TOMOMOr OO ITEPETBOPEHHS
Iinp6epra. OmHaK peatizalis TAKOrO MEPETBOPEHHS € IOCTaTHHO CKITAHOO [4].

AXTHUBHY Ta PEaKTUBHY IOTY)KHOCTI BHMIPIOIOTH LUISXOM IHTETPYBaHHSA BiAMOBITHUX MHUTTEBUX
MOTYXHOCTEH Ha nepiofi T Hapyry >KUBJICHHS

17 17
P=;{pamn Q=${QGNL )

3a yMOB HECHHYCOIAHOCTI KIaCHYHHH MiAXin BiAmoBinae teopii moryxkHocrti K. Byasny, 3rigHo 3 sikoro
aKTHBHA Ta PEaKTUBHA MOTY)KHOCTI JOPIBHIOIOTH CyMi, BiMOBIJHO, aKTUBHHUX Ta PEAKTHBHUX MOTYKHOCTEH
OKpEMHX TapMOHIK:

P=3P: Q=30 ©)

a JIJid BUKOHAHHS YMOBU OpTOFOHaHLHOCTi BBOIUTHCA IIOHATTA HOTy)KHOCTi CIIOTBOPCHHA D sax TpeTBO'l.
CKJIQJIOBO, 1110 3yMOBJICHA TAPMOHIYHUMH CITIOTBOPEHHSMH HAIPYT 1 CTPYMIB
S*=P*+Q*+D>. (6)
HOpﬂZ[ 3 KJIaCMYHHUM BH3HAYCHHAIM peaKTI/IBHOi HOTy)KHOCTi BUKOPUCTOBYIOTb TOHATTHA peaKTI/IBHOI
notyxkHocti 3a C. ®pise, sKui 3aMpoONOHYBaB BHU3HAYATH PEAKTHBHY IOTYXXHICTh B HECHHYCOITHUX
peKHMax SK OPTOrOHAJbHY CKJIAQJOBY, NMPHUUHATY Uil CHHYCOIIHHMX BEIWYHMH. BHMIpIOBaHHS pEaKTUBHOI
notyxHocti 3a C. @pize nonsArae y BUKOHaHHI IIEPETBOPEHB

Q. =vS*—P?; S=U,l, +U.l, +U.I,, ©)
ne U,, 1,;Ug, 15U, | — nitoui 3HaueHHs Hampyr Ta CTpyMiB BigmoimHux a3, sxi 3a

HECHHYCOITHHUX HANpyT i CTPyMiB BU3HAYAIOTh 32 GOpMyJIaMu, Harpukiam, st ¢aszu A:

(8)

CyyacHMH mMiOXig A0 BH3HAUCHHS TMOTYKHOCTEH WONSITa€ y BUKOPHCTaHHI MHTTEBOI IMOBHOI
HOTY)KHOCTI TpudaszHoi cuctemu S(t) B skocTi 0a30BOi BEIMYHMHH, Ky PO3KIAIAIOTh HA OPTOTOHAIBHI
cknagauku [7]. Bupas s kBagpata MUTTEBOI MOBHOI TMOTYKHOCTI MOYKHA IIOJATH Yy BUTJBIII CyMH
KBaJpaTiB CKaJSIPHOIO Ta BEKTOPHOro J0OYTKiB BEKTOPIB TpU(a3HUX HAMPYT 1 CTPYMIB B cucTeMi (a3HUX
KOOpJIMHAT

52=p2+q§=(|IoU|)2+(|l><U|)2, 9)

. . . - T
e |, U — BEKTOpPH CTPYMIB 1 Hampyr B CHCTeMi (a3HHUX KOOPJUHAT |=[I A,IB,IC] ,

T
U=[u, Ug, Uc] ;
vy pa3i 34CTOCYBaHHA CUCTCMU (1)3.3HI/IX KOOpJAWUHAT MUTTEBY AKTHUBHY HOTY)KHiCTL BHU3HAYAKOTH 3a
dbopmyioro (2), a BUpa3 il MUTTEBOT PEAKTUBHOI TIOTYKHOCTI Ma€ TAKHIA BUTJISIT:
2 . -2 . - 12

i i i i i i
— I — A B B C C A .
Oy (| x U|) o + " + " ou (10)

MI/ITT€By PCAKTUBHY HOTYDKHiCTB q2 MOXHa TaKOXX BU3HAYUTU 3 YMOBU OpTOFOHaHLHOCTi 3a BUpPa3oM

2 2 2 2 2
Oy =+/8° — P2 = U2 -i*— p?, (11)
2 2 2 2.2 _ 2 i2 52
me US =U," +Ug” +U”; 17 =i, +ig” +i.”.
Heo0xiaHo BiAMITUTH, 110 OPTOTOHANBHICTh CKJIAJHUKIB MUTTEBOI T€OPii MOTYKHOCTEN CIIpaBeINBa
JIUILE JJT1 MUTTEBUX 3HAYCHD 1 HE BUKOHYETHCA ISl yCEpEeAHEHUX BEUUMH. SIKIIO, HAPUKIIaA, BU3SHAYUTH

2
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1 1] 1]
S== { s(t)dt; P == { p(t)dt; Q, = { g, (t)dt (12)

2 _p2 2
To ymoBa S° = P° 4+ Q,° He BUKOHYETHCSL.

BukoHaHHSI yMOB OpPTOTOHAIBHOCTI MOXKHA OyI10 6 3a0e3neunTy y BUMaaKy (hopMyBaHHS eeKTUBHUX
IHTErpaNbHUX BEJTMYMH 3 BUKOPUCTAHHSM TaKUX BUPA3iB

175 2 . 17 2 ) 17 2 .
S, =,/;£s (hdt; P, =,/;£p Odt; Q. = | ai (13

OJIHAK JOLIIBHICTD iX BBEACHHS BUMarae JOJATKOBUX JOCIiIKEHb.

OOrpyHTYBaHHSI pe3yJIbTATIiB JOCJTUKeHHsl. PO3riIsiHEMO HECHHYCOIHMI peXHUM, 3a SKOro 10
MEpEeXKi NpPUENHAHUN IIECTUMYIbCHUA BUIPSIMILSIY, SKUH MOIENIOETHCSA, 3a IONOMOIOI0 CEpelOBHILA
Simulink 7.6 (R2010b), mxepenom crpymy. J[kepeno MiCTHTh mepury, I’STy Ta CbOMY T'apMOHIKH, IO
ctanoByATh BinnoBigHo 20 % Ta 14,3 % Bix OCHOBHOI TapMOHIKH, a HApyTu (a3 KpiM Mepuioi rapMOHIKA
MICTATh T’STYy Ta CbOMY TapMOHIKM, BMICT KOXHOI 3 SIKMX CTaHOBUTH 2 % Big OCHOBHOI TapMOHIKH
(BKa3aHMii piBEHb HANpyr BUIIMX TapMOHIK BiIMOBiJa€ BiTHOCHOMY OIOpPY MEPEXi, IO BHU3HAYAETHCS SK
BIJIHOIICHHS IOBHHX MOTY)KHOCTEH HaBaHT)KEHHS 1 KOPOTKOro 3aMukanHs, piBHomy 0,02).

[IpoananizyeMo cro4yatky CHMETpHYHUN Mo (azaX peXMM HaBaHTaXeHb. [IOTYXHICTH OKpeMHuX

rapMOHIK CTaHOBHTb: S, =1500 e 21299+ j750xB-A; S, =-6 el =52 j3kB-A;

S, =-4,3 e =_37—j2,1xkB'A. PesybTaTu BUMIpIOBaHb AKTHBHOI Ta PeaKTMBHOI IOTYKHOCTEH
BimmosimHo Oymyte: P ~1290kBt, Q = 744,9kBap. 3uauenns peaktuBHOi moryxHocti 3a C. Dpise
Qr ~850,9 xBap. PesynbTaTi BUMIpIOBaHb €DCKTUBHHX MOBHOI, aKTMBHOI Ta PEAKTHBHOI IIOTYXKHOCTCH
Bignosimuo Oynyts: S, =1545xB-A, P, #1307 kB, Q, = Q,, ~ 824,3«ksap.

OTKe, B HECHHYCOITHIX CUMETPUYHHUX PEKHMax BUMIPSHI MOTYKHOCTI, 10 BiAMIOBINAIOTh KIIACHYHIN
TEOopii MOTYKHOCTEH, Nal0Th 3aHIKEHUH Pe3yNbTaT, OCKUIBKH 3 MEPEKi CIIOKUBAETHCS aKTHBHA MOTYXHICTh
Ha OCHOBHi¥ rapMoHiiti, 1o cranoBuTh 1299 kBT, a reHepyeThes B Mepexy 5,2 kBt i1 3,7 kBT, BinnoBinHo Ha
ISITI 1 ChOMIN TapMOHIKaxX, CIIOTBOPIOIOUM (opMy Hampyru B Mepexi. [Ipu npoMy cnokuBau cIuiadye 3a
CYMapHOI0 aKTUBHO MOTY>KHICTIO HA OCHOBHIH 1 BUINUX TapMOHIKaX, BIAMOBIAHO IO MOKa3iB JIYMUIBHUKIB
enexTpoeHeprii, T06To 3a 1290 kBT, AHanoriuyHa cUTyallisl CIOCTEPIra€Thes 31 CIIOKMBAHHSM 1 OMJIATOIO 32
MEPETOKU PEAKTHBHOI MOTYKHOCTI.

Bopnouwac, 3HaueHHs1 peakTUBHOI MOTYXHOCTI 32 C. @pize Ta epeKTUBHIX PEAKTUBHUX MOTYKHOCTEH
ICTOTHO 3aBHILYIOTh CHOXXHBAaHY PEAKTHBHY IOTYXKHICTh, OCKUIBKM BKJIOYalOTh B ceOe TrapMOHIYHi
CIOTBOPEHHS SIK aKTUBHOI, TaK 1 pEaKTHBHOI MOTY>KHOCTEH.

B tabn. 1. HaBeneHO pe3yabTaTH PO3paxyHKIB MOTYKHOCTEH JUIS IIECTH PEXKHUMIB: 1) HECHHYCOiTHUIT
cumerpuyanil pexxum (HCP), sxuit Oyno po3rissHyTo BHIIC, 2) HECHHYCOITHHH HECHMETPHYHHU PEKUM
(HHP), sixwmii Binpi3HS€TbCA Bif PO3MNISHYTOrO 3HIDKCHHSM Hampyru ta crpymy ¢dasu C nHa 10%; 3)
CHHYCOIJTHUH HECUMETPUYHHUI PeKHUM 31 3HIKEHHAM Hanpyru Ta crpymy ¢asu C na 10% (CHP); 4)
HECHHYCOTTHUI HeCUMeTpUuHMi pexuM 3 oopuBoMm ¢asu C (HHPO); 5) HecunycoinHmii HecUMETpUYHUI
pexum 3 oopuBoM ¢aszu C i 50% nposanom Hanpyru Ha ¢azi C (HHPOII); 6) cunycoinuuii HeCUMETpHYHHI
pexum 3 oopuBom ¢azu C (CHPO).

Tabnuusg 1. Pesynbratn po3paxyHKiB HOTYKHOCTEH

Pexum P, Q,, P, Q, Q. | P, Q.. Qse.
kBT KBap kBt KBap kBap | kBt KBap KBap
1) HCP 1299 | 750 1290 | 745 851 1307 | 824 824
2) HHP 1217 | 703 1208 | 698 797 1226 | 775 770
3) CHP 1217 | 703 1217 | 703 703 1219 | 706 701
4) HHPO 866 500 860 497 568 945 659 837
5) HHPOIT 866 500 860 497 568 945 659 587
6) CHPO 866 500 866 500 501 936 613 791
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Edexrusni aktuBHa P, Ta peaktuBHa Q, mOTYXHOCTI 3aBKau Oinblui BiJf MOTYXHOCTEl Ha OCHOBHI

TapMOHilli, a TaKoX BiJ YCEpelIHEHMX Ha TMepiofi MoTykHocTed. BoaHouac, edexkTuBHa peakTUBHA
noryxHictb Qg, B HECHMETPHYHMX PEXHMAax Moxe OyTH SIK OUIBLIOI, TaK i MEHILIOK Bif HOTYKHOCTI Ha

OCHOBHIH TapMOHilli, a TakoX BiI ycepeOHEHOI Ha Mepiofdi MOTYXHOCTi. OCOOMMBO HENPUEMHUM €
BIZIMIHHICTP Li€T MOTYXHOCTI B pekuMax 4) i 5), sKi BiIpi3HAIOTHCS 3HAYCHHSIM HAIpyTy Ha o0ipBaHiil (asi.
®dizuyHa cyTh HECTaOLIBHOCTI MOTYXHOCTI TMOSCHIOETHCS BUKOPHCTAHHSIM MOIYNS TpudasHoi HAIpyrH,
KWW, HANPHUKIaA, B PeKHMi OOpUBY (a3u He BIJIMBAE€ Ha CTPyM HABAaHTAXXEHHS, MPOTe HOro 3HAYEHHS
BIUIMBAE Ha PE3y/IbTaT BUMiPIOBaHb MOTYKHOCTI.

[IpoananisyeMO MOXJIHMBICTh BH3HA4YE€HHS TMOTYKHOCTI TapMOHIYHHMX CIIOTBOpeHb. Jlmsa mporo
MPOMOHYETHCSI BUKOPUCTATH TOHSTTS €(DEeKTHUBHUX AKTUBHOI Ta PEaKTUBHOI MOTY>KHOCTEH, BUBHAYEHUX Ha
nepioai Halpyru >KUBJICHHS

, (14)

a TaKOX Cepe,Z[HBOKBaI[paTI/I‘-IHi BiZ[XI/IJ'IeHHH aKTI/IBHO'l', peaKTI/IBHO'l' Ta MOBHOI HOTy)KHOCTeﬁ

o, =\P2=P?; 0, =1/Q*-Q%; 0, = o’ +02 . (15)

3HAYeHHS CEPeJHBOKBAIPATHYHUX BiIXMICHb AKTUBHOI, PEAKTUBHOI Ta IIOBHOI MOTYXHOCTEH B
pexumi 1) Oynyts: o, = 210xBr; o, =353 kBap; o, =411kB-A.
TToTy’KHOCTi TapMOHIYHMX CHOTBOPEHL S, Ta S, 3a BIICYTHOCTi HECUMETpii HANpyr Ta CTpyMiB
MOJKHA 3aIMCaTH YepPe3 MOTYKHOCTI My/bcalliif N, Ta N, y TAKOMY BUTJIsLIi:
Sp:np:(p_P)’Sq:nq:(q_Q)' (16)
3HaYeHHs OTY)KHOCTEH CIIOTBOPEHb MOYKHA BU3HAYHUTH IIUISIXOM IHTErpPyBaHHS KBAJPATiB MUTTEBHX

MOTYXHOCTEH MyJIbcalliii Ha repiofi T Hapyru >KUBJICHHS

(17)

_ o _ .o _ [o2 oz _ ]
3HayeHHS Sp =210«kBrT; Sq =353 kBap; S, —«/Sp +Sq =411kB-A.
Ha puc. 1 300pakeHO 3aJ€KHOCTI MUTTEBUX BEIMYMH [, (| Wi pexumy 1), 3 SKOro BHIHO, IO

MUTTEBI TOTYKHOCTI MalOTh PIBHOMIPHUN XapaKTep MyJbcalliid, 3yMOBJICHHH JHILIE HECUHYCOIMHICTIO 1 110
94acToTa KONMBaHb MUTTEBUX MOTYXHOCTEH B ILICTH Pa3iB BUIIIA BiJ YACTOTH HANIPYTH MEPEXKI.

woo| AN t’t"'t't"'t ‘a VN

0 0,01 0,02 0,03 tc

Puc. 1. 3a1eXHOCTI MUTTEBHX aKTHBHOI Ta PEAKTHBHHX TTOTYXHOCTEH 32 HECHHYCOIMHOCTI
[Mory’)kHOCTI  CHOTBOpPEHh MOXXHA BHMIPSATH NUISXOM IHTETPYBaHHS BINMOBIMHUX MHUTTEBUX
MOTYXHOCTEH Ha nepiofi T Hanpyry >KUBJICHHS
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1+ 1
ReS =——|s, sin6wtdt; ImMS_=—1s, cosbwtdt. 18
=P \/ET;[ P =P \/ET;[ P 18)
1 1 7
Re§q=7?FI%SMwat hn§q:U?Fj%ux6wMt. (19)
0 0

KOMIUIEKCHI 3HAYEHHS TOTY:KHOCTEH CIOTBOPEHB, sIKi BH3HAUYCHI 32 MHUTTEBHMH 3HAYEHHSMH Ha
. . . ™ .. . —j14,55° - j175°
9acTOTi, IO BiATOBiAa€ mocTiii rapMoHini Hanpyru, 6yxyts: S, =210 kB-A, S, =353 " xB-A.

KommnekcHi 3HaueHHs MOTY)KHOCTiI CIIOTBOPEHHS MOXKHA BHM3HAYUTH 3a BEKTOPHUM JOOYTKOM
BEKTOPIB KOMIUIEKCHUX HAampyr i CTPyMIB OKpPEMHX IOCIiZOBHOCTEH, PO3MIPHICTD SKHX 3aEKHUTh BiJ
KUIBKOCTI BpaxoBaHUX rapMoHik. II1sxoM KOMII'IOTEpPHOTO MOIENIOBAHHS BCTaHOBJIEGHO, MO y pasi
BpaxyBaHHSI KOMOIHALIHHUX CKIIaJHMKIB, 1[0 3yMOBJIEHI MEPIIO0, I1’ATOI0 T4 COMOIO TAPMOHIKAMHU MPSIMOL
MOCITiTOBHOCTI, KOMIUIEKCHI 3HaYeHHSI MTOTY>KHOCT] CITOTBOPEHHSI BU3HAYAIOTHCS 3 TAKUX BUPa3iB:

§p.6 z%lmKUﬂ i15—U15 i11j+(Un i17—U17 illj}-l-
TRG{ ( 11|15-i-U15 |11j (U.llin-I-U.17 ill):|;
3 e Lo
Sys ® —ﬁRe U, ls—Uglu [+|U, lr=U;lu | [+

Tlm{ ( 11|15-|—U15|11j (U.llin-I-U.17 ill):|,

Je TepmHid IHAEKC KOMIUIEKCHHX Hampyr 1 CHpPSOKEHHX KOMIUIEKCHHX CTPYMIiB BKasye Ha
BHUKOPHUCTAHHS KOMIUIEKCIB HAMPYT i CTPyMiB MPsIMOi MOCIiTOBHOCTI, a APYTHil — HA HOMEpP TapMOHIKH.
PospaxoBani 3a ¢popmymnamu (20) — (21) KOMIUIEKCHI 3HaYCHHS MOTY)KHOCT1 CIIOTBOPEHHS BIIIOBIIHO

) - j14,5° - j175°
Oymyts: S, =210e"” kB-A, S, =353¢" """ xB-A.
Otxe, 32 yciX YOTUPHOX CHOCOOIB OLIHIOBAHHS IMOTYXHOCTI TapPMOHIYHHUX CIIOTBOPEHb OTPHMAaHO

OITHAKOBHH pe3ynbTarT.
HeoOxigHo BigMITHTH, IO 3a BIACYTHOCTI HECHMETpii Hampyr i CTPyMiB MOTY>KHICTb TapMOHIYHHX

(20)

(21)

. . . 2 2
CIIOTBOPCHb MOXKHA BU3HAYHTH 1 4epe3 peakTHBHI moTyxkHOCTI: S, =4/Q" —Q° =411 xB-A.

3a HecuMeTpii HampyT 1 CTpyMiB, HanpuKnaj, y pasi nposanxy Hanpyru ¢asu C Ha 10 % Big 3HaUYeHHS
Hanpyr iHMMX (a3 MUTTEBI MOTYKHOCTI P Ta ( XapaKTepU3yHOThCS 3MIHHHM KOJHBHUM IIPOLIECOM

MPOTSrOM MiB Tepiody, IO 3yMOBJICHO HECHMETPIEI0 Ta HeCHHycOimHicTo. OOBigHI IUX MOTY:KHOCTEH
XapaKTepU3YIOTh My IbCallii, 0 3yMOBJIEHI HECUMETPIEI0 PEKHUMY 332 3BOPOTHOIO TIOCIIJOBHICTIO.

p, Bt
g, Bap
1500 P
1000
q
500
0
0 0,01 0,02 0,03 tc
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Puc. 2. 3anexHOCTI MUTTEBUX aKTHBHOI Ta PEAKTUBHUX IOTYKHOCTEW 32 HECUMETPIi Ta HECHHYCOITHOCTI

CKJTaJHUKN TIOTYXHOCTI HeOajaHCy, 10 3yMOBJICHI HECHMETPIEID HANPYT i CTPYMiB, MPEICTaBHMO
MUTTEBUMH YMOBHHMH MOTYKHOCTSIMU 3BOPOTHOI ITOCIITOBHOCTI [6, 7]:

P, =U, i, —u'yi'y; g, =U' i, +Ugi',, (22)

pe U,, Uy, i1 5 — MHTTEBI HANPYTH Ta CTPYMH B CHCTEMi Of-KOOPIMHAT; LITPUXOM IIO3HAYCHO
(azoBwii 3cyB MUTTeBHX BennuuH Ha —90 en. rpaxycis.
Hecunycoinuuii xapakTep HUX TNOTYKHOCTeid (puc. 3) CBIIUUTH NMPO HASBHICTH KOMOIHAIIHHHX

CKJ'Ia)_'[HI/IKiB, 3YMOBJICHUX B3a€MOBIIJIMBOM OCHOBHOI Ta BUIIMX FapMOHiK piBHI/IX HOCJ'Ii,Z[OBHOCTefI.

p, kBt P P2
g, xBap
1000
q
500
P2
TR RO
a2
-500
0 0,01 0,02 0,03 tc

Puc. 3. 3a1exHOCTI MUTTEBUX YMOBHOI MOTYXHOCT1 HECUMETPIii Ta MOTYKHOCTI CIIOTBOPEHHS

YMOBHI TMOTY)XHOCTI 3BOPOTHOI MOCTIOBHOCTI BHM3HAYAIOTh IIUISIXOM IHTEIPYBAaHHS BiIOBiTHUX
MUTTEBHUX TOTYXHOCTEH Ha repioai T HAIPYTH KUBJICHHS

1 1
P== j ()t Q, =— j q, (t)dt . (23)

[IpumycTHBIIM, IO MOTYKHICTh MyJIbCAllil € CyMOIO MOTY)KHOCTEH, II0 3yMOBIICHI HECUMETpI€I0 Ta
HECHHYCOITHICTIO

nP:Sp+(p2_P2); nq:Sq+(q2_Q2)! (24)
MUTTEBI OTY)KHOCTi TAPMOHIYHHUX CIIOTBOPEHB AOLUIFHO MOAATH Y TAKOMY BUIJISII:
Sp:(p_P)_(pz_Pz);Sq:(q_Q)_(qz_Qz)- (25)

3HauYeHHS CepeHLOKBAIPATUUHUX BiIXUICHb AKTHBHOI, PECAKTHBHOI Ta TOBHOI MOTYKHOCTEH OyIyTh:
o, =208,4xBr; o, =337,9ksap; o, =397,0kB-A. Pospaxosani 3a popmynamu (17), (24) 3uauenus
MOTYKHOCTEH Tysnbcaniii 0ymyts: N 0= 208,5kBr; Nq =338,0kBap; N, = «/Ni + N: =397,2xB-A. 3
PospaxoBani 3a ¢opmyramu (17), (25) 3HaYeHHS TOTY)KHOCTEH TapMOHIYHHX CIOTBOPEHb OYIyTb:
Sp =189,9 xBr; Sq =319,5kBap; S, =4/S§ +S: =371,7xB-A. KoMIuleKCHi 3Ha4eHHS IOTYXHOCTEH
CTMOTBOPEHb, 110 BU3HAYCHI 32 MUTTEBUMM 3HAYCHHSIMU HA YaCTOTI IOCTOI TApMOHIKM HAMpyrd, OyayTh:
S, =189,9e " xB-A, S, =319,5¢ " xB-A.

Pospaxoani 3a popmynamu (20) — (21) koMIICKCHI 3HAUCHHS TIOTYKHOCTI CITIOTBOPCHHS BiMOBITHO
Gyayts: S, =196,0e ¥ kB-A, S, =329,8¢ 1" kB-A.

BigMiHHICTP MK BHU3HAaUY€HMMHU 33 MUTTEBUMU 3HAUYCHHAMH Ta PO3PaxOBAHHMH 32 KOMIUIEKCHHUMHU
3HAYCHHSIMH TOTYXHOCT1 CHIOTBOPEHHS MOSCHIOETHCS HEBPaxXyBaHHSIM YCIX CKIQAHUKIB Ii€l MOTY>KHOCTI,
30KpeMa, HeXTyBaHHSM HalpyraMy Ta CTpyMaMH 3BOPOTHOI MOCHiTOBHOCTI.
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VY pa3i BpaxyBaHHS KOMOIHAIIfHMX CKJIaJHMKIB, IO 3YMOBJIEHI OCHOBHOIO TapMOHIKOIO MPSMOi
MOCIIJOBHOCTI Ta TMSITO0 1 CHOMOIO TapMOHIKAMH 3BOPOTHOI IOCHiJOBHOCTi, @ TaKOX OCHOBHOIO
TapMOHIKOIO 3BOPOTHOI HOCIIIJOBHOCTI Ta I’ATOI0 1 CbOMOIO TapMOHIKaMH MPSIMOI TOCIIJOBHOCTI, BHpa3u
(20), (21) HaOymyTh BUTIIS LY

Sos z%lm (Uﬂ i15—U15 iuj+(u'11 i17—u17 illj—(ull i25—U25 illJ_

—(U.ll iz7—U27 illj—(uﬂ i15—U15 izlj—(U.ﬂ i17—U17 izlj +

(26)
+j%Re _(U.ll |15+U15 I11j+(U11 |17-|-U.17 I11j+(U'11 |25+U25 |11j—
_(U.ll i27+U27 i11j+(U21 i15+U15 izlj—(u.ﬂ i17+U17 izlj ;
§q.e z—ERe U, lis=U; lu [+|{U; lr=Up; lu =1 U, Ts=U, T |—
—(U.ll iz7—U27 illj—(uﬂ i15—U15 izlj—(U.ﬂ i17—U17 i21j +
(27)

+jﬁ|m —|Uy lis+Up lu |+ U iz +U ;T [+ Uy Ts+U o T |—
_(Un l27+U,, |11j+(U21 lis+U |21j—(U21 l7+U, |21j ,
a KOMIUIEKCHI 3HA4Y€HHs TIIOTYKHOCTI CIOTBOPEHHS BiAMOBiAHO OymyTh: S 0 2189,287’-14‘50 KB-A,

S, =318,5¢ "7 kB-A,

3a3HauMMo, IO 3a HasBHOCTI Hecumerpii mampyr i crpymiB/Q.° —Q” =385,4 kBap He Hece
iH(opMaii Hi PO MOTYXHICTh MyJIbCalliid, Hi PO MOTYKHICTb CIIOTBOPEHb.

BucnoBku. [IpoaHamizoBaHO MOKIMBOCTI BH3HAYEHHS TMOTYKHOCTI CIIOTBOPEHHS HEIHIMHHUX
HABAHTAKCHb TPUPAZHUX ENCKTPHYHUX MEPEXK 13 3a3€MIICHOIO HEMTPALTIO 3 BAKOPUCTAHHSIM KIIACHYHOI Ta
MHTTEBOI TEOpil MOTY)kHOCTeH. [ToKa3aHo, M0 HANKPAIINM € 3aCTOCYBaHHS KJIACHYHOI TEOPIi MOTYKHOCTEIA.
BBeseHO MOHATTS e(pEKTHBHMX Ha MEPiOAi HANPYTH >KUBJICHHS aKTHUBHOI, PEAKTHBHOI Ta MOBHOI
HOTY)KHOCTEH, a TAKOX CEPeIHbOKBAIPATHYHMX BIIXWIICHb HA IIEPIONi HATPYTH >KUBJICHHS AKTHBHOI,
PEaKTHBHOI Ta MOBHOI MOTYXHOCTeH. [ToKa3aHo, MO [UIsi BU3HAYCHHS MOTYXHOCTI CIIOTBOPEHHS MOXHA
BUKOPHUCTOBYBATH CEIHbOKBAIPATHUYHI BiXHMJICHHS Ha MIEPiOji HANPYTH KUBJICHHS AKTUBHOI, PEAKTHBHOI Ta
MOBHOI MOTYKHOCTE. [l0Ka3aHO, WO MOTYXKHICTh CIOTBOPCHHS, 3yMOBJIEHY HAsBHICTIO KaHOHIYHHX
rapMOHIK, JIOCTATHHO BUMIPIOBATH HA YaCTOTI MIOCTOT TAPMOHIKH HATIPYTH JKHBJICHHS.
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