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BnusiHue xapaktepucTuk TpaHccopmaTopa Ha Ka4ecTBO
aBTOMaTU4YECKOro perysimpoBaHusi B CUCTEMaxX 3N1eKTPOCHabxeHusA

H.I". Baxxenos, O.A. ®ununa, E.}O. O3eposa

O6ocHoBaHa HEOOXOAMMOCTD TIPIMEHEHHNSI OCHOBHBIX 3aKOHOB ¥ TIPaBUJI TEOPUH aBTOMaTHUECKOTO YIPABIECHHS 110 OTHOIICHHIO K TIPO-
1eccaM, IPOUCXOASAIINM B KIIACCHYECKOM TpaHcdopmarope. OTMeUeHo, 4TO TpaHCHOPMATOPBI MOKHO OTHECTH K KJIAcCy CaMOHacTpa-
MBAIOLIMXCS CHCTEM aBTOMAaTHYECKOrO yNpasieHHs. PaccMoTpeH TpaHcdopmarop, paboTarolui Ha akTHBHYIO Harpysky. IIpuBeneHbl
ypaBHEHUsI, ONKCHIBAIOIINE MPOUCXOAAIINE Hporiecchl. [Ipy perieHny ypaBHeHNH B KauecTBE MArHUTHON XapaKTePUCTHUKH UCIIONB30BaHa
OCHOBHasl KpHBasi HAMarHWYIMBaHUS MaTepHala MarHUTOIIPOBOA. Pemenne ypaBHeHNI OCHOBAHO HA JIMHEIHON YacTH KPUBOW HAMarHu-
YHMBAHUS C yIETOM TOTO, YTO HAMAarHMYEHHOCTb 3aBHCHUT OT MaTepHaja cepleyHuKa. Perenne ypaBHeHHI IpoBeaeHO B (popme mpeodpa-
30BaHui 1o Jlamnacy, mocTpoeHne CTPyKTYPHO-TMHAMUYECKHX CXEM — Ha OCHOBE TEOPHHM aBTOMaTH4eckoro ynpapienus. [lokasano, 4ro
COBEPIICHCTBOBAHME MAarHUTOIIPOBOJA SIBISETCSl CIIOCOOOM 00ECIIeueHNs! JIMHEHHOCTH HEeJIMHEHHBIX XapaKTepUCTHK TpaHchopmaropa,
TI03BOJIIOMINM YITYHIITHTh €r0 TEXHHIECKUE XapaKTePUCTHKH.

[To HanEKHOCTH IMEKTPOCHAOKEHNS IPaBUIIA YCTPOMCTBA 21eKTpoycTaHOBOK (I1Y D) BACSIOT OTpEOHTENEH TIepBOii, BTOPOIi U TpeThel
KaTeropuif, J1st KOTOPBIX OMpeeNseTcs OMyCTIMOe BpeMs MepePhIBa MMEKTPOCHAOKEHUSI U KOHCTPYKTHBHBIE 0COOEHHOCTH MUTAIOIIEH
CeTH: YHCIIO HEe3aBHCHMBIX HMCTOYHHUKOB YHEPIMU M MUTAIOMIUX JIMHUHA. B ciydyae skcrutyatanyuy cetd B MocieaBapuiHOM PEXUME, OT-
KJIOHEHHsI TToKazareliel kadecTsa sekrpodHeprun (ITKD) He nomkHBI MpeBHIaTh IpeeIbHO-I0MYCTUMbIX 3Ha9eHHH, CyIeCTBOBaHUE
KOTOPBIX HE MOXET OBITh BEIIIE 5% pabodero BpeMeHH.

Cucrema 31eKTpOCHA0KEHUS CTPaHbI COCTOUT U3 MHOTOYHCIICHHBIX TPAHC(HOPMATOPOB, PACTIONOKEHHBIX B PA3HBIX PETHOHAX U CBSI3aHHBIX
€IMHOH ANIEKTPUUECKOH ceThro. [lisl aneKkTpuuyeckux cereil 00menpOMBIIICHHOTO Ha3HAYEHUS YCTAHOBJIECHBI 1OITyCTUMbIC OTKIOHEHUS
HaInpsDKEHHUS B pejienax +5%, MakcuManbabie — +10%. MeHsoTes peiestsl U3MepeHunit 1 Habop JTOMOIHUTENIBHEIX (DYHKIHH, TAKAX KaK
n3MepeHHe COIMPOTHUBIICHNS PEaKTUBHBIX 2IEMEHTOB, YaCTOTHI. [Ipeesl n3MepeHHs [0 TOKY U HAPSDKEHUIO YCTAHABINBAIOTCS OTACIBHO.
B npon3BOACTBEHHBIX YCIOBHUSX, 3aKIIOUCHHE O COOTBETCTBUE KauecTBa anekTpudeckoit snepruu tpedoBanusm ['OCT 13109—97 moxHO
CJIeIIaTh TOJIBKO I10 PE3yJIbTaTaM HEAEIbHOTO UCCIIEI0BAHMS AEKTPHIECKON ceTH. BeTpeunoe perynupoBaHue 6aaHca peakTHBHON MOLI-
HOCTH IIMPOKO NMPUMEHSETCS I YIPaBICHHUs PEKUMOM paOOThI CETH.

Kniouesvie cnoéa: MarHUTHBIN TOTOK, KPUBAasi HAMarHUIMBAHUS, TPAHC(HOPMATOP, MATHUTOIPOBOJ.

Jna yumuposanus: baxenos H.I, ®umaa O.A., O3eposa E.IO. Brmusaue xapaktepicTuK TpaHchopMaTopa Ha KauyeCTBO aBTOMATHUECKOTO
perynupoBaHus B cucTeMax sekTpocHabkens / Bectank MOU. 2019. Ne 5. C. 62—67. DOI: 10.24160/1993-6982-2019-5-62-67.

The Influence of Transformer Characteristics on the Automatic
Closed Loop Control Quality in Electric Power Supply Systems

N.G. Bazhenov, O.A. Filina, E.Yu. Ozerova

The necessity of applying the basic laws and rules of the automatic control theory with respect to the processes that take place in a
classical transformer is substantiated. It is noted that transformers can be referred to the class of self-tuned automatic control systems.
A transformer operating on an active load is considered, and the equations describing the processes occurring in this system are presented.
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In solving the equations, the magnetic material main magnetization curve was used as the magnetic characteristic. The solution of the
equations is based on using the magnetization curve linear part, taking into account that the magnetization depends on the core material.
The equations were solved in the form of Laplace transforms, and the structural-dynamic schemes were constructed using the automatic
control theory. It is shown that improvement of the magnetic circuit is a method for obtaining linearity of the transformer nonlinear
characteristics, due to which its performance is improved.

In terms of power supply reliability, the Russian Electrical Installations Code (PUE) distinguishes consumers of the first, second and third
categories, for which the permissible time of power supply interruption and the power supply network design features are determined: the
number of independent power supply sources and feed lines. In case of network operation in the post-emergency mode, the deviations of
electric power quality indicators shall not exceed the maximum permissible values, the duration of which cannot be more than 5% of the
operation time.

The country's power supply system includes many transformers, which are located in different regions and interconnected by a unified
electrical network. For general-purpose electrical networks, the permissible and maximum voltage deviations equal to +5 and +10%,
respectively, have been established. Changes take place in the measurement limits and in the set of additional functions, such as measurement
of reactive component impedances and frequency. The current and voltage measurement limits are established individually. Under field
conditions, the conclusion about the compliance of electric power quality with the requirements of GOST 13109-97 can only be drawn from
the results of electrical network examination during a week. Counterload control of reactive power balance is also widely used to control
the network operation mode.

Key words: magnetic flux, magnetization curve, transformer, magnetic core.

For citation: Bazhenov N.G., Filina O.A., Ozerova E.Yu. The Influence of Transformer Characteristics on the Automatic Closed Loop
Control Quality in Electric Power Supply Systems. Bulletin of MPEI. 2019;5:62—67. (in Russian). DOI: 10.24160/1993-6982-2019-
5-62-67.
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OOBIYHO ypaBHEHHE MPOLECCOB B MOJOOHON cHCTEME
TPE/ICTABIIEHO B BUJIE: B HacTosiiiee BpeMst pellieHre ypaBHEH s 3aUChIBAIOT
B BUze (2), (3).
I i +iD=U sinot (1) CoriacHo mpaBuiiaM TEOPHH aBTOMATHYECKOTO yIIpaB-
- B
dt " nenust (TAY), st cucTeM, ONMHUCHIBAEMBIX YPaBHEHUSIMHU
rae i(?), u(t) = U, sinwt — mepeMeHHBIH TOK 1 HAPSDKEHHE; Buma (l) CyIIecTBYIOT COOTHOUICHHS MapaMeTpOB, IPH

cos(ot—¢)|. (3)

U, — aMIuIMTynHOE 3Ha9YeHHe HANpsDKEHHS, O = 27/ —
YIJIOBas 4acTOTa BBIHYKJCHHBIX KoJeOaHuil; f— gacToTa
BBIHY)KJICHHBIX KoeOanuit, ['11.

VYpasuenwe (1) 3armcano B peATONOKEHIH, 9TO L = const.
Ero pemenne (TabmmyHOE, WM 1O CIIPaBOYHUKY [3, 4])
mpuBezieM B hopme:

U e—mot

| .
i(¢)=—2= t—o)|,
i) R | 1+oT? +1/1+03(2)T§ sin(or =) @

e ©, = R/L — gacTtora COOCTBEHHBIX KOJIEOAHUI CHUCTE-
Mbl; T, = 1/@, — BpeMs CHCTEMBI B 1IEJIOM; () — CMELICHHE
1o (ha3e TOKa 1Mo OTHOIICHHIO K HANPSHKEHHUIO.

OHO, Kak ¥ MpPEeXJ]e, OMpPEACNAETCS COOTHOIICHUEM

R
¢ = arctg , TOrJa
Lo,
Kn / |
154
| —
LT

DnekTpudeckas cxema JaboparopHoii yctanoBku M. ®apanes

ANEKTPOTEXHUKA

KOTOPBIX YaCTOTHI COOCTBEHHBIX W BBIHY)KACHHBIX KOJIe-
OaHMi OKa3bBIBAKOTCA PABHBIMU, T. €. ®, = ®. B aTOM Ciy-
yae OTMEYACTCST aBTOKONICOATEIFHBIN PEeXIM paboThI, T. €.
HaJIO)KEHHE COOCTBEHHBIX M BBIHY)KIEHHBIX YacTOT KOJIe-
Oanuii. JI1s1 BBIMIOJHECHUS JAHHOTO YCJIOBHS HEOOXOIAUMO
MOBBICUTh 3HAYEHHE OMHYECKOIO COIPOTHBIICHMS, YTO B
AIEKTPOTEXHUKE HE BCerna INpuemiieMo. B snmexTpoHHO-
BBIYHCIINTENBHBIX MannHax (OBM) HaoOopoT, mogodHbIe
CXEMBI UCTIOJIB3YIOTCS JIOBOJIBHO YacTo.

[Ipu BRIMONHEHNH YKa3aHHBIX ycIOoBHiA permeHus (1),
(2) mo dopme cyIecTBEHHO YIIPOIIAIOTCS:

i(t):&[le“” +Lsin(cot—45° )}, @)

R |2 2
di - U, o, Lo + ! cos((ot—45°) .5
dt R 2 V20,

HpI/IBC,I[eHHLIC peuicHus Ajid yCJIOXKXHCHHOIO BapUaH-
Ta CXCMbI HUYCTO HOBOT'O HE HCCYT. B(b(beKT IIOCJIICACTBUA
110 d)apauero M CKa4YKH TOKa IPU MOAKITHOYCHHUN CUCTEMBI
K I/ICTO‘-IHI/IKy HaHpH)KeHI/Iﬂ HEC HpOCManI/IBa}OTCH, XOTA B
mponecce SKCICPUMEHTAJIbHBIX I/ICCJ'IC,Z[OBaHI/Iﬁ OTMCYAKOT-
e [5, 6].

EHH NIEPEMEHHOI'0 TOKA, TaK K€ KaK U JJId TOCTOSHHO-
IO, pa60TaeT (l)yHKI_[I/IH CMCIICHUSA. OmInure COCTOUT JIUIIE
B TOM, 4YTO CKOPOCTHU U3MCHCHHSA TOKAa U MHAYKTUBHOCTU
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(Ipu mepeMEeHHOM TOKE) B YCTAaHOBHUBIIEMCS PEXHME HE
PaBHBI HYJIIO. B ¢Bs3U ¢ 9TUM caMU BETMYNHBI (I/IHJIyKTI/IB-
HOCTb ¥ TOK) M UX CKOPOCTH M3MEHEHUS OKa3bIBAIOTCS 3a-
BSI3aHHBIMU Ha IIOJIyNEPHOJIE BBIHY)KJICHHBIX KOJIEOaHUH.
[TosToMy 3amumieM BBIpaXEHHS JUISi MHAYKTHBHOCTH W
CKOPOCTH €€ U3MEHEHHUS.
Ecnu mpuiioxeHHOE K LENM HaNpshKEHWE MEHSIeTCs
1o 3aKoHy u(f) = U, sinot, To COIIaCHO 3aKOHY WHIYKIHH
CKOPOCTh M3MEHEHHs HWHAYKTHBHOCTH (IIOCKOJIBKY OHa
OKa3bIBaeT NMPOTHUBOACHCTBUE HANPSHKECHHIO), BBIPAYKCHUS
JUISl TOKA U CKOPOCTU €r0 U3MEHEHHS B IIEPEXOJHOM ITPO-
LIecce BBINIAAAT KaK:

dL

X

= =—L,0,sino,t, tIe 0<o,t<90°; (6)
L = —Loo)o‘[sin 0,tdt =L, (cos®,t—1), 0<w,t<T; (7)
0

I(t)=1,(1-coso,); d /dti=1,0,sinwt. (8)

VYpaHenus (6) — (8) paboTaioT ¢ MOMEHTa BPEMEHU
MOJKIIIOYEHUsT AIeKTpoMarHuTHoi (OM) cucremsl K Hc-
TOYHUKY HalpsOKEHHUSI.

Hanpuwmep, npu t = 0, TOK ¥ HHIYKTUBHOCTb, a TAKXe
UX CKOPOCTH M3MEHEHHUs paBHbI HYIHO. [Tpr o T = 90° cko-
POCTH M3MEHEHMs BEJIMYHMH MMEIOT HauOoJbliee, a caMu
BEJIMYUHBI IPUHUMAIOT yCTaHOBUBIIUECS 3HaueHus. Cpas-
HUBAasi JaHHBIC PEIICHHS C PelIeHneM Uit DM cuctem mo-
CTOSIHHOT'O TOKa, HETPYAHO BUAETH UX CXOJCTBO 10 (hopme
3ammcu, korna B OM cucremax mocTOSHHOTO TOKA BBOANT-
cs emerenue (+45°) [7, 8].

CpaBHuBas BelpakeHus (4), (5) (8), omucsIBaromue
OZIHU ¥ T€ K€ BEJINYMHbI, MOXHO YBUJIETh CyIIICCTBCHHBIE
pasmmuns o ¢popme ux 3anucu. Ecmu (4), (5) mepenucars
B O0IIIEM BHUJIE:

i(v)=

% == [[—moe"“O’(ocos(cor - (p)ﬂ,

|

[e"‘” +sin(wt— (p)];

’°|le

TO yKa3zaHHasl CBA3b IPOCMATPUBACTCS JOCTATOYHO YET-
k0. Bo-nepBbIx, cpenHee 3HAYEHHUE MEPEXONHOM cocTaB-
nsroteit e %' B mpeaenax 0 < ¢ < co paBHO eauHuiie. Bo-
BTOPBIX, OTMEUAETCS HEKOTOpasi 0COOCHHOCTh, CBsI3aHHAS
C MPHUCYTCTBHEM HYaCTOT ® U ®), HO yKa3aHHAs CBS3b MO-
JKeT OBITh BEIpa)kKeHa uepe3 CMeIeHue o ¢ase, T. €. ¢.

CornacHo (6) MHAYKTUBHOCTh U CKOPOCTH €€ H3Me-
HeHUs (mapaMeTpsl, KOTOpbIe OMpPEAESI0T HaMarHUYeH-
HOoCcTh MII ¥ JOIKHBI OBITH 3aBUCHUMBI, TIPEXKJIE BCETO, OT
HU3KOYACTOTHOM COCTaBIISIIOIIEH 000) peanabHO OKa3bIBAIOT-
Cs1 3aBUCHMBIMH U OT BRICOKOYACTOTHOH COCTABIISIOMICH
BBIHY>KJICHHOT'O Tpoliecca.

Hubivu cnoBamu, B OM cucTteMax MEPeMEHHOTO TOKa
HaOJI0AAF0TCSI HU3KO- M BRICOKOUACTOTHBIN TpoIiecchl. Mc-
X0l W3 MPHUBENCHHBIX PEIICHUH, HalOKECHHE JacTOT He
orMmeueHo. Ciie10BaTeIbHO, MOYKHO MPEIIONI0KUTh, YTO 32
cuéT IEPEMCHHOCTH CMEIICHUS (Da3bl TOKA [0 OTHOIICHUIO
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K HanpspKEHHUIO B MEPEXOTHOM HPOLIECCE MPOUCXOHUT H3-
MEHEHHE 4YacToT, T. €. IIPeoOpa3oBaHUE OJJHOM YaCTOTHI B
apyryto [S].

SKCHepHMeHTaHBHble HUCCJICAOBAHHUA ITOKa3aJikd, 4YTO B
YCTaHOBUBILIEMCS IIPOLecce KOIeOaHUs B CHCTEME IIPOUC-
XOIAT Ha BBIHY)KIECHHOU 4acToTe O.

B aT0i1 cBsI3M BepHEMCS K aHANW3y BBIpaxeHui (8) u
HepenuueM WX HPUMEHUTENIBHO Ul NEePEXOAHOTO Mpo-
necca:

z(r)z;[e +sm(cor—(p)]

di

" ©
- E[[—moe’“’"’ +cos (ot - (p)ﬂ ,

e U = YUn _ JIeHCTBYOIIEe 3HAYCHHE IEPEMEHHOTO Ha-
2
MIPSOKEHUS.

Beenenne U 00bsiCHSIETCSl TEM, UYTO B 00OMX BhIpake-
HHUAX UMCHOTCA HU3KOYACTOTHBIC, CBA3AHHBIC C (1)0, U BBICO-
KOYaCTOTHBIE ® YJICHEI. B mepexomHom mporecce nepexosn
OT HM3KOYACTOTHOHM COCTaBJISIIOIIEM K BBICOKOYACTOTHOM
JTOJDKEH OBITH HEMPEPHIBHBIM. B MHEPIIMOHHBIX CHCTEMax
CKauK{ HEBO3MOXKHBL. UTOOBI HE JOMYCTHUTH 3TOTO (B MaTe-
MaTHYECKOM ITUIAHE) CIEAYET OT aMIUIUTYTHOTO 3HAYCHHUS
HAINPSDKCHUS TIEPEHTH K JEHCTBYIONIEMY 3HAYCHHIO, YTO H
OBLITO CIENIaHO.

CornitacHo (6), (8) mpu T = 0 TOK U CKOPOCTh €r0 U3-
MCHCHHUsS Takke paBHbI Hymto. Torma u3 (9) crnemyer, uro
1 + sin(—¢) = 0; —o, + wcosep = 0, oTkyna ¢ = n/2; ¢ =
= atccoso/o. Ilpu cobcTBeHHON wacToTE, MPUOIMIKAIO-
uiefica K BBIHYKJEHHON 9acToOTe, T. €. ®, — ©, CMELIEHHE
no ¢ase crpemurcs: Kk Hymo. ClieoBarenbHO, CMEIIeHHEe
1o (asze B MEPEXOAHOM IPOIECCe ICHCTBUTENBHO SIBIISCT-
cs mepemenHoi BemmanHON 0 < ¢ < 90°. B Hauane mepe-
XomHOTrO Tporiecca @ = 90°, Mo ero OKOHYaHWIO, KOTIa
®, — O, CMeIIeHne 1o pase cTpemutcs K Hymo [9, 10].

[TockompKy yTIIOBas 4acToTa ® BBIHYXKACHHOTO ITPO-
[ecca BeJIMYMHA TIOCTOSTHHASL, TO B TIEPEXOIHOM IpoIiecce
MOKET MEHATBLCA TOJIBKO COOCTBEHHAS 9acTOTa 0.

Takum 00pa3oM, B WHTEpPBAJIIC BPEMCHU IIEPEXOIHO-
TO TpoIecca MPOUCXOAUT U3MEHEHHE (Da3bl CMCIICHHS B
npenenax 0 < o1 < ¢, rae ¢ = 90°. 3a cuét usmeHenus
( 4aCTOThI BbIHYK/ICHHBIX U CO6CTB6HH])IX KOJ'Ie6aHPll7[ BbI-
PaBHHUBAIOTCSI.

[TockonbKy cOOCTBEHHAs 4acTOTa Bcerna OONbIle BbI-
HY)KJEHHOW YacTOThl, 3HaK HAYAJIbHOW (ha3bl CMEIIEeHUs
3aBHCUT OT HAYaIbHOM (ha3bl BEIHYKICHHBIX KOJIeOaHUH.

Jpyrumu ciioBaMH, €CIT CMEIIeHHE 1o (a3e MeHsIeTCs
B uaTepBane 0 < ¢ < 90°, To cobcTBEHHAs YacToTa O, —
OT HYIIS 10 3HAYEHUS ®. DTO 03HAYACT, YTO M0 OKOHYAHHIO
MIEPEXOIHOTO TIPOIIecCa YTod CMEHICHHS 1Mo (haze MEeKIy
TOKOM H HAIIPSDKCHUEM PaBEH HYJIO, @ COOCTBEHHASI 9aCTO-
Ta (), OKa3bIBAETCS PABHOW BBIHYKJIEHHOH YacTOTe ®.

Cornacro pasenctsam (9), mpu ot = 0 1 ¢ = 90° Tox
pasen Hymo, a di/dt = U/R [[~o,]]. loncrasus o, 1= 0 B
(8), umeem i(t) = 0; di/dt = 0.
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CpaBHI/IB MOJIYUYCHBIC PE3YJIbTAaThl, MOXKHO YBUJCTD, UTO
10 TOKaM 3aBUCUMOCTH (8) 1 (9) COBIMaAAIOT, HO PACXOAATCS
10 CKOPOCTAM U3MCHCHUA. prFI/IMI/I CJIOBaMH, I10 aHAJIOTHMH1
¢ OM cHcTeMOi MTOCTOSHHOTO TOKA €IMHOM CHCTEMBI OTUE-
Ta 10 BpEMEHH T0Ka YCTaHOBUTH He yaaéres [11, 12]. Bme-
CTe ¢ TeM, IIpY aHaJIi3e BhIpakeHNH (9) He MPUHIMAIOCH BO
BHUMaHHE HadaJlbHOE cMeleHne 1o ¢aze ¢ = 90° u o = 0,
TIOCKOJIBKY TOT/Ia ypaBHEHHS (9) MPUMYT BHI:

U

(1)= E[[e'“’“’ —cos(mor)ﬂ;

di .
d_’lt = %[[—(s)sm o] ].

IIpu ®,t = 0 ¥ TOK, U CKOPOCTh €I'0 U3MEHEHHUs PABHbI
Hyt0. TakuM 00pa3om, B OTINYHH OT DM CHUCTEMBI ITOCTO-
SHHOTO TOKAa B PACCMaTPHBAEMOM CIydae CIMHOE BpPEeMs
orcuéra, T. . T = ¢, rne 0 < ¢ < o0, yCTaHABIMBACTCS aB-
TOMaTH4YecKd. TeM He MeHee, IPaBuIiio, CHOPMYITUPOBAH-
HOE IS TIOCTOSTHHOTO TOKA, KAKUM-JTH00 00pa3oM JTOTKHO
MIPOSIBUTH CeOS U MPH IEPEMEHHOM TOKE.

Hcnonp3ys METOMUKY PEIICHHUS 3a/1a9U TPUMEHHUTEIb-
HO JIJIsl IOCTOSIHHOTO TOKa, COCTaBUM ypaBHCHHE OalilaHCca
HanpspkeHuit di/dt = dU/dt. T1ockoabKy TOK M MHJIYKTHB-
HOCTb CBA3aHbl MCEKIY CO6OI>II CAUHbBIM 3aKOHOM MH3MCEC-

HCHHS, TO TCPCNHUIICM yKa3aHHOE BBIPAXKCHUEC B (opme

dLi dU

d—:7dZ, WY, TOACTaBUB 3HAYEHUs NPOU3BOJHBIX,
T t

NOJIYyYnM:

LI, [032 sin’ (ot] =U,, sin otdt,

U, dt
L 1,df=—2——.
®~ Sin ot

[IpounTterpupoBars nociaegHee BBIPAXKEHUE B Ipefe-
nax 0 < ¢ <7 He IpeCTaBIIseTCs BO3MOXKHBIM. [10100HbIH
HHTErpaj CyIlecTBYeT ToJIbKO B mpenenax 0 < ot < 90°.
D70 03Ha4aeT, YTO B yKa3aHHOM mpenesie GpopMHpyeTcs
ITOCTOSIHHAsL COCTABIISAIOINAS MarHUTHOTO TOTOKA, KOTOpast
OTKPBIBAET IyTh TOKY B BUTKax Karymku [13, 14]. UtoOb
HCKJIIOYUTH U3 PEIICHNS YKa3aHHBIM MOMEHT, CIIeIyeT Bep-
HyTbCS K ananmsy Beipakenns (7), T. €. L =L (1 — coswf).
B HEM mocTOSTHHAS COCTABISIONMIAS OTPaXKaeT HAYAIbHYIO
HamaramdecHHocTh MII, korga OTKpbIBaeTcs MyTh UL
TOKa IO BUTKaM Karymiku. Emé B TeueHue ocraBIierocs
BPEMEHHU MepeXoaHoro mnpouecca, T. €. 0 < of < 90°, oHO
OyZleT MHTErpUpOBATHCSl, HO ITOCIIE ATOTO MOIYYUT YCTaHO-
BHBLIEECs 3Ha4eHue (L), KOTOPOE XPaHUTCA JI0 MOMEHTa
oTkiodeHus DM cucTeMbl OT UCTOYHHKA dHepruu. [lo-
9TOMY ypaBHEHHE OajlaHca HaNpsDKEHHsI HA MOMEHT Bpe-
MEHH YCTaHOBHBILIETOCS ITPOIecCa BBINIAANT Kak:

di .
L, 2= U,, simot,
dt

u, .
di = —sin otdt.
0
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WuTerpupyst mocieHee paBeHCTBO OT HYJIs J10 £, IOy YUM:

i) :ﬁ[l—cosmt]. (10)
Lyo

[Ipu cpaBaenun Beipaxkennit (8) u (10) MOXKHO BUACTH
WX TIOJIHYIO aHAJIOTHIO, XOTS OHU 3allMCaHbl B PA3HBIX CH-
CTeMax OTCYETa TI0 BPEMEHH.

Takum oOpa3oM, aHATH3UPYST METONUKU PEIICHUS 3a-
Jad Uit OM cHCTeM TOCTOSIHHOTO M IIEPEMEHHOTO TOKOB,
HETPYJHO 3aMETHTh, YTO OHHM aHAJIOTMYHBI, JOCTATOYHO
MIPOCTBHI ¥ TTO3BOJISTIOT PACKPBITH (PU3HKY MPOLIECCOB.

ABTOpBI HACTOSIIEH CTaThbH HE CTaBWIIM Hepen coOoi
ey pa3pabOTKH METOAMKHU PELICHUs 3aja4, OHU XOTEJN
JWIIb pa3o0paThess B PU3NYECKON CYITHOCTH TPOIECCOB,
npoucxousmux B OM cuctemax, U cBsi3aTh (GU3MKY C Ma-
Temarukou [15].

B 97011 cBsI3M HET OCHOBAHMH /ISl OTKa3a OT TPaJUIIH-
OHHBIX METOJIOB PEIICHUH ypaBHEHUH, HEOOXOAUMO TOJIb-
KO TIOHATH (PU3NYECKYIO0 CTOPOHY TPOLIECCOB.

SICHO, YTO MHAYKTUBHOCTb — NEPEMCHHAA BCJIMYMHA,
OHa OJIHO3HAYHA C TOKOM U 110 KPHBOW HAaMarHWYE€HHOCTH
¢ marepuaiom MII, mostomy B moboit DM cucrteme He-
00xoarMo oA0MpaTh COOTBETCTRYIONNI Marepuai MII u
paccUMTHIBaTh 3HAUEHHE TOKAa. B OMHUX Caydasx MOHAIo-
OWTCS BapWaHT, KOTJa B Tpejiesiax W3MEHEHHUsT Toka o0e-
CIIeunBajaach Obl TUHEHHOCTD, T. €. L0 = KOI, OJIHAKO BO3-
MO’KHBI ¥ JIDYTHE BAPUAHTBI, Hanpumep L const.

[TpuBeneM BeIpaXeHHE /ISl IEPEMEHHOTO TOKa:

L0£+1(R—d—LJ:Umsinmt, (11),
dt dt

e L, — pacuéTHoe (TTOCTOsTHHOE) 3HAYECHNE WHITyKTHB-
HOCTH; dL/dt = ®,L — IMHaMAYECKOE MHIYyKTUBHOE CO-
MIPOTHUBIICHNE.

B (11) BemmonHsETCS (PYHKIINH CAMOHACTPONKH CHCTE-
MBI. 3a Cu€T N3MEHEHMs AWHAMUYECKOTO WHIYKTHBHOTO
COIIPOTHUBIICHHS B TIEPEXOHOM TIpOIiecce COOCTBEHHAS Ha-
CTOTa NPUHMMAET 3HAYEHHUE BBIHYKIEHHOM, T. €. (0, — ©).

IIpu pasenctse R = o L, Beipaxenue (11) mpumer Bux

Uu, .
di = —-sin otdt, OTKyna:
0

i(1)= z]—m[l—cosmt] = Z]’” 1+sin(mt—gj
0 ® 0 ®

[Tonmy4yeHHoe pemieHre COOTBETCTBYET (8) M yIOBIET-
BOPSET YCJIOBUSIM OIITUMAJIBHOCTH.

3akaouenne

Hauanpnas sHamaramdeHHocts MIT (umimmynmscom Mar-
HUTHOTO TTIO0TOKA) ¥ TIOCIIEAYIOIee HHTETPUPOBAHHC B TIe-
PEXOIHOM TIpoIlecce HAMarHHYCHHOCTH CBUACTEIbCTBYIOT
0 ToM, 9T0 DM cHcTeMa MEPEMEHHOTO TOKa 001aJacT BHI-
MPSIMUATEIEHBIMU (JIEMOIYISIIIAOHHBIMA) H CYMMHPYFOIITH-
MM CBOMCTBaMH.

[TosydeHbl KjacCMUECKUE pPELICHUs! ¢ YYETOM ONTH-
MaJILHOCTH TIpoiiecca B 0oJiee MpOCTOM BapHaHTE.
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Hcxonst n3 mpoBeeHHBIX HCCIEOBAHUM, MOXKHO Cle-
JIaTh CIIEAYIOLUE BbIBOJBIL:

— B DM cucremax NepeMeHHOTo TOKa Tak e, Kak B
OM cucteMax NOCTOSHHOTO TOKa, HHAYKTUBHOCTh U CKO-
POCTb €€ U3MEHEHMSI B IIEPEXOHOM IIPOLECCE UMEIOT IIe-
PEMEHHOE 3HAYCHUE;

— st DM cucteMm XapakTtepHo oOlee MpaBuiio, 4To
peaxieil cucTeM Ha MOJKIIOYEHHUE UX K UCTOUYHUKAM Ha-
MPSDKEHUS SABISIIOTCS TOSBIEHHE HMMITYJIBCOB TOKAa M HH-
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JYKTUBHOCTH, MOCKOJIBKY OHH (DOpMHPYIOT HadaibHOE
HaMarHMYMBaHUE MarHUTHOTO MIPOBOIA, OTKPBIBAsI JOPOTY
TOKY I10 BUTKaM KaTyILIKH;

— B OM cucremMax nepeMeHHOro (CMHYCOHaJIbHOTO)
TOKa NPHU BBINOIHEHUHU yCI0BUs T = 90° oTMeuaeTcs on-
THMAJIbHBIH NEPeXoaHOH Tpolecc, rie o, = R/L;

— B OM cuctemax, He3aBUCHUMO OT BH/1a TOKA, TPOTEKAL0-
IIETO 110 BUTKaM OOMOTKH (KaTyIIKH), BCEra MPUCYTCTBYIOT
MOCTOSIHHBIE COCTABJISIFOIINE TOKA ¥ MHAYKTUBHOCTH [ 16, 17].
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