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OJIVH TUITUYHBINA DKCTPEMYM
B QJIEKTPOTEXHUYECKHUX 3AJIAYAX
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benopycckuil nayuonanbHulil mexHu1uecKull ynugepcumem

E-mail: jte@tut.by

Llenblo AaHHOM cTaTby sIBASIETCS NpUBREYeHe BHUMaHWS npenogaBaTtenei,
Hay4HbIX PabOTHNKOB, MHXEHEPOB U CTYAEHTOB K OCOBEHHOCTU MOMCKa 3KCTPEMY-
Ma B pa3fuyHbIX 3IIEKTPOTEXHUYECKUX 3aaaqax. 3Ta 0COGEHHOCTb COCTOUT B TOM,
YTO BO MHOTUX pa3fenax reKTPOTEXHUKN NMOUCK IKCTPEMYMa CBOAMUTCS K aHanm3y
OJHOW U TOW Xe MaTemMaTU4ecKon CTPYKTypbl (T-CTPYKTYpbI), @ pasnmuus 3aksto-
YaloTCsl TOMbKO B pasHbix 0603HaYeHusIX. B ogHUX 3agadax ata CTpyKTypa rnosis-
nseTcs B KOHEYHOM, HanGornee NPOCTOM BuAe, B ApYrux — T-CTpyKTypa «3aByanu-
poBaHa» U NS ee packpbITUS HYXHbI, KaK NpaBuIio, arieMeHTapHble anreGpanye-
ckue npeobpasoBaHusi.

YunTbiBasi BbICOKYIO YaCTOTHOCTb TMOSIBIIEHUS YMOMUHAEMOV CTPYKTYpbl B
SMEKTPOTEXHUYECKMX 3adadax, B MEPBOM pasfderie ctaTbW aBTOpbl NPMBENM Mo-
ApOGHOE 1CCregoBaHWe SKCTPEMArbHbBIX XapakTepuUCcTUK T-CTPYKTYPbl U U3NOXKK-
nu pesynbTaTtbl B BuAe yaoGHbIX anroputMmoB. [Onsi 0o60CHOBaHUSI TUMUYHOCTU
T-CTPYKTYpbl pacCMOTPEHbI NSATb 3a4a4y-NpPYMEPOB Ha MOUCK 3KCTpeMyMa U3 pas-
JINYHBIX PA3AENOB ANEKTPOTEXHUKU.
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[MepBbIi 1 BTOPON MNPUMEPbLI OTHOCATCA K TEOPUW 3MEKTPUYECKMX Lenen.
B nepsom npumepe paccMoTpeHa 3agaya MoryyYeHuss MakCUMaribHOW akTWBHOW
MOLLHOCTM B Harpyske, BO BTOPOM MNPUBOAMTCH pelleHne 3afavn HaCTPOWKN WH-
OYKTUBHO CBA3a@HHBLIX KOHTYPOB C LIENblO NOMyYeHUs MakcumarnbHOro Toka. B tpe-
TbEM MpPUMepe aHanM3npyeTcs MOSI0COBOW aKTWBHBIN (OUALTP, MOCTPOEHHBIN
Ha onepauuoHHOM ycunuTterne. o MeToauke, U3NOXEHHOW B cTaTbe, onpeaens-
eTcH YacToTa, Ha KOTOpon ycunuTenb obecnevmBaeT MakcumarbHbIn Koadduum-
€eHT ycuneHuns. YetsepTbln npumMep nocesileH avanuay KO tpaHcdopmatopa.
Mo anropuTMmy, U3NOXeHHOMY B cTaTbe, onpefdeneHbl ONTUMasbHbIA KO3hdu-
LMEHT Harpy3kn TpaHcdopmartopa, a Takke dopmyna ansa makcumyma K. B na-
TOM NpUMeEpe aHann3nmpyeTcs MexaHn4eckasa xapakTepucTnka aCUHXPOHHOMO ABK-
ratens. [loka3aHo, Kakum 06pa3oM Ha OCHOBE afiropuTMOB MOXHO MOMYyYUTb
dopMynbl s KPUTUHECKUX CKOMBbXEHUS MU MOMEHTa ABuratens, a Takke OYeHb
npocTou BbiBoA hopmynbl Knocca.

B ctaTbe ucnonb3oBaHa METOAMKA COMOCTaBUTENBHOIO aHanunsa dopmyn Ans
pacyeTa 3KCTpeMarbHblIX NapaMeTpoB B Pa3fUYHbIX SNEKTPOTEXHNYECKUX 3ada-
Yax. B pesynbtate 6bINO yCcTaHOBMEHO Hanuuve B dopmynax OOMHaKOBON
T-CTPYKTYpbl, 4TO NO3BONWIO paspaboTatb eauHbIN NOAXOA K BbIYMUCIIEHMIO 3KC-
TpemarbHbIX NapameTpoB. [loka3aHo, YTO NOMCK IKCTPEeMarnbHbIX NapameTpoB BO
MHOTMX 3MEKTPOTEXHNYECKMX 3a4adyax CBOAMTCA K aHanusy eauHo matematude-
ckon T-cTpykTypbl. Ha ocHoBe ee aHanusa nomnyyeH eAvHbI anropuTMm Momcka
akcTpemyma. lMpuBegeHHble NSTb NPUMEPOB M3 PasnNUyHbIX obnacTten anekTpo-
TEXHUKN AEMOHCTPUPYIOT, BO-MEPBbIX, TUMUYHOCTb T-CTPYKTYpPbl, BO-BTOPbIX, NPO-
CTOTY MONy4YeHWs 3KCTpemarnbHbIX NapameTpoB Ha OCHOBE anroputMa, npuBeaeH-
HOro B cTaTbe.

KniouyeBble cnosa: OKCTPEMYM, JJIEKTPOTEXHUYECKME 3aaayn, maremMatu-
YecCKad CTPYKTypa.

Mn. 3. Bubnwuorp.: 10 HasB..

ONE TYPICAL EXTREMUM IN ELECTRICAL PROBLEMS
GOROSHKO V. I., SHUKOVSKAYAT. E.
Belorussian National Technical University

The aim of this work is to attract attention of teachers, scientific personnel, en-
gineers and students to one peculiarity of extremum seeking in different electrical
problems. This feature lies in the fact that in many parts of electrical engineering
extremum seeking comes to analysis one and the same mathematical structure
(T-structure), but differences lie only in many symbols (designation).In one prob-
lems this structure appear in finale, the most simple form, but in others — T-struc-
ture is “veiled”, and as a rule we need elementary algebraic transformation to
detect it.

Taking into account high frequency of this structure appearing in electri-
cal problems, in the first part of article the authors carried out the investigation of
extremum characteristics of T-structure and show the results in easy algorithms.
To determine the typical T-structure there were taken five problems-examples for
extremum seeking from different parts of electrical engineering. The first and
the second examples belong to the theory of electrical circuits.

In the first example the problem of maximum active load power obtaining was
considered, in the second we see the solution of problem for inductive coupled cir-
cuit adjustment in order to obtain the hump current. In the third example the band
active filter, built on operating amplifier, is analyzed. According to these methods,
taken in the first part of article, the frequency is determined, on which amplifier
provides maximum amplification factor. The forth example deals with analysis of
efficiency of transformer. According to algorithm, the optimal efficiency of trans-
former’s load and also equation for its maximum was determined in this article.
In the fifth example the mechanical characteristics of induction motor is analyzed.



It is indicated how, on the basis of algorithms article, to obtain equations for critical
slip and motor moment, and also the simple development of formula Klossa.

The methods of contrastive analysis of equations for calculation of extreme
parameters in different electrical problems were used in this article. And as a re-
sult, it was determined that there is the same T-structure in equations, and this
allow to develop the single approach for extreme parameters determination. It was
shown that looking of extreme parameters in many electrical problems leads to
analysis of the single mathematical T-structure. On the basis of T-structure analy-
sis was obtained the single algorithm of extremum seeking. These five examp-
les from different fields of electrical engineering present, first, typicalness of
T-structure, the second, the simplicity obtaining of extreme parameters on the
base of algorithm.

Keywords: extremum, electrical problems, mathematical structure.
Fig. 3. Ref.: 10 Ha3sB.

MHuorue 3aJa4u JJICKTPOTCXHUKHU, CBA3AHHBIC C IMOUMCKOM 3KCTpEMyMa Ka-
KOU-Tn00 BCJIMYUHBI, IPUBOJAT K aHAJINU3Y BBIPAXKCHUS, BKIIFOYAIOIIETO CTPYK-

Typy BHJa
y =ax + b/x +c, (D)

rae x = var; a, b, ¢ = const; a, b > 0.

B oTnenbHBIX BBIpaXKEHUSAX 3Ta CTPYKTYPa BXOIUT B YUCIUTEIb U 00YCIIOB-
JIUBaeT mpu x > 0 MHHMMYM BBIP@XEHHS, B IPYTUX — B 3HAMEHaTellb, CBUJE-
TENBCTBYS O HAJMYMH MakcuMyma. [lJis1 HEKOTOphIX 3a1au cTpykTypa (1) Hemo-
CPEACTBEHHO BM3yaJlU3yeTCsl, B APYIHX CiIydasx TpeOyeTcs NpenBapUTEIbHO
BBITOJIHUTD 3JIEMEHTAPHbIC AaHAIUTHUCCKUE MAHUITYJIILUH. Y YUTHIBASI BEICOKYIO
YaCTOTHOCTh TOSABJICHUS CTPYKTyphl (1), mpencrtaBnsercs menecooOpa3HbIM
MPOBECTU IMONPOOHBIA aHANU3 3TOH CTPYKTYphl C ILIETbIO HCIIOJIB30BaHMS B
JaTbHEHIIeM TOJIBKO Pe3yIbTaTOB aHaJIM3a.

HeiicTBysl cTaHOapTHO, T. €. AudepeHuupys Beipakerue (1) u npupaBHU-
Basi IPOM3BO/IHYIO K HYJIIO, [T0JIy4aeM yYpaBHEHHE

ax=b/x, 2

KOTOPOE€ UMECT JIBAa KOPH:I:

3
. 3)

[NomoxXuTeNbHBIN KOPEHb X1 COOTBETCTBYET JIOKAJIEHOMY MUHUMYMY ()YHKIIUH

Yo = 2a% +C=2b/x, +c=2+ab +c. (4)

xizx/b/a;
X, =

OtpuniaTenbHbIi KOPEHD X2 ONPEAETAET JOKATBHBIA MAaKCUMYM
Yo = 28X, +C=2b/x, +Cc=-2+/ab +c. (5)

Jnst GoJbIIMHCTBA 3a7ady OTPHULATENBHBI KOPEHb X2 HE MMEET cojepiKa-
TEJIBHOI'O CMBICJIa U TI03TOMY OTOpachIBaeTCs, OJHAKO psit 3ajad TpeOyer pac-
cMoTpeHHs AByX KopHeil. Dopmynbl (4), (5) crnpaBeanuBBI IS BBEIEHHBIX
panee orpanudenuii: a > 0; b > 0. [TonoxurenbHple 3HaUCHUS @ M D TUIHYHBI
JUISL 337129 JIEKTPOTEXHHUKHU. J[Jsi MOJHOTBI PacCMOTPHM M Apyrue 3Haku a, b.
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U3 (3) BUAHO, UTO 3KCTpEeMyM cyiecTByeT Taioke rmpu: a < 0; b < 0. Ho B atom
CJIydae MOJIOKHUTEIBHBIN KOPEHb X1 BBISBISICT MAKCUMYM (DYHKITUH ), @ OTpUIa-
TENBHBIN X2 — €€ MUHHUMYM:

V(%) = Vo =—24/aD +C;
Y(%,) = Yo = 24/ab +c.

Ecnu 3naku a, b pasiauynsl, To GYHKIUS y He UMeeT sKkcTpemyma. Crenyer
o0paTuTh BHUMaHUE, YTO YpaBHEHUE (2) ompeiesseT B TOYKE SKCTpeMyMa pa-
BEHCTBO JTMHEWHOH ¥ THUIEePOOTMYECKON COCTABISAIONNX CTPYKTYPHI (1).

Crpykrypy (1) MOXHO IPUBECTH K BUIY

y =~ab(x/x +%/x)+c, (6)

x =+/b/a.

[lpuBenem mpuMepbl U3 Pa3TUYHBIX PA3JeNiOB 3JICKTPOTEXHUKH, IOATBEP-
XKIAIOINE TUITUYHOCTH CTPYKTYpHI (1).

Ilpumep 1. CornacoBanue Harpy3ku R, u reneparopa ¢ mapamerpamu E, R:
0 KPUTEPHIO MakcuMyMa MomHoctH (puc. 1) [1, 2].

rac

R
P=RI’=E"—2—.
(R, +R)
| Rr -
— — R [Mpu kakoMm 3HadeHWH Ry momyuum Py =
| | H
E = Pymax? JlenuM 4MCIMTENL U 3HAMEHATEh
4
CD BBIPAXKEHUS I MOITHOCTH Ha Ry 1 momydaem
RZ
_ 2
Puc. 1 P, =E°/ R”+R:+2R" :

B 3namenarene nomywsaem crpykrypy (1), mias kotopoit x = R, > 0; a = 1;
b = R.?; ¢ = 2R.. HemocpeacteerHo no popmynam (3), (4) Haxomum:

b_o.
Rnopt = xl :\/;:Rr’

P - E2 _ E?
o = 2alre AR
Ilpumep 2. HacTpoiika HHIYKTHBHO CBSI3aHHBIX KOHTYPOB (pHC. 2).
3anans! napametpsl R, L, C konTypoB. Hago onpenenuts, npu KakoMm 3Have-
HUH B3aMMHON MHAYKTUBHOCTH M momyduM |2 = l2max.
Jlnst Toka |2 cTanmapTHbIe BRIKIAAKY [ 1] mpuBOAST K Beipaxenu:o [1, 3]

_ 2 (RP+Vv?)? 22
|2—U1/\/((0|\/|) + (OM)? +2(R°—v9),

v:(oL—i.
oC

rmue
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I2
~U L L

Puc. 2

o

ITon xopHeM monydaem ctpykrypy (1), mis koropoii X = (wL)? > 0; a = 1;
b= (R*+v?*)% ¢c=2(R*-V?).
3nauut, Tpedyemoe 3HaueHne Mo B3aMMHON MHAYKTHBHOCTH M HaXOIUM W3

BBIpakeHHS (3)
2 b 2 2
(oM = fng +V5, @)

KOTOpoe faet ajist Toka |, Mmakcumym (4)

L. =U, /yJ2ab+c=U,/2R.

B paccmarpuBaemMoil nenu mjid BenuduHbl Mo CyLIECTBYET OTpaHHYCHHE B
BUZIEC YCIOBUS (PU3UYECKOHW pean3yeMOCTH WHAYKTHUBHOHM cBs3u Mo < L. AHa-
JIU3 3TOTO YCIIOBUS TOKA3bIBAET, YTO PABEHCTBO (7) BBIIOIHUMO I OOJIACTH

pabouunx 4acToT
®>w,/\2-R?/p?,

rIe

1
0, =——; p=+/L/C.
) ic p

Ecim ,I[O6p0THOCTI> KOHTYPOB BBICOKA, TO HU3MCHSA M, MOKHO IOJYYUTH

1
I =U. /2R TOJBKO IS 4ACTOT ® > —— (.
1 \/5 0

2max

Ilpumep 3. Ananus nono-
COBOTO aKTHUBHOTO (WIBTpa
(puc. 3) [4-6].

Haiitu yacroty ®=, Ha Ko-

l ¢wa TOpO KOA(PGUIMEHT yCHIIe-

_T_ Husl K(®) = Kmax. Ucnons3ys

Y3JI0BOM  METOJZ,  KOTOpPBII

Puc. 3 ans RC-memel, kak mpaBuio,

HanOosnee ynoOeH, W mojiarasi, 4To ONEepPAlMOHHbI YCHJIUTEIb HIealleH, HaXo-
M BeIpakeHue U1t K(®) ¥ MPUBOINM €ro K BHILY

CIGl
(G, +G, )’ G/ +w’CICZ +GZ(C, +C,)? —2G,(G, +G,)C,C,

K(w)=

rac Gi = 1/Ri, i= 1, 2, 3.

41



3HaMeHaTenb SBIAeTCs CTPYKTypoi (1), 1 KOTOpOH:
a= CXCZ; b= (G, +G,)’G% x=a?

DTO MO3BOJISIET PACCUMTATh TPEOYEMYIO YacTOTy ®+ 1o opmyie (3)

mszsz(Gl+G3),

CC,

a Taxkke Kmax o (I)OPMYHG (4)
. CcG  CG
™ (2Jab+c) G,(C,+C,)’

Ilpumep 4. Anamu3 KI1J] tparcdopmaropa.
HyxHo HaiiTh onThMaibHOE 3HaYeHHE KOd((UIMEHTa 3arpy3ku Popt, MpH

KOTOPOM 1M = TMmax-
Hcronb3yem U3BECTHOE BhIpaXKeHue [7]

n — BSHOM COs (p2
BSHOM Cos (PZ + BZ Pk + Px

PaznenuB uncnurens U 3HaMEHATENb BEIpKEHHS Ha [3, TOTYYHM

_ SHOM Cos (p2
BR +P./B+S,  cosp,

n

TJie 3HAMEHATEIb SABJISIeTCA CTPYKTypoii (1) B unctom BHIE.
J1s1 3TOM CTPYKTYPBL:
x=B; a=R;b=P;c=S, , cosp,.

OnTuManbHOE 3HAYCHHE [3, IPU KOTOPOM 1) = TNmax, IOJIydaeM

Bopt =Jb/a=P/P.

Torma cormiacuo (4)
S, COS®, S, .. COS®,

o = f@b+c 2 PP +S,_ cOSQ,

Ipumep 5. AHanM3 MEXaHIMYECKOM XapaKTePUCTUKN aCHHXPOHHOTO JABUTaTeIs.
M3BecTHA 3aBHCHMOCTh MOMEHTa M JBHUTATeNs OT CKONbxeHus S [7, 8]

3U R}y |
0.5((R+Rig /S) +%)

M =

Bo3Boaum nBydneH B 3HamMeHarTesde B KBajpaT W, pacKpbiBas CKOOKH, ITO-
Tyqaem

_ 3Ry

M /S((Rf+x,f)+(R2’z)2/S+2R1R§z). ®)

®;
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3nech B ouepeAHOH pa3 BeIABISAETCS CTpYKTypa (1), Uit KOTOpOH:

x=S; a=R>+x’; bz(RZ'Z)Z; c=2RRj};.

910 O3Ha4acT, 4To I pacdy€Ta KPUTUYCCKUX CKOJIBXKCHUA U MOMCEHTAa MBI

MOYEeM HCII0JIb30BaTh hopmyJibl (3)—(5)

S =tvb/a=1% i D>

3U’R! KUK
rie Z =R’ +x; M, =22/(J_r2«/ab +c):2¢/(R1iZ).
[Q)

()
®, 1

B sTtom mpumepe o06a KOpHS X1, X2 UMEIOT (PU3UUECKUA CMBICI, 9TO YYTEHO
MPUMEHECHUEM KOMOWHAIIMHM 3HAKOB «+», MPHYEM 3HAKY «+» COOTBETCTBYET

JIBUTATEIBHBINA pesxuM (S > (), a 3HaKy «—» — reHepaTopHbiii (S < 0).

@opmyny (8) merxko mpuBectH K Oonee yIOOHOMY W CHMMETPHYHOMY
Buny (popmyne Kiocca [9, 10]). Camblii KOpOTKH# i 3TOTO MyTh — BOC-

H0Jb30BaThCa (GopMmyloi (6), T. €. BBIHECTH 3a CKOOKY BhIpaxkeHHe +ab =

= RézN/ R? +X¢ = RysZ.

B pe3ynbTaTe nonyuum

2

3U¢
M=""2 /(SIS +S,/S+2R/Z).

®,

2
3U?

Bripaxkenue —Z, paccMarpuBaeMoe Kak eIMHBIN Ko3(duuueHT, Haimem,

®,

3aIlkcaB MOCIeIHee YPaBHEHUE B KPUTHUECKON TOUKE, T. €. ImoJyaras, 4ro S = Sy,

M:MkZ
2

U
M, =§/(2+2k), k=R/Z,

O‘)l
I

3u2
—2L =2M, (1+k).
0)1

Taxum 00pa3zom, MpUXoAUM K u3BecTHOU Gopmyie Kiocca

M =2M, (1+K)/(S/S, +S,/5 +2k),
rie

k= Rl/afRf +X =Ri,sk.

2X

BBIB O [l

©)

HpOﬁHaJ’II/IBI/IpOBaH HOBBIH MCTO,Z[I/ILIGCKI/Iﬁ NpueM HUCCICAOBAHUA OBKCTPC-
MaJIbHBIX 3aJa4 B JJICKTPOTCXHUKE. OH 1103BOJIsIET M30€XKaATh TPOMO3KUX IIpE-
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00pa30BaHUll U MOXET OBITh UCTIOJIH30BaH B YUCOHO-METOJIUYCCKHX MOCOOUSX,
Ha JEKIUAX, OpY MPOBEICHUN MYJIBTUMEIUUHBIX PE3CHTALIUN.

[IpuBeneHHBIE B CTaThe MATH MPUMEPOB U3 PA3IUIHBIX Pa3IENOB DIEKTPO-
TEXHUKHU JIEMOHCTPUPYIOT BBICOKYIO 3(h(EKTUBHOCTH IMpeaaracMoid METOUKH,
a TaKXe CBUACTEILCTBYIOT O PACHpPOCTPAHEHHOCTH 33/a4, K KOTOPBIM IMpUME-
HHMa 3Ta METOJHKA.
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