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OJIUH TUIIUYHBIN SKCTPEMYM
B QJIEKTPOTEXHUYECKHUX 3AJTAYAX

Kann. ¢pus.-mart. nayk, nou. FOPOIIKO B. U., )KYKOBCKAS T. E.
Benopycckuil hayuonanbHwiti mexnuieckuil yHueepcumem

E-mail: jte@tut.by

Llenbto gaHHOW cTaTby ABRASETCS NpUBMeYeHWe BHUMaHUS npenogasaTenen,
Hay4HbIX PabOTHWMKOB, MHXEHEPOB W CTYAEHTOB K 0CODEHHOCTU NMomncka aKCTpemy-
Ma B PasfMYHbIX ANEKTPOTEXHUYECKMX 3adadax. OTa 0COOEHHOCTb COCTOUT B TOM,
YTO BO MHOTUX pasgenax 3f1eKTPOTEXHNKN NONCK IKCTPeMyMa CBOAMTCS K aHanmsy
OLHOWM W TOWN >Xe MaTeMaTU4eCcKon CTPYKTypbl (T-CTPYKTypbl), @ pasnuyusa 3akmnto-
YyalTCcHa TOMbKO B pasHbix 0603HayYeHunsx. B ogHux 3apgavax ata CcTpykTypa nosie-
nsieTcs B KOHEYHOM, Hanbonee NpocToM BUAe, B APYrnx — T-CTPyKTypa «3aByanu-
poBaHa» W1 Ans ee packpbITUSA HYXHbI, Kak NpaBuUIo, afieMeHTapHble anrebpanye-
ckvie npeobpasoBaHusi.

Y4nTbiBas BbLICOKYIO YaCTOTHOCTb MOSIBMEHWS YNOMWHAEMOW CTPYKTYpbl B
3MEeKTPOTEXHNYECKMX 3adadvax, B NMepBOM pasfene craTby aBTOPbl NpUBENU Mo-
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OpobHoe nccnegoBaHne aKCTpemarbHbIX XapaKTepuUCTUK T-CTPYKTYPbl U U3NOXK-
nn pesynbTaTthl B BUuae yAobGHbIX anroputMoB. [ns o60CHOBaHWMSA TUMWYHOCTM
T-CTPYKTYpbl paccMOTpeHbl NSATb 3a4ay-NpYMEpoB Ha MOWCK IKCTpemMyma u3 pas-
NWYHBIX Pa3AerioB AMEKTPOTEXHUKM.

MepBbIi 1 BTOPO NPUMEpPBLI OTHOCATCA K TEOPMM IMEKTPUYECKUX Lenen.
B nepsom npumepe paccMoTpeHa 3agaya MonyvyeHus MakcuMasribHOW akTUBHOMW
MOLLHOCTM B Harpyske, BO BTOPOM NPMBOAUTCS peLleHne 3afayv HacTPOMKN WH-
OYKTUBHO CBA3aHHBLIX KOHTYPOB C LIENbIo MOMyyYeHns MakcumarnbHoro Toka. B Tpe-
TbEM MNpMMEpEe aHanuM3MpyeTcsl MOMIOCOBOM aKTUBHLIN (OUMbLTP, MOCTPOEHHbLIN
Ha onepauuoHHOM ycunutene. o meToauke, M3NOXEHHOW B cTaTbe, onpeaens-
eTCcs YacToTa, Ha KOTopon ycunutens obecneunsaeT MakcuMmarnbHbI KO3 dULn-
eHT ycuneHuda. YetsepToin npumep nocesweH aHanu3y K[ tpaHcdopmaTopa.
Mo anropuTMmy, W3NOXeHHOMY B CTaTbe, onpegeneHbl OonTUMasnbHbI KO3hdu-
LUMEHT Harpysku TpaHcdopmartopa, a Takke popmyna ansg makcumyma Krif. B na-
TOM MpUMepe aHann3nMpyeTcs MexaHn4eckas XxapakTepucTnka aCUHXPOHHOIO ABK-
ratend. [NokasaHo, kakum o6pa3oM Ha OCHOBE anropMTMOB MOXHO MOMYyYUTb
dopMynbl ANS KPUTUYHECKUX CKOMBXEHUS U MOMEHTa ABuratens, a Takke O4YeHb
npocTton BbiBoA hopMynbl Knocca.

B ctatbe ucnonb3oBaHa MeTOAMKa COMOCTaABUTENBHOMO aHanm3a opmyrn Ans
pacyeTa 3KCTpemarbHbIX NapamMeTpoB B Pa3fUYHbLIX 3MEKTPOTEXHUYECKUX 3ada-
Yyax. B pesynbrate ObINO YCTaHOBMEHO Hanmuune B opMyrnax OAMHaKOBOW
T-CTPYKTYpbl, 4TO NO3BONWIO paspaboTatb eauHbI NOAXOA K BbIYUCIIEHMUIO IKC-
TpemarbHbIX napameTpoB. [1okazaHo, YTO MOMCK SKCTpeMarbHbIX MapaMeTpoB BO
MHOTMX 3NEKTPOTEXHNYECKMX 3a4adyax CBOAMTCH K aHanu3y eauHoV matematuye-
ckon T-CTpyKTypbl. Ha ocHoBe ee aHanu3a mnonyvyeH eAauHbIi anroputM nowcka
akcTpemyma. lMpuBegeHHble NSTb NPUMEPOB M3 Pa3nNuUyHbIX obnacten anekTpo-
TEXHVKN AEMOHCTPUPYHOT, BO-MEPBbIX, TUMNYHOCTb T-CTPYKTYpPbI, BO-BTOPbIX, NPO-
CTOTY MONyYeHUs1 IKCTpeMarbHbIX MapamMmeTpoB Ha OCHOBE anropuTMa, nNpuBeaeH-
HOro B cTaTbe.

KnioueBble cnoBa: OKCTpPEeMyM, JJIEKTPOTEXHUYECKMe 3aaadvn, martematu-
YecKada CTPyKTypa.

Mn. 3. bubnwmorp.: 10 HasB.

ONE TYPICAL EXTREMUM IN ELECTRICAL PROBLEMS
GOROSHKO V. I., SHUKOVSKAYA T. 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 Ha3B.

MHorue 3aayu >JIEKTPOTEXHUKH, CBA3aHHBIE C MOMCKOM JKCTpeMyMa Ka-
KOH-TMOO BETMYWHBI, IPUBOIAT K aHAIHU3Y BBIPAXKEHISI, BKIIFOUAIOMIETO CTPYK-
Typy BHa

y =ax + b/x + ¢, (D)

roe x = var; a, b, c=const; a,b > 0.

B oTAenbHBIX BBIPQKEHUSIX 3Ta CTPYKTYpa BXOJUT B YUCIHUTENb U 00yCIOB-
nauBaeT mpu X > 0 MUHMMYM BBIPDaXEHHS, B JPYyTHMX — B 3HAMEHATellb, CBHIC-
TENBCTBYS O HAJIMYMKM MakcuMyMa. [ HEKOTOpBIX 3a1ad cTpykrypa (1) Hemo-
CpPEJICTBEHHO BH3yallU3yeTcs, B JIPYTHX Ciydasx TpeOyercsi mpelBapUTelbHO
BBITIOJIHUTD SJIEMEHTAPHBIC AHAIUTHYECKUE MAHHUITYJISIIUHN. YUUTHIBasi BEICOKYTO
YaCTOTHOCTb MOSBJIECHUS CTPYKTypbl (1), mpencraBnsiercss wenecooOpa3HbIM
MPOBECTH TMOJPOOHBIA aHAU3 3TOH CTPYKTYphI C IIEJbIO HCIIONB30BaHUS B
JaJbHEHIIeM TOJIBKO pe3ysIbTaToOB aHaIN3a.

HeiicTBysl cTaHOapTHO, T. €. nuddepeHuupys Beipaxkenue (1) u npupaBHH-
Basi IPOU3BOJIHYIO K HYJIIO, TOJy4YaeM ypaBHEHHE

ax=b/x, 2

KOTOpPOC UMECT JBA KOPHsI:

f:_m; 3)

—Jb/a.

TT0/I0/KUTENBHBIN KOPEHB X1 COOTBETCTBYET JIOKAJILHOMY MUHUMYMY (yHKIIMH )
Yo = 28X +C=2b/x +c=2:/ab +c. (4)
OTpuIaTeNbHbINA KOPEHB X, ONPEIEISET JIOKATbHBIA MAKCUMYM
y.. =2ax,+Cc=2b/x, +c=—2ab +c. (5)

ILJ'IH OOJNIBIIMHCTBA 3aga4 OTpHLIaTGJ'IBHLIfI KOpCHb X; HC HMMCECT COACPIKA-
TCJIBHOI'O CMBICJIa U ITO3TOMY 0T6pac51BaeTc>1, OOHAKO pAd 3aaaqd Tpe6yeT pac-

39



CMOTpeHHs NByX KopHei. Dopmynbl (4), (5) chpaBemvBBl IS BBEICHHBIX
panee orpannueHuid: @ > 0; b > 0. [TonoxurenpHbIe 3HAYCHUS @ U D THITUYHBI
JUISL 337149 AJICKTPOTEXHUKHU. J[Js MOJTHOTBI PacCMOTPHUM W Apyrue 3Haku a, b.
U3 (3) BUAHO, 4TO SKCTpEeMyM cyiiecTByeT Takke mpu: a < 0; b < 0. Ho B atom
Cllydyae TOJIOKUTEIIbHBIH KOPEHb X1 BBIABISIET MAKCUMYM (QYHKLHUH ), a OTpULa-
TEJNBHBIN X; — €€ MUHUMYM:

V(%) = Yo =—2/ab +;
Y(%,) = Yo = 24/ab +c.

Ecnu 3Haku @, b paznudsel, To GyHKIHMS y HE MMeeT dKcTpemyma. Crenyer
00paTUTh BHUMAaHUE, YTO ypaBHEHHUE (2) ompeaenseT B TOUKE 3KCTpeMyMa pa-
BEHCTBO JTMHEHHOH M TMIIEpOOIMYECKON COCTABIAIOUINX CTPYKTYpHI (1).

Crpyxkrypy (1) MOKHO IPUBECTH K BUIY

y=@(x/x1+x1/x)+c, (6)

x, =+/b/a.

IMpuBeneM mpuUMepbl M3 Pa3IMYHBIX Pa3lesiOB AJIEKTPOTEXHUKH, MOITBEp-
IAOIUE TUITHYHOCTH CTPYKTYpHI (1).

Ilpumep 1. CornacoBanue Harpysku R, u renepatopa ¢ mapamerpamu E, R.
0 KPUTEPHIO MakcHMyMa MornHocTH (puc. 1) [1, 2].

rae

R
P=RI?= EZ—“Z.
(R, +R)
| R,
— — R Ilpu xaxkom 3HaueHuu R, momyuum P, =
E = Pumax? Jemum yuciurens U 3HaAMEHATEINb
A

<> BBIPKEHHMS TSI MOIITHOCTH Ha R, 11 momy4yaem

R2

_[E2 r

Puc. 1 P =E%/ R"+R +2R.

H

B 3namenarene momywsaem crpykrypy (1), mns xotopoit x = R, > 0; a = 1;
b=R? c=2R,. Henocpencreenno no popmynam (3), (4) Haxomum:

b
Rﬂopt = Xl :J;:er

P = E2 _ E2
Hmax_2ﬁ+c_4Rr'
Ipumep 2. HacTpoiika HHIYKTHUBHO CBA3aHHBIX KOHTYPOB (pHC. 2).
3amansl napamerpsl R, L, C koHTypoB. Hamo onpenenuts, Ipyu KakoM 3Hade-
HUU B3aUMHOU UHIYKTUBHOCTH M monyduM I, = lomax.
s Toka |, crangapTHbIe BhIKIAAKY [1] mpuBoaAT K Bhipaxenuio [1, 3]

_ 2 (RP+V?)? 22
Iz—Ul/\/(ooM) + (OM ) +2(R°—Vv9),
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TIe

R M R
P
~U L
[ [
o
[ [
C C
Puc. 2
1
v=oL—-———.

oC

Iox xopreM monyuaem crpykTypy (1), ans koropoii X = (wL)® > 0; a = 1;
b= (R*+Vv?)? c=2(R*-Vv?).

3unaunt, Tpebyemoe 3HaueHue My B3aMMHON WHAYKTUBHOCTHA M HaxOIuM U3

BBIpakeHHS (3)
2 b 2 2
(oM = fg=R +V7, @)

KOTOpoe AaeT A Toka |, Mmakcumym (4)

... =U, /y2fab +c=U, /2R

2max

B paccmarpuBaeMoil menu s BeNMUYUHBI M) CYLIECTBYET OrpaHUYEHHUE B
BHJE YCIOBHA (PU3MUECKOH peann3yeMOCTH WHAYKTUBHOM cBsi3u My < L. AnHa-
JIM3 3TOTO YCJIOBUS TOKa3bIBACT, YTO PaBEHCTBO (7) BBINOIHMMO AJSL 00IaCTH

pabo4mx 4acToT
03>0)O/«/2—R2/p2,

1
0, =———; p=+/L/C.
) C p

Ecau ):[O6pOTHOCTL KOHTYPOB BBICOKA, TO HU3MCHSAA M, MOKHO IIOJYYUTH

rIe

1
=U, /2R TOIBKO JUIS 4AaCTOT ® > —= .

N

Ilpumep 3. AHanu3 moio-
R, J_Cz R, COBOTO aKTHBHOTO (HIBTpa
> (puc. 3) [4-6].
UBXl R3 Cl
1

2max

Haiitn gacroty w«, Ha KO-
»LUM TOpoil KOX(pUIMEHT ycuie-
_T_ Hus K(®) = Knax. Mcnons3ys
y3I0BOM  METOJ, KOTOPBIH

Puc. 3 s RC-memeli, kak npasuio,
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HauOosnee ynoOeH, U moJjaras, YTO ONECPAlMOHHBIA YCHJIMTENb HIcalieH, HaXo-
UM BeIpakeHne 11st K(w) 1 IpUBOIUM €T0 K BUIY
ClGl

Ko-= ,
G +G, 2 622 | 0® + (DZC12C22 + 622 C, + CZ)2 -2G,(G, +G,)C.C,

rae Gi = 1/Ri, i= 1, 2, 3.
3HaMeHaTENb SBISCTCS CTPYKTYpoit (1), I KOTOPOT:

a= CXC2% b= G,+G, ‘G4 x=0o"

3TO NO3BOJISIET pacCUUTaTh TPeOyeMyI0 4acToTy m+ o ¢opmyie (3)

wiedpras 2 & tGs
. cc,
a Takke Knax 1o popmyiie (4)
C1G1 _ ClGl

™ (2Jab+c) G,(C,+C,)

Ipumep 4. Anamms KIIJl tparchopmaropa.

HyxHo HaliTn onTuManbHOe 3HadeHHe KOod(hGhHULUEHTAa 3arpy3KH Bop, HPH
KOTOPOM 1 = TMmax-

Hcnonb3yem u3BecTHOE BhIpaxeHue [7]

n = BSHOM COS(p2
BSHOM COS(‘pZ + szk + Px .

PaBI{GJ’II/IB YUCJINUTCIIb U 3HAMCHATCJIb BBIPAKCHUS Ha B, MoJIy4Yum

— SHOM COs (p2
BPk + P,\ /B+ SHOM COS(P2 ’

n

TJIe 3HaMEHaTellb SIBISIETCS CTPYKTypoi (1) B 4ncToM BHIE.
151 3TOM CTPYKTYpBI:
x=p; a=R;b=P;c=S,, cosy,.

OnrtumaneHOE 3HaYeHUE P, IPH KOTOPOM 1| = Tmax, IOJydaeM

B =\b/a=/P,/R..

Torna cormacuo (4)
SHOM Cos (p2 SHOM Cos (p2

e = b +c 2 PP, +S,, COSQ,

Tpumep 5. AHann3 MexaHMUYECKON XapaKTEepUCTUKN ACHHXPOHHOTO JABUTATENIS.
HM3BecTHA 3aBHCUMOCTh MOMEHTa M ABHUTATENs OT CKONIbXeHus S [7, 8]
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3UZRYy
0,8 R +R} /S +x

M =

Bo3Bonum nByuneH B 3HaMeHaresne B KBaJpaT W, PAacKpbIBas CKOOKH, IO-
TydaeM
M = Ry S (R Rjy /S +2RR; 8
(R +x))+ Rjy + 23 - ®)
0‘)1
3nech B ouepeAHoM pa3 BeIABISAETCS CTpyKTypa (1), 11t KOTOpOH:

2

x=S; a=R?+X}; b= Ry ; ¢c=2RR}.

DTO 03HAYAET, YTO UISl pacyeTra KPUTHUYECKUX CKOJIBKCHHUS U MOMEHTA MBI
MOEM HCII0JIB30BaTh (hopmyibl (3)—(5)

S, =+Jb/a=+ Rox iRzz,
\/Rl + X Z

3U
rae Z:,fRf+xlf; M, = 2)22/+2\/_b+c :203 /R1+Z
1 1

B stom mpumepe 06a KOpHS X1, X, UMEIOT (PU3NIECKUA CMBICI, YTO YYTEHO
NPUMEHEHHEM KOMOWHAIIMM 3HAKOB «+», MPUYEM 3HAKY «+» COOTBETCTBYET
IBHUTaTeIBHLIN pexxuM (S > 0), a 3HaKy «—» — reHeparopHsii (S < 0).

Oopmyiry (8) merko mpuBecTH K Oojee yA0OHOMY M CHMMETPUIHOMY
Buny (popmyne Kiocca [9, 10]). Cambiii KOPOTKH i 3TOTO MyTh — BOC-

noab30BaThes GopMysiol (6), T. €. BBIHECTH 3a CKOOKY BhIpaxkeHHe +/ab =

= Rgzv’ RY +x = RysZ.

B pe3ynbTaTe nonyuum

3u2
M =w;/5/sk+sk/s+2R1/z :

2
3U?

Bripaxxenue , paccMmarpuBaeMoe Kak €JUHbIH Kod(hHUuueHT, Hainem,

(Dl
3amucaB MOCJe/Hee YPABHEHHUE B KPUTHUYECKOI TOUKE, T. €. Tmojaras, 4to S = S,
M= Mk:

3lJ2
M, =“’/2+2k , k=R/Z,
o,z

nim
2

3LJ¢>
=2M, 1+k .
Wy

Taxum 0Opazom, MprxoanuM K u3BecTHo dopmyne Kiocca
M=2M, 1+k / S/S, +S,/S+2k , 9)
rue
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k=R /R +x = RFfl S,.

2%
BBIBOJ

IIpoaHanu3upoBaH HOBBIA METOAMYECKUM IPUEM MCCIENOBAHUS BKCTpe-
MaJIBHBIX 3a7a4 B 3JekTpoTexHuke. OH M03BoJIseT U30€XaTh TPOMO3IKUX Mpe-
00pa3oBaHU M MOXKET OBITh MCIONB30BaH B yU4eOHO-METOAMYECKUX MOCOOUSX,
Ha JISKIHSX, TP IPOBEICHUH MYJIBTHMEIUHHBIX TPE3CHTALIUH.

[IpuBeneHHble B cTaThe MATH NPUMEPOB M3 PA3IMUHBIX Pa3ZeiOB 3JIEKTPO-
TEXHUKHU JIEMOHCTPHPYIOT BBICOKYIO 3(Q(EKTUBHOCTH MpeiaraéMoid METOIUKH,
a TaKKe CBHUAETEIBCTBYIOT O PACIPOCTPAHEHHOCTH 3ajad, K KOTOPBIM IpHMe-
HHMa 9Ta METOJIMKA.
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