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AHHomayus: NpeacTaBneH HOBbIA afirOPUTM NS COKPALLEHWUA BbIYUCUTE/NbHBIX 3aTPaT NpU PeLleHnn ypaBHe-
HWI rapMOHUYECKOro HanaHca, NONYYEHHbIX NYTEM Pa3feNeHuUsa NepemeHHbIX COCTOAHMI. MeTon rapmoHuye-
cKoro 6anaHca WKUPOKO Mcnonb3yetcsa B nporpammHom obecnedeHnn CAMP BY sneKkTpoHMKWU. B npeaplaywmx
paboTax asTopa OblN NpeasoXkKeH Noaxon, rae BEeKTop (MaTpuua) HEM3BECTHbIX 3aMEHSETCA Ha ABEe MaTpuLbl
Masiol Pa3mMepHOCTH, YTO NPUBOAMUT K ABYM CUCTEMAM YpaBHeHWUI BanaHca, KOTopble pPeLlatoTcs UTEPALMOHHO.
MepBoe ypaBHEHME COKPALLAET YACI0 FTAPMOHUK B YpaBHEHUAX BanaHca, BTOPOE YpaBHEHWE — COKPALLAET Ync-
/10 y310B CXeMbl. YpaBHEHUA C COKPALLEHHOW Pa3MepHOCTbIO peLLakoTca nociefoBaTelbHO MeToaoM HbloToHa.
[aHHbIN anropMTm NO3BOJIMA COKPATUTL NamsATb IBM ana XxpaHeHUs ypaBHEHUIA MOAEAN U COKPATUTL BbIUMCIU-
Te/IbHble 3aTPaThl NPU PeLIeHMM BbICOKO pasMepHbIX 3aga4. B aaHHoOM paboTe npeasiaraercs ewé 6onee cokpa-
TUTb BbIMUCUTE/IbHBIE 3aTPATbl MYTEM anMPOKCMMALIMM YaCTU 3/1eMEHTOB YPaBHeHUI banaHca ¢ npumeHeHem
npoueaypbl AEKOMMO3MLMN HAa OCHOBE CUHTYAAPHBIX 3HAYeHU. MNpeanoXKeHo A0 Havana peweHUa 3a4aum ute-
PALMOHHBIM METOAOM MOCTPOUTb MATPULY HAabOPOB OTK/IMKOB HENMHEMHbIX 3aBUCMMOCTEN MOLENEN CXeMbl.
[JaHHaA maTpuua oTpaKaeT BCe OCHOBHblE U3MEHEHUA HE/IMHEMHbIX 3aBUCUMOCTEN NPU U3MEHEHUN aMNANTYA,
BXOAHOIO BO3AENCTBUA U BO BpeMeHu. MoslyyeHHas MaTpuua 3aTem annpoKCUMUpPYeTcs MyTEM NPUMEHEHUS
OEKOMMO3MLUMU Ha OCHOBE CUHIYNAPHbIX Yncen. CokpalLéHHaa Takum obpa3zom maTpuua ycpeaHEHHbIX 3Have-
HWI NoAcTaBNseTca B ypaBHeHUA 6anaHca. CpaBHEHWE Npea/IoKEHHOr0 aropMTMa CO CTaHAAPTHbIM METOL0M
rapmoHMYeckoro 6anaHca U anropuTmamm, pas3paboTaHHbIMW aBTOPOM paHee, NMOKa3aio BbICOKY ero addek-
TUBHOCTb.

Knrovesbie cnosa: meton, rapmoHudeckoro 6anaHca, CAMP 371eKTPOHUKW, MOHUMKEHWE NOopAAKa MoAenen,
annPOKCUMALMA, CUHTYNAPHbIE YACIA, AITOPUTM pPeLLeHUA.

1. BBenenue
B pabore [1] ObLT mpeasioxKeH HOBBIH METOA pe-
IICHUS ypaBHEHMH TapMOHWYecKoro OanaHca
(I'b), ocHOBaHHBII Ha pa3aeNeHNH YpaBHEHHH Ha
JIBE€ COCTaBJIAIOIIME OYEHb MAaloil pPa3MepHOCTH.
CokpallieHre maMsITH ¥ BBIYUCIUTENBHBIX 3aTpaT
B HOBOM METO/IE€ OINPEACISUINCh 3HAYUTENHHO
MEHBbILIEH Pa3MEPHOCTBIO YPaBHEHHM M TEM, UYTO
OHU HCHOJB30BAINCH NMPHU pEIIEHUH IOCIIEA0Ba-
TenbHO. [Jis penenns ypaBHeHHH ObIT IPUMEHEH
METO/JI MpOoCcTOo nTepaunu. JlanpHelee pa3BUTHe
MeToJa OBLIO TPEJIOKEHO B pabore [2], Tae mo-
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Jy4eHbl COOTHOIICHUS W pa3paboTaHbl alTropuT-
MBI peajii3alyy B IPOrPaMMHOM 00ECTIeYeHUH Ha
OCHOBE HCIIOJIb30BaHUS MTEPALMOHHOTO MeEToJa
HeroToHA.

Merox 1 adroOpuTMBI €ro peanu3alid B Mpo-
TPaMMHOM OOECIIEUCHUN MOJICIIMPOBAHHS CIIOXK-
HBIX JJIGKTPOHHBIX CXEM II0Ka3al BBICOKYIO 3(-
(hEeKTUBHOCTh, OCOOCHHO TMpH PEIICHUU 3a7ad
O4YeHb BBICOKOW paszmepHoctd [1, 2]. OmeIT 3KC-
TuTyaTaiiy pa3paboTaHHOTO paHee MPOrPaMMHOTO
obecriedeHusl TOKa3alx, YTO OCHOBHBIE 3aTpaThl
naMatd OBM u BpeMeHH MOAETHpOBaHUS CBA3a-
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HBI C XpaHeHHeM M oOpaborkoii SIkoOuana moin-
HOW pa3MepHOoCcTH. B maHHON paboTe MpeaoxKeHbI
AJITOPUTMBI 3HAYUTCIBHOI'O COKpAalICHHA BbBIYMUC-
JIUTCIIBHBIX 3aTpaT C IIOMOUILIO AJTOPHUTMOB aIl-
npokcuManuu SIkooruaHa.

2. OcHOBHbIE YPaBHEHHS MeTOAA

rapMOHHNYeCcKOro 0ajanca
OCHOBHBIE COOTHOILIEHHUS U aJITOPUTMBI pPelIECHHS
ypaBHeHUN ['B 171 3JIEKTPOHHBIX CXEM HOBBIM
METOJ/IOM TPUBE/IEHBI MOPOOHO B padotax [1, 2],
MO3TOMY 371€Ch MPUBEAEM TOJIIBKO HEKOTOPHIE OC-
HOBHBIC  COOTHONICHHS, HEOOXOAMMBIC  JUIS

W3TI0KEHUSI TIPETaraeMbIX IMOIXOI0B.
Ilycte cucrema HenuHeWHBIX ypaBHeHHE I'b B
MaTPUYHO-BEKTOPHOM BHJI€ B YaCTOTHOH oOiacTH

HMMEET BUT
FW)=10V)+YV—-1,=0. (1
3nece F(V), I(V), V, Ir — BEKTOpHI pa3MepHO-
cThio [N X(2K+1)], comepxammue CIeKTp B KaXKI0M
y37I€ CXeMBI. DneMeHT /(V) onuchiBaeT HETUHEH-
HBI€ JIEMEHTHI; BEKTOP HEU3BECTHBIX V — BEKTOp
Y3JI0BBIX HANPSDKEHUN B CXEMe; JIMHEHHAasi MaTpHU-
11a Y3JIOBBIX IPOBOJUMOCTEH Y siBisercs OJiod-
HOM; [ — BEKTOp BXOJIHBIX HMCTOYHUKOB;, N —
YHCIIO Y3JIOB B cxeMme; K — YHCII0 YYHUThIBaeMbIX
rapMoHuK [1].

Unes merona, u3noxkeHHoro B paborax [1, 2],
3aKiIoyaiach B 3aMEHE BEKTOpa IMepeMeHHBIX V
ypaBHeHul I'b Ha JBe MaTpullbl COKpalIEHHOU
pa3MepHOCTH

V=V, %V, 2)
re MaTtpuia Fp CcOKpallaer 4uciIo TapMOHHUK
(Harmonics) n uMeeT pa3MepHOCTh [NXR]; Wn
COKpAIIaeT Yncio y3/I0B cxeMbl (Nodes) u nMmeer
pasmepHocTh [RX(2K+1)]; R — cokpamiéanas
pa3MepHOCTh ypaBHEHUH, R<<N, R<<(2K+1).

3ameHa (2) MpUBOIUT K IBYM CHCTEMaM ypaB-
HeHHMH OajlaHca COKpaIlEHHON pa3MEpHOCTH, Kak
3TO OBLIO MOMy4eHO B [1]:
F(Vy) = I(VgVy) -V +YVy —Ig -V =0 (3)
u

FW) = VE - IWaV) + YVy— Vi, (4)
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Pemenne cucremsl ypaBHeHuil (3) meromom
HrloToHa naer HaM CIEAYIOLIYIO UTEPALIMOHHYIO

dopmyay [2]

JVE) - vt = 0. (5)
3neck MaTpuIa SIkoOu onpenensiercs: Kak
](VI-lI) = aF/GVH = aI/aV * VI;I; + Y. (6)

Bekrop npaBbix yacTell CHUCTEMbl ypaBHEHUM
(5) Oyner umets BU [2]

Iy = 1V =9/, Vi — 100 V. (7)

AHaNOTHYHO, JUIsl pElIeHUs] CUCTEMBl ypaBHe-

HUHN (4) UMeeM CleIylolie OCHOBHBIE MTEpallt-

oHHBIE popmyIbI [2]

JVE) - VT =1, ®)

J(Vi) = [y =VE = Oy +Y  (9)

Iy = Vi =91/, vi— viiwv). (10)

3. BBeneHne B HOBBIii a1rOpuT™M
PaccmoTpuM 0COOEHHOCTH BBIYHMCIICHHS BBIIIE
MpUBENEHHBIX ypaBHeHUH. B ypasuenusax (7) u
(10) mpucyrcrByer snement I(V), ompenensro-
LU 3aBUCHMOCTb TOKA OT HAIPSDKCHWWM Ha HEJU-
HEHHBIX DIIEMEHTaX B YacTOTHOM oOnactu. B
CTaHJAPTHBIX MPOTrpaMMax MOJETUPOBAHHS CXEM
BCE MOJICIH HENWHEHHBIX MPHOOPOB (3JIEMEHTOB)
OIUCBHIBAIOTCS 3aBUCHMOCTSIMH BO BPEMEHHOW 00-
JACTH iyy(t) = f [vys(t)]. ba3oBbIie ke ypaBHEHUS
I'b pematorcs B yactotHo# obnactu. [loaromy Ha
Kaxjaod wurepauuu HblOTOHA TpU  pelieHuu
ypaBHEHUH HEOOXOIMMO JIeNaTh Mpeodpa3oBaHus
M3 YaCTOTHOM 00J1aCTH BO BPEMEHHYIO M 00OpaTHO
c momouiplo ObicTporo mnpeobpazoBanus Dypne
[3, 4]

V) =T {i® = flv@©OB T (11)

3neck I'— npsimoe u I — oGpatHOE mpeot-
pazoBanue Oypre. CBA3b MKy MPEACTABICHUEM
CHUTHajJa BO BPEMEHHONH M YacCTOTHOH 001acTsix

Oyzaer OIIPENEAThCS KaK V=Tv u
v=Tr"1V.
AHAJNOTMYHO, B HTEPALMOHHBIX (HopMyrax

MPUCYTCTBYET DBJEMEHT pacuéra MPOU3BOIHBIX
TOKOB HEJIMHEWHBIX 3JIEMEHTOB IO COOTBETCTBY-
FOIIUM HaIpsHKEHUSM
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Moy =1 i T 2

Panee, B mpempiaymux paborax [1, 2], s
pacuéra smementoB (11) u (12) mcnons3oBanack
CTaHIapTHAasd 4acTh TPAJAWLMOHHBIX MPOrPaMM Ha
ocHOBe I'b U MonHbIe Pa3MEPHOCTH ATUX DJIEMEH-
TOB ypaBHEHU.

K coxanenuto, ONBIT JKCIUTyaTallkd TIPO-
TPaMMHOTO 00eCIICYeHHs, Pean3yIoIero pas3pa-
OoTaHHBIC paHee METOBI U alrOpuTMHI [1, 2] To-
Ka3aJ, YTO OCHOBHBIE BBIYHCIIUTENIbHBIE 3aTPaThI
(mamsTh, BpeMs) CBSI3aHBI UMEHHO C PAacuérom

anementa I(V), 1 ocoOeHHO, C pacyéToM IMpOM3-

BOZIHOII 11 SIkoOuana aI/GV'

4. AIropuT™M annpoKCcCuMAalMu AJs pacyéra
NMPOU3BOAHBIX JJIs1 HeJTUHEHHBIX 3aBUCUMOCTEl

Otmerum, uto diement 9! / gy Oyaer omumaxo-

BBIM 1151 ypaBHeHuit (6), (7), (9), (10). Ilpemnara-
eTcsl amnmpoOKCUMHPOBATH JTAHHBIA 3JIEMEHT U CO-
KpPaTHTh €ro pa3MepHOCTh C TOMOIIBIO IIHPOKO
WCTOJNIB3YeMOro B TIOCIEAHME TOIBl METoja Ha
OCHOBE Pa3JIOKEHHS 110 CHHTYJISIPHBIM 3HAYCHUSIM
(Singular Value Decomposition, SVD) [5, 6].
JaHHas anmpokcuManusi OyleT COOTBETCTBO-
BaTh METOJIaM CPEIHUX 3HAUCHUH, UCIIOIB3yEMbIX
B aJIropuTMax pelieHust ypaBHeHuil I'b s am-
npokcuMaluu Slkoouana B padorax [7-9]. BaxkHo
3aMETUTh, YTO AIIMPOKCHMAIUS BBITOIHICTCS
SIMHOXKIBI U JIO Havajla OCHOBHBIX HTEpAITHH.
Cdopmupyem MaTpuIly OTKIMKOB HETHHEHHBIX
JJIEMEHTOB B BHJIe HA0OpOB (snapshots, CHUMKOB)
[10]
G(t) = [g:1(®), ..., gn(D]" € R™,

rre gi(t) = di(t)/du(t) |uk(t)

(13)

— IIPOU3BOJHLIC

TOKOB HEJIMHEHHBIX 3JIEMEHTOB (OOBIYHO B MpPO-
rpaMMax CXeMOTEXHHYECKOTO MOJEIMPOBAHUA
3TH TIPOM3BOHBIE €CTh B aHAJMTUYECKOM BHJE);
Bpems ¢ € [0, 7], T — mepuon HaMMEHbIIEH rap-
MOHHMKH  CIIEKTpa  Ha

BBIXOJEC CXEMBI,

n = Nud> * NBx; NHD 4HCI0 HETUHEHHEIX 3aBHCH-
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MOCTEH; NBX — YHCIIO aHAJU30B IIPH U3MEHEHHUU
AMILTUTYIBI BXOJHOT'O BO3JICHCTBUSI.

OOmass pa3MepHOCT, MaTpHibl HabopoB G
Oyzaer ompenenarbes kak n*Nt, rae Nt — 4ucio
BPEMEHHBIX  (AMCKPETHHIX) OTCYETOB  Ha
nepuoje 7.

[TpaBHIBHBINA M JOCTATOYHO OOJNBINONW MO 00b-
Emy Habopa (snapshots)

SIBIISICTCS PelIatonuM (pakTopoM MpH MOCTPOSHUH

BEIOOp OTKJINKOB
6a3b1 oneparyu SVD. DTOT BEIOOP MOXKET CHIILHO
MOBJIMATHh Ha AMIPOKCUMAIINIO HCXOIHOIO OIHCa-
uust [10]. INpennmonaraercsi, 4ro BBIOOpKa OyneT
COOTBETCTBOBATh JIOMHUHHUPYIOIIMM COCTOSHHSIM
MOIEIM W HaOOp BBIOOPOK JIOCTATOYHO BEJIHK.
Meron SVD co3maer cokpaliéHHbli 0a3uc, KOTo-
pBIil SIBISIETCS ONTHMAJBHBIM B TOM CMBICIIE, YTO
OmMOKa anmpOKCMMAIMHA OTHOCHUTEIBHO HAOOPOB
JTaHHBIX CBeZleHa K MUHUMYMY [10].

Omeparust SVD 10 OTHOIIEHHWIO K MAaTpHUIIS
HabopoB G Jaer cieaylolee pa3ioKeHue

G=UZ W, (14)
rae  marpunsl U= (uy,..,u,) € R™*" u
V= (vy,..,v,) € RN oproronamsHbl, T.e.
UV = I, rtne I — eOuHWYHAs MaTpUIIa;

Y =diag(c, 20, 2>...20, 20), nuaronanpHas
MaTpHIla CHHTYJISIPHBIX YHCEIT.

Cokpamiénnas MaTpulia ycpeJHEHHBIX 3HaUe-
HUMl Gep monydaercs ¢ TOMOUIBIO CIIEMYOIIEro
cootHorenus [10]

Gep=UXV'=U*
*diag(oy, 03,...,0, 0,0,0)* V' (15)

Jnst cornacoBaHus pa3MepHOCTEH B ypaBHEHU-
ax 0allaHca B Ka4ecTBE BEJIMYMHBI 77 MOXKHO OpaTh
3Ha4YeHUe NN, UTO JIErKO BBHITIOITHACTCS B OONBIINH-
CTBE CITy4acs.

OkoHYaTEeNbHBIE BBIPAKCHUS 1A pacuéra Io
WUTEPAlMOHHBIM  (QopMynaM OyIyT BBITISICTD
CIIEIYIOLIMM 00pa3oM.

s ypaBuenwuii (6)—(7)

J(VE) = Gep* Vi + Y, (16)

I = VT —Gepx Vi -1 VL. (17)
Jnsa ypaBuenwuii (9)—(10)

J(V§) = Vi = Gep + Y, (18)

I, = VEI; —Gep* Vi — VI I(V). (19)
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Ta6amnna. CpaBHeHUE METOJIOB 110 BPEMEHH pacuéToB

BapuaHThl pacuéToB: YHCIIO MOBTOPSIOIIUXCS
KacKaJIoB CXEMBI, YHCIIO Y3JIOB, YUCIIO YUUTHI- HoBgrii anro- CrannapTHbII Anroput™ B pa-
BAEMBbIX FaPMOHUK pUT™M Metox I'b oore [1]
1 3,11,3 5c. 4c. 6c¢.
2 3,11,99 9c. 9c. 11c.
3 14,42, 3 20 c. 22 c. 23 c.
4 14, 42,99 112 c. 135¢c. 128 c.
5 45,135,3 175 c. 206 c. 196 c.
6 | 45,135,99 271 c. 342 c. 302 c.

[IpoBepka npennoKeHHBIX aITOPUTMOB Ha 0a-
3€ MPOrpaMMbl CXEMOTEXHHUYECKOI'0 MOAEINPOBa-
Hus [1, 2] OblTa BBITOTHEHA HA XOpPOIIO HM3BECT-
HOM TIpUMeEpE W3 paHee OMyOJIMKOBaHHBIX pPaboT
aBTOpa M U3BECTHBIX W3 MYyOJIHMKAIUK MPHUMEPOB B
MupoBoil mutepatype (puc. 3 [11], puc. 1 [12]).
JlaHHBI IIpUMeEp XapaKTEpeH TeM, YTO HM3MEHSA
YUCJIO HEJIMHEHHBIX KAaCKaJOB CXEMBI, MOXHO
YBEIUYMBATh PA3MEPHOCTh CXEMBI J0 OYEHb BbI-
COKUX Pa3MEpPHOCTEH, ONpPENENsEMBIX MaMATBIO
KOHKpETHOro KoMmmbiorepa. CpaBHEHHE BBITIOIHS-
JIOCh Kak co craHgapTHbIM MmerogoMm I'b, Tak u ¢
paHee oIyOIMKOBaHHBIMH pe3yibTaTamMH. Tak Kak
CXOAMMOCTB BO BCEX MPHUMEpaxX COBIAJA C pacyé-
TaMU CTaHIapTHBIM MeTosoM I'B, To rpaduku pe-
3yIbTaTOB Mbl HE MpHBOAWM. B Tabimie mpuse-
JIEHBI PE3YJIbTAThl CPABHEHMUSI.

5. 3akarouenue

1. Pe3ynbTaThl MOJETUPOBAHHS PA3HBIX TIO YUCITY
Y3JIOB AJICKTPOHHOM CXEMBl M YUCIYy y4YHUTHIBae-
MBIX TapMOHHMK CXEM IOKa3alli, YTO BBIMTPHIII
OBLI TIOJTy4YEH MPAKTHYECKHU JJISl BCEX BaPHAHTOB.
2. HoBelif anropuTM NpUTOAEH JUIA pEIIeHUs
YpaBHEHUH TapMOHHUYECKOro OajaHca OOJIbIIOH U
CBEpX OOJIBIION pa3MEPHOCTH.
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Abstract: A new method for solving HB (harmonic balance) equations based on dividing equations into two
components of very small dimension is proposed by the author in previous papers. Operating experience in
pre-developed software made it clear that major costs of computer memory and simulation time involve
storage and processing of total dimension Jacobian. This paper proposes algorithm for significant reduction
of computing costs using Jacobian approximation algorithms. Approximation is done by vastly used today
SVD-based (Singular Value Decomposition) method. This approximation will correspond to average value
methods used in algorithms to solve HB equations for Jacobian approximation. It is important to note that the
approximation is performed once and prior to main iterations. Response matrix of nonlinear elements orga-
nized as snapshots is proposed to form to obtain average value matrix. Correct and sufficiently large snap-
shots’ set in volume is decisive factor to construct SVD operation base. It is assumed that selection will corre-
spond to predominant model states and selection set is large enough. SVD method initiates a reduced basis,
which is optimal in the sense that the approximation error is cut to minimum with regard to to data sets. Ex-
pressions are obtained for iterative formulas in this paper to solve the problem. Verification of proposed al-
gorithms using developed circuit simulation programs was done by well-known example from the author's
previously published papers and examples known from publications in the world literature. This example is
significant because changing the number of nonlinear stage circuits enables to increase circuit dimension up
to very high values determined by particular computer’s memory. The comparison was performed both as
per standard HB method and as well as per previously published results. As a conclusion, it is pointed out that
simulation results of circuits that differ in the number of electronic circuit nodes and the number of relevant
circuit harmonics demonstrated that the gain was obtained for almost all options. New algorithm is suited for
solving harmonic balance equations of large and super-large dimension.

Keywords: harmonic balance method, electronic CAD, model order reduction, approximation, singular values,
solution algorithm.
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