MIHICTEPCTBO OCBITU I HAYKU YKPATHU

HanionansHuii yHiBepcuTeT «3amopizbka MOMITEXHIKa

METOANYHI BKA3IBKH
A0 MPAKTUYHUX 3aHATH, MiATOTOBKHU 10 MOAYJIbHOT0 KOHTPOJIIO
Ta CaMOCTiliHOI POOOTH 3 TUCHUNJIIHU
«MoperBaHHSA MiKPO- Ta HAHOCUCTEM)

JUTSI CTYJICHTIB criemiaabHoCTI 176

«MiKpo- Ta HAHOCHCTEMHA TeXHIKa
JEHHOI 1 3209HOi (hOpM HaBYAHHS

2025



MeTtoaudHi BKa3iBKM 10 MPAKTHYHHUX 3aHATH, IIATOTOBKH IO
MOIYJIBHOTO KOHTPOJIIO Ta CaMOCTIHHOT po0oTH 3 JUCHHILIIHH
MopnenroBaHHS MiKpO- Ta HaHOCHCTEM JUISl CTYICHTIB crielianbHOCTI 176
«Mikpo- Ta HaHOCHCTEMHA TEXHiKa» JICHHOI 1 3a0uHOi (hopM HaBYaHHS /
Vkin.: O.B. Bacunenko — 3amopixoxsa: HamionanbHuE — yHIBEpCHTET
«3amnopi3bKa mnoiitexnika», 2025. — 96 c.

Vxnamaq: O.B. Bacuienko, O1IeHT, KaH/I.TeXH.HAYK

Peuensent: I'.B.CHixHol, npodecop, A.T.H.

Bianorinaneuuii 3a punyck: A.B.Kopotyn, npodecop, kan.¢i3.-MaT.HayK

3aTBepIKEHO

Ha 3acimanHi kadenpu [braH
[Ipotokon Nod

Big “ 18 “ rpynns 2024 p.

PexomeH0BaHO 10 BUIAHHS
HMK ®IBEK

IIpoToxomn Ned

Bix 29 “ ciuns 2025 p.


https://zp.edu.ua/fakultet-radioelektroniki-ta-telekomunikaciy

3MICT

Beryn 5
1 Ipaktrune 3aasa1Ts Ne 1 [Iporpamu 11t MoeTIOBaHHS MiKpO- Ta HaHO-
CHCTEM_ 6
1.1 samSim____ 7
1.2 ANSYS Simplorer(VvHDL)__ 9
1.3 SimApp__ 10
1.4 Wolfram SystemModeler (MathModelica)_____ 12
1.5 Maplesim____ 14
1.6 MATLAB / Simulink Ta Simscape _________________________ 17
1.7 visSim_ 21
1.8 Dymola (Modelica)______ 25
1920-sm 26
1.10 KonTponpHi 3anMTalbs_ ___ 30
2 Ilpaktuune 3aHatTs Ne 2 JlocmimkeHHs MoxkiuBocTed nporpamu NESS
JUTSL MOJICTTIOBAHHS! HAHOCNIEKTPOHHUX MPWIamiB ___ _ _ _ _ _ __________ 31
2.1 Introduction and State-of-the-Art___ 32
2.2 OverviewofNESS = 35
2.3 Non-Conventional or Future Devices. 38
2.3.1 Nanowire Transistors. 38
2.3.2. Tunnel FETs (TFET)___ . 43
2.3.3. Negative Capacitance FETs (NCFET)____ 46
2.3.4. Resonant Tunneling Diodes(RTD)___ 49
2.4. conclusions. 55
2.5 KoHTpOJbHI 3a0MTaHHSA___ _ 56
3 IIpaktuune 3auaTTs Ne 3 OCHOBHI 3aKOHH Ta Kiaacudikallis Kin____ _ 57
3.1 Knmacudikartist Ta OCHOBHI pIBHSHHS_ ____ 57
3.2 KoHTponbHi 3anMTales___ ____________________________ | 62
3.3 luauBiAyaneHi 3aBUavHs_____ 62

4 Tlpaktuune 3ausaTTs Ne 4 Anropurmu cumyssinii B ECAD. locnimkenHs

byHKRIId CcxeM____ ] 63
4.1 Metoau opMyBaHHS MaTeMaTHuHOT Mojeii cxemu B ECAD__ 63
4.1.1 Meron By31n0BUX MOTEHIIAMB____ 63

4.1.2 MBII 3 po3mmpeHuM KOOpIMHATHUM 0a31cOM 64



4.2 MaTtpu4HO-BEKTOPHI IMapaMeTpu CXeMm ____ | 65
4.3 dyHKIii cXeMH Ta crocoOH IXHBOTO MOJMAHHA_ _ __ __ _ _ ___ ______| 66
4.3.1 Nocnimxennst pyHKITIHA cXeM Yy YaCTOTHOMY Jiama3oHi________ | 67
4.3.2 Nocnimxenns GyHKIIiA cxeMu y yacoBiii oomacti___ . 70
4.3.3 3B'5130K Mi’K YaCTOTHUMH 1 YACOBUMHU XapaKTCPUCTHKAMHU_ _____ _ 70
4.4 CTidikicTb CXeM_ 71
4.5 JlocmimkenHs QyHKIIH cXeM y Iporpamax aHamisy_____ 72
4.6 YucnoBi MeToAM B aNrOpuUTMi cumynsamii_____ ________________ 73
4.7 KoHTpOabHI 3a0MTaHHA____ 76
4.8 [npuBinyanbHi 3aBAaHdA___ 76

5 Ilpakruune 3ausaTTss No 5 JlocmimkeHHS KpUTEPIiB AKOCTI Iporpam MoJie-

JIOBaHHA 77
5.1 Kpurepii sikocTi MOACMOBAHHAS_ __ 77
5.2 Kpurepii sixkocti Mmomemedt________________________________ 78
5.3 Meronvka ycyHeHHs alrOpuTMIiYHAX 3001B_ __ 79
5.3.1 Pexomenparii moa0 yHUKaHHS NpoOJieM 3 anreOpaiyHUMH MeTIISIMH
82
5.3.2 Cnocobu po3B’si3aHHS BUCOKOIHAECKCHHX TOIOJOTIYHUX BHPOJKCHb
MM 84
5.3.3 IIpoGaema xKOpCTKOCTI MOJIEINI Ta CIIOCOOH T BUPIIICHHS ___ _ _ _ 86
5.4 BUKOpUCTaHHS i€papXi4HOTO MiAXOTy B MOJIEITIOBaHHI _________ _ 88
5.5 KoHTpOJbHI 3aNMTaHHSA___ 89
5.6 lHauBiAyanbHi 3aBUadHs___ 90
PEKOMEHIOBAHA JITEPATYPA | 91
Honatok A — [Toka3HUKH SKOCTI €JACKTPOHHHUX CHCTEM 92
Honatok b — [lapamerpuyna onrtumizanis B Micro-Cap________ 93

Honmarok B — [Tutanus Ha icuT 96



BCTYII

HaBuanbna gucummiina «MoJenmoBaHHS MIKpO- Ta HaHOCHCTEM)
NPOIOBXKY€E (HaXxoBy MiATOTOBKY CTYJCHTa 1 0a3yeThcsl Ha 3HAHHSX, OTPH-
MaHHX MPH BUBYCHHI JUCIUILTIH «EJIEMEHTH Ta KOMIIOHEHTH €NeKTPOHHUX
crucreM», «Teopis eIeKTpOHHUX Kim» Tommo. OCHOBHA MeTa ITUCIUTLIIIHN —
OTMaHyBaHHs CTYIEHTOM OCHOBHHUMH MPUHIMIIAMH MOJAETIOBAHHS MPUIaliB
Ta TMPUCTPOIB EIEKTPOHIKM Ha Pi3HMX piBHAX adcrpakilii. OCHOBHIUMH 3a-
BJIAHHSAMH JUCIMIUTIHA € ONAHYBaHHS CTYJICHTOM OCHOBHHX METOJIB, ai-
TOPUTMIB Ta 3aco0iB s €()EKTHMBHOIO MaTeMaTHYHOTO MOJCIIOBAHHS
MIiKpO- Ta HAHOEIEKTPOHHHX MPUIIA/IiB, IPUCTPOIB TA CUCTEM.

VY pe3ynbTari BUBUCHHS HABYATBHOT JUCIUIUTIHHU CTYCHT MOBHHEH

3HATH:

- CTpPYKTypY, nporpamHe Ta matemarudne 3abesneueHuss ECAD, CAS,
CAE Tta mporpam 151 6araToBUMIpHOTO MOZEITIOBaHHS,

- OCHOBHI MOJeNi Ta MakpOMOJeTi MIKpOo- Ta HaHOEIEKTPOHHUX
NPUIAJIB 1 PUCTPOIB;

- OCHOBHI €Tany CUMYJISII] Ha Pi3HUX PiBHAX aOCTpaKiii;

- BUOM i METOIM aHaNi3y enekTpoHHHX cxeM B ECAD;

- OCHOBHI TIOHSTTS Ta MPUHIIMIH CKIIAIAHHS HOBUX MOJIEIICH.

BMITH!

- BHKOPHCTOBYBaTH QJICKBaTHE IporpaMHe 3a0e3neucHHS s
MO/JICITIOBAHHS;

- OTPUMYBAaTH XapaKTEPUCTUKU MIKPO- Ta HAHOEIEKTPOHHUX MPHIIAJIiB
1 IPUCTPOIB IIJISIXOM MOJICTFOBAHHSI.

Jani MeTonuuHi BKa3iBKM NpPU3HAYEHI JJIS MPAKTHYHUX 3aHSITH, B
XOJll SKMX HEOOXIJIHO OCBOITH MIiJXOJHM Yy aBTOMAaTH30BaHOMY aHai3l
MIiKpO- Ta HAHOEJNEKTPOHHUX MPWIAIiB 1 MPUCTPOiB. Y BKa3iBKax HajaHi
OCHOBHI alropuTMH Ta (OpPMYJH METOJIB aHaJi3y, BU3HaU€Ha O0JaCTh iX
3aCTOCOBHOCTI, HEJIOMIKH Ta repeBarn. OKpeMo pO3TIITHYTO MareMaTHYHE
3a0e3neueHHs CUMYJISIIT B porpaMax aBTOMAaTH30BaHOT'O MOJICIIOBAHHS,
30KpeMa, IJIsi MOETIOBaHHS HAaHOEJNEKTPOHHMX Hpwiaais. Llel posmin mo-
JIaHO aHTIIHCHKOK MOBOIO.

Hanpukinni marepiainy 1mo KO)KHOMY TPaKTHYHOMY 3aHSATTIO HA/IaHO
KOHTPOJIbHI MUTaHHS Ta 3aBIaHHA IJIS CaAMOCTIHHOI poOOTH, sSKi MOXKHa
BHUKOPUCTOBYBATH sK 3aBaaHHs i 1J[3 (iHauBigyalbHUX JOMAIIHIX 3a-
BIaHb) IS CTYAEHTIB 3a09HOT (popMK HaBUaHHs. HampuKiHIl METOIHIHUX
BKa31BOK HAJaHO MMTAHHS Ha ICIIUT.



1 HIPAKTUYHE 3AHATTSA Ne 1
«[IPOI'PAMMU IJ151 MOAEJIKOBAHHSA
MIKPO- I HAHOCUCTEM)»

CAD cucremam NpUAUICHO 3HaYHY yBary B METOIAMYHUX BKa3iBKax
JI0 J1abopaTopHUX poOiT. [y MOJIeTOBaHHS Ha MaKPOPIBHI YaCTIIlIE BHKO-
PHUCTOBYIOTH MaTeMaTH4HI MPOLIECOPH Ta CUCTEMH aBTOMATH30BaHOTO iH-
xuHipuary (CAS Ta CAE BiamoBigHO).

Ha manwnit momeHT icHye Oarato nmporpam piBas CAE (abo Takux, mo
foro oxoImmoTh, Hanpukian, Micro-Cap), ski 103BONSAIOTH, 30KpeMa,
mozemoBatu (modeling & simulation) JIC pisuoi mpupoau (6iosorivsi,
€KOHOMIYHi, COmiajbHi, TEXHIYHi), MPUUOMY NEsKi € BY3bKOCHEIliali30Ba-
HUMH, a iHmi — Oinbln yHiBepcanbHuMmu: Vensim, [Think, Dynamo, Stella,
Powersim, MedModel, Arena, GPSS, Stratum, Scilab, Berkeley Madonna,
NI MATRIXX, ACSLX, Modular Modeling System (MMS), Virtual Test
Bed (VTB), JModelica.org, MATLAB\Simulink, Simscape, MapleSim,
Dynast, Multisim, K2.SimKernel, Jigrein, EASY5, AMESim, Dymola,
PSIM, SamSim, SimApp, SimulationX, Simplorer, VisSim,
SystemModeler, 20-sim Ta immi.

OcCKiNbKHM MOJIeNl Ha PiBHI CXeM MOXYTh OyTH Tpe/CTaBlieH] Oe3mo-
cepeiHbo MudepeHIlialbHIMHA PiBHAHHAMH, TO JUISL TPOTHO3YBaHHS iX 1Mo-
BEJIHKM y Yaci TakoX MOXYThb OyTH BHKOPHCTaHI MaTeMaTH4YHI IMaKeTH,
CAS (Computer Algebra System), siki MoXyTh po3B’s3yBaTu audepeHiia-
JbHI PIiBHSHHS (YUCENBHO YW y cUMBOJYHIA ¢opwmi): Maple, MATLAB,
Mathcad, Mathematica, Maxima, SymPy, O-Matrix, SciPy, Octave,
NumPy, Python(x,y), MuPAD, Sage Ta immi.

Hani posrnsgatucst OynyTh TEXHIYHI TUHAMIYHI CHCTEMH, OTKE yBa-
ra Oyne 3ocepemkena came Ha CAE-cucTeMax Juis MOJICITIOBAHHS TEXHIU-
HUX 00’€KTIB Ta CHCTEM, LIO BOJIOAIIOTH 3aco0aMu rpadidHOro Omucy Ta
MIPEJICTABIICHHS MOJEIEH.

Hwxue posrisinyTi goctynHi CAE-niporpamu, Jie Mmiji CIIOBOM «J10C-
TYNHI» PO3YMIIOTECS MpPOrpaMu, iHGOPMALilo MpPO SKi MOXHA BiJIHOCHO
JIETKO OTPUMATH 3 BCECBITHHOI MEPEXI YM THIIUX JpKepel, abo *k mporpa-
MU. BinbmricTe 3 mepeniueHux mporpamMm MOJIENIOBaHHS TEXHIYHUX JUHAMI-
YHHUX CHCTEM PO3BHBAIOThCA Ta MiATPUMYIOThCcS BHUpoOHMKamu. [leski 3
HHUX, IpY HAasBHOCTI BiAMOBigHOI iH(popManii, OyAyTb pO3IJISIHYTI 3a IEB-
HUM Ia0JIOHOM, SIKUH CKIIAJIAEThCS 3 HACTYITHHUX MTO3MIIIN:



- KOPOTKUH OTIHC MPOTpamMu (MOMITHBOCTI, OCOOIMBOCTI);

- apXiTeKTypa (CTpYKTypa) MPOTPaMu;

- MOXJIMBI (pOPMH MPEICTABJICHHS MOJIEJICH Ha eTari MOJACITIOBaHHS
(modeling);

- TpaguIliitHi MOKITUBOCTI 1yt gociimkeras CAK;

- TIepeNTiK METOMIB MozemoBaHHS (simulation), ToOTO anropuTMiB
CUMYJIALIT a00 iHTEerpyBaHHS;

- TIepeiK aIrOPUTMIB TapaMeTPUIHOT OTITHMI3aIlii;

- IOCTYTHICTH MPOTPAaMHU, BUIW JIIEH3IH Ta pelakiiid, BapTiCTh Ta
HasBHICTH 0C3KOIITOBHUX BEPCiii.

1.1 SamSim

[Iporpama mpu3HaueHa Ui MOCIIOBAHHS JIHIHHUX 1 HEJMIHIHHUX
CAK. Ilpamroe 3 MoaensiMu, sIKi MO>KHA TIPECTaBUTH Y GopMi OJIOK-cXxeM
(B mporpami 48 TUNIOBHX OJIOKIB). 3a JOMOMOTOIO Ii€l TPOrpaMu MOXKIIUBO:

- To0yIoBa OYyAB-AKHX CXEM MOJENIeH 3 €IEeMEHTIB, IPOIOHOBAHHIX
0i0moTeKaMH;

- 3aBJIaHHS TIapaMeTPiB IHTETPYBAHHS 1 TApaMETPiB €IEMEHTIB;

- 30epexenHs B (aiini i 3unTyBaHHs 3 (aitmy mogmeni (cxemu Ta ii
napameTpiB);

- o0y/10Ba 3aJIC)KHOCTEH BiJ] yacy y Oyllb-sIKUX TOUYKAaX CXEMHU;

- moOyoBa $ha30BUX MOPTPETIB s OYAb-IKHX CXEM;

- TOOYZI0Ba YaCTOTHUX XapaKTEPUCTHK 1 rojorpadis st OyIb-sIKUX
JIHIAHUX CXEM;

- TIPEJICTaBJICHHS Pe3yJbTaTiB PO3PaxXyHKy B rpadiuHiil i TabmuaHil
dopmi;

- 30epeKeHHsI Pe3yJIbTATIB PO3PaXyHKY B TEKCTOBOMY aiini, rpadi-
KiB B bmp i jpg;

- EKCIOPT pe3yJIbTaTiB po3paxyHKy B MS Excel;

- BHBEJICHHS Ha JIPYK CXEMH MOJIeli Ta i mapamerpiB, pe3yJIbTaTiB
PO3paxyHKy.

[Iporpama Mae BCbOTO OAHY PEAAKIil0, IKy MOKHA CKAa4yaTH 3 CalTiB
aBropa: samsim.fromru.com, samsim2002.chat.ru, samsim2002.narod.ru.
He notpeOye BCTaHOBJIGHHS, MPAIIOE 3 MOTOYHOTO KaTaiory. € daitn mo-
NIOMOTH 1 IpuKJagu cxeM. Pozpo6nena B 2002 polii, HOMKPIOETHCS BIILHO.

[Iporpama mMae Tpu aJropuTMH iHTErpyBaHHS (po3B’si3yBaua): 1-To
HOPSJIKY TOYHOCTI; 2-T0 MOPSIIKY TOYHOCTI; 4-T0 MOPSIIKY To4HOCTI. T0o0-
TO, TmepeadavyacTbcss BHKOpUCTaHHS MeToaiB Edmepa i1 Pynre-Kyrtru.



SamSim He Mae 3aco0iB aBTOMAaTHYHOI CTPYKTYPHOI a00 mapaMeTpudHOl
onrumiszaunii Moaeri.
[Ipuknax poboTu nporpamu MokKHa modaunTH Ha pucyHky 1.1.

MBCTpoeuubl'ﬁ B SamSim npyMep. Cxema c OC - |EI|1|
daiin  Peaaktop HasHauuTe BemonHuTe HacTpodkk OkHo  OoMowes

Ollg|® ] <0 =Xz 8% |8 kelte] Vb0 2
T =
3 4 - IHEHHHEﬁHbIES.ﬂEMEH‘I’bI j

1 2
' [ F T? B

2

g

2 : ¥ i :
I padvicn o Ko =10l =0l
PeayneTark pacuiTa | JanoaHMT EnbHbIE CBEJJ.EHMHI
1
09 PUneTp | CHaATe cpuanpl
08 i t vp=1| wp=2 I wp=3 Iﬂ
1] a 1 1 a
07 1 0009399351 1 0.003333539
06 2 0019399351 0,9300000095 0.01934339
05 3 0029399351 09800500273 002380024
0.4 4 0.039999351 0,9701997637 003955149
03 5 0049399351 09604485034 004920474
’ H B 0059999351 09507952332 0058760595
02 E 7 0.0700000C 1 0,9412390589 006822112
01 ; ; ; ; : g 0.079399351 09317788481 0.07758621
o T s Ty |l e,
HacTpoiika | T atiauue! I [ SHOEMHTE | - . - - ﬂ

Pucynok 1.1 — JlocnimkeHHs Mozieni B mporpami SamSim

[Iporpama npocra, Ha0OYHA, MOKE OYTH BUKOPHCTAHA JUIS TTOTIEPE/-
Hporo mojemoBanas CAK, BiampaimtoBaHHS Ta JOCHIKEHHS YHCEIBHUX
METO/IIB PO3paxyHKy. J103BOJIsI€ MIPECTABISTH MOJIENIh CUCTEMH TLTBKH SIK
omok-cxemy, TunoBi Janku CAK (iHilHI) 3a1a10Tbes Uepe3 MepeaaToyHy
¢yskmito (IID), B skiii MoxHa penaryBatd Koe(illleHTH YHCETbHUKA i
3HaMeHHrKa. SamSim moxke OymyBatn AUX, ®UX, AOYX i UX B Jyora-
pudmiuHOMY MacmTadi, TAKOXK MOXKE 3AIMCHIOBATH MOZAEIIOBAHHS B 4aco-
Bili oOnacTi.

OpHak, € eBHI HEAOIIKH, HAIPUKIIA/, BIACYTHI MOXIIMBOCTI JIJISI PO-
3paxyHKy Hy’ iB i monrociB [I®D moneni. MonentoBanus (simulation) y ga-



COBIH 1 YACTOTHIN 00JACTAX HEMOMIIHBO 0€3 3MIHM MOJIEHI: TSI OTPUMAaHHS
YaCTOTHHUX XapaKTePUCTHK HEOOXiTHO B SKOCTI JHKepesa CUTHANY CTaBUTH
reHepatop konmBarouoi (3miHHOI) wactoru ['KY. He mae aBTOMaTwuHmMx
3ac00iB BU3HAYCHHS MOKAa3HMKIB cTikikocTi Ta sikocTi CAK.

1.2 ANSYS Simplorer (VHDL)

[TpuknamoM MOBH MOJECIIOBAHHS AMCKPETHUX EJIEKTPOHHHUX IIpH-
CTpOiB Ha JjioriuHoMy piBHI Moke Oyt moBa VHDL (Very high-speed
integrated circuits Hardware Design Language), 3aTBep/KeHa y SKOCTI
mikHapoaHoro cranaapry I[EEE 1076; sxa ycmimiHO BHKOPUCTOBYETHCS
TaKOX MpH cuHTEe31 npucTpoiB. MoBa VHDL 0Oyna moaudikoBana i temnep
MICTUTH 3acO0M OMUCY aHAJOTOBHX 1 3MimraHux monenei. Li ommcu pazom
3 6a3zoBuM BapiantoM moBu VHDL ytBOprotots MoBy VHDL-AMS (AMS
— Analog and Mixed Signal), To6To ii MO’)kHa BUKOPHCTOBYBATH ISl MO/Ie-
JHTY aHaJIOroBO-IH(PPOBUX MPHUCTPOIB Ta MYJIBTIIOMEHHOTO MOJICIIOBAH-
Hsi. VHDL — He ennHa MoBa mpoekTyBaHHS qucKpeTHuX mpuctpoiB CAK.
Tak, A7 TPOEKTYBaHHS IHTETPAIbHUX CXEM IIHUPOKO 3aCTOCOBYETHCS
Verilog, 6mu3pka mo C++ moBa SystemC, moBa ommcy naHmoris EDIF,
MOBH TipoekTyBaHHs npuctpoiB Ha [UJIIC i iH., ame ams QyHKIiOHAIEHOTO
NPOEKTYBaHHS (BHIE CXEMOTEXHIYHOT0) HaOLIbIIe MOMMPEHHS OJepiKa-
mu VHDL i Verilog. B VHDL Takox € 3aco0u Juist IOBEIIHKOBHX 1 CTPYK-
TYypPHUX OTIHCIB.

ANSYS Simplorer — e nporpamue 3a0e3neueHHs sl MOJICITIOBaH-
HS €JICKTPOMEXAHIYHUX CHCTEM, Y SIKUX TOTPiIOHE MPOBEACHHS MiXIHACIIH-
TUTIHAPHUX PO3PAXyHKIB, M0 i CTBOPIOE BIpTyallbHY €JIEKTPOMEXaHIYHY
naboparopito Ha pobodoMy CTOJIi KOoMIT'toTepa. Po3poOka MyImbTHIOMEHHOT
CHUCTEMH € CKJIQJIHUM 3aBJIaHHSM, III0 BUMArae BEJHWKHX 3yCHIb. Y TaKy
CHCTEMY BXOJUTh Oe3J1i4 HeNliHIHHUX KOMIIOHEHTIB 3 pi3HUX obOnactei di-
3UKHU (JIOMEHIB): €JeKTPUIHOI, MEXaHIYHOI, TepMIYHOI 1 3 00JacTi ympas-
ainas. ANSYS Simplorer — cucTeMHUE IHCTPYMEHT, 1110 JO3BOJISE Tapaiie-
JHHO BUKOPUCTOBYBATH KiJIbKa CTaHJIapPTHUX TEXHIK MOJICIIOBAHHS (BKJIFO-
Ya€ TPUHIIUIIOBI CXeMH, OJIOK-CXEMU, KiHIEBI aBTOMATH, PIBHSHHS) i MOB
mozxemoBanus (VHDL-AMS, SML - Simplorer Modeling Language,
C/C++). Ilporpama 103BOJIsIE MOJICITIOBATH B3a€EMOIIF0 KOMIIOHEHTIB y Pi3-
HUX 1H)KEHEPHHUX 00JacTsX.

VY 3aranpHOMY BUMaAKy B Simplorer 8 MOXKIIHMBI 1Ba METOIU iHTET-
pyBaHHs (simulation) Ta ix Bapiamii (B 3aJI€)KHOCTI BiJl TEXHOJOTIi MO0y 10-
BU Mojeni): Metox Efnepa ta meron Tpaneniii (HesBHui). Meton Efnepa
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MOXHa BCTaHOBUTH sBHUU (explicit) abo HesBHmU (implicit), mpsvmii
(Forward Euler) abo 3Bopotauii (Backward Euler); Takox MOXIHBO BHO-
patu aganTuBHUIA MeToA Tparnenii-Einepa (Adaptive Trapezoid-Euler).

[Ticns moOymoBu MoJeNi y BUITISAAI MPUHIMIIOBOI CXeMH (€IeKTpHyY-
HOi) mTporpaMa, BHKOPHCTOBYIOUM MOAM(DIKOBAHUN BY3JOBHM TIAXiJ
(modified nodal approach), 6yaye cucremy HenmiHIHHUX AuQepeHITiaTEHIX
anreOpaiYHUX PiBHSHB (y 3araJbHOMY BHUIIAJKy) Ta BUKOPHCTOBYE METOAU
Eiinepa abo Tpameniit 1y yncensHOTO iHTErpyBaHHs. [Ipy 1ipbOMy HemiHIN-
Hi pIBHSHHS JIIHEApU3YIOTHCS 3a JOMOMOTOIO iTepamiifHoro Meroxy Hero-
ToHa-Padcona (Meron mOTHYHMX), a TOTIM BXKE JliHEapU30BaHA CHCTEMa
PiBHSIHB BUpIIIYEThCA 3a nornomororo LU-dakropu3arii.

Takox MOXKITMBA MTapaMeTpUYHa ONTUMI3allis, MeTogaMu: Sequential
Nonlinear Programming (MeToA MOCIiIOBHOTO HENiHIHOTO MporpamMyBaH-
Hs1), Sequential Mixed Integer NonLinear Programming, Quasi Newton
(kxBa3i-HBIOTOHIBCHKUH MeTon), Pattern Search (momryk 3 BUKOpHCTaHHSIM
mabiony), Genetic Algorithm (reHeTHYHHMI aNTOPUTM TMOIIYKY €KCTPEeMYy-
MY 3 BUKOPUCTAHHSM IIPUPOTHOTO BiOOPY).

[Iporpama mo3Boisie poOUTH TPH BUIM aHANI3y (TIEpeXiTHUX MPOIe-
CiB, Ha 3MIHHOMY CTPyMi Ta Ha MOCTIHHOMY CTPyMi), BKIFOYArOUH MOOYIO0-
By niarpam boze ta romorpacda HaiikBicta (B>ke MarOThCS BIATIOBIIHI Tiepe-
nyctaHoBku). [Iporpama «repeBaHTaxkeHa» 3 TOUKH 30pYy iHTepdeiicy, Mae
«3aiiBi» MOy, SIKi MEPENIKOKAIOThH Bi3yaTbHOMY CHPUHHATTIO Ta YIIOBi-
JIbHIOIOTh 3HAMOMCTBO 3 MPOTrPaMolo.

Maroun edekruBHy Ta THydky VHDL-AMS moBy omucy mojeneii,
s mporpama OinbIie TmpucTOocoBaHa (MAXOMUTH) AJIST MOJENIOBAHHS Ha
CXEMOTEXHIYHOMY PiBHI, IO MiATBEP/HKYE HASBHICTh y 0i0MiOTeIl BEIHKOi
KUIBKOCTI MOJIeJiel HamiBIPOBIAHUKOBUX MPUIIAJIIB Ta IHCTPYMEHTIB JUIsI
CTBOpEHHs\alpoKcuMallii  XapakTepuCTHK  KOMIOHEHTiB  (component
characterization tool).

Simplorer m03BOJNSIE aBTOMATUYHO BHPIIIYBATH aireOpaiuHi meti
(abo >xOpCTKi 3BOPOTHI 3B’SI3KH), aje aNropuTMy CHMYJISII MOTPiOHO Oi-
Jblle iTepauiii, a 1HOAI HaBiTh MOXYTb BUHHKATH YMCENBHI MpodiemMu 3
BUpilIyBaueM (solver) BTpaTa CTIMKOCTI Ta 301KHOCTI.

1.3 SimApp

SimApp ne nporpama mojentoBaHHs moBeAiHku JIC B wacoBiii Ta
yacToTHil obmacTsax. MoxmuBe MmojemoBaHas (modeling & simulation)
Oe3nepepBHUX 1 JUCKPETHUX cUcTeM. Haikpaiie MmiaxoauTh IS J0CHi-
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JOKEeHHS CHCTEM aBTOMATHYHOTO YyIpaBmiHHA. [padignmii, ©OmouHO-
opieHTOBaHUH iHTepdeiic 3 OimpIm HiK 80 OCHOBHHX OJIOKIB B Oi0miorerri,
po3IizeHux Ha pi3Hi Kareropii. MoXJIMBe CTBOPEHHS HOBUX OJIOKIB B CIie-
ialbHOMY BiKHI JW3aiiHy, 30€peKeHHS 4acTO BUKOPUCTOBYBaHUX ITiJICHC-
TeM B 0i0JiOTEeKH AJIs MOAANBIIOTO BUKOPUCTAHHA. PesynpTatn mopemto-
BaHHS IIPEJCTABIICH] y BUTIISAII HAOOPY AaHUX B TaONMH4HiH dopmi, a TaKoxK
y BUTJISAL Aiarpam: acoBoi, bone, Hikonbca-brieka Ta Halikgicra, siki Mo-
JKHA eKCIIOPTYBaTH B iHIN JOJATKH U MTOAAIBIIO] 0OpoOKH. MOXKIHNBO
0o0YHMCITUTH BIIaCHI 3HaUEHHS 9acToT (eigenvalues, eigenfrequencies) miHii-
HUX cucTteM. [Iporpama migTpuUMye AOCTIIKEHHS CUCTEM 3 Pi3HHUMHU 3Ha-
YEHHSIMH MMapaMeTpiB i pi3HUMH 30BHIIIHIMH 30ypeHHsIMU. SIMApp Biapiz-
HSETHCS BiJ| IHIIHUX MOAIOHUX MPOIYKTIB 3aBASKH IHTYiITHBHOMY YIIPaBIliH-
HIO 1 TPOCTOTOK y BUKOPUCTaHHI, IO JO3BOJIIE OTPHUMATH PE3YJIbTaTH
MOPOTATOM JEKITBKOX XBIJIHH.

Kpim Toro, mporpama Mae TOKIagHy MOBIAKY 3 QYHKIINA Ta cCTaHAAp-
THUX OJIOKiB. SIimApp Bepcii 2.6 iCHye B YOTUPHOX PI3HUX PENAKIisfX, SKi
BiZIPI3HSIOTBCS 3 TOUKU 30PY MaKCUMaIIbHOTO PO3Mipy cucTeMH (KiJIbKiCTh
On0KiB y mpoekti), GyHkmi i Baprocti mokynku: \Workstation
(UAH 3,072.84 / EUR 290.00), Light (UAH 1,271.52 / EUR 120.00),
Student (UAH 529.80 / EUR 50.00) ta Server Edition. OcTaHHs Ma€ 90TH-
p¥ TUNHM JTileH3iH, X [iHM BiapisHstoThes. [Ipobua Bepcis SImApp 2.6
(Workstation edition 30-day Free Trial) 103BoJisie po3TanioByBaTH y mpoe-
KTi Bchoro nuiie 10 610KiB.

[Mepenik JOCTYMHHUX aNrOPUTMIB iHTErpyBaHHS B SImApp 2.6:

- Euler (Eiinepa);

- Euler-Cauchy (meron Eitnepa-Komri mist Heognopigaux ODE);

- Heun predictor-corrector method (6ararokpokoBuii METO POTHO-
3y-KOpeKIIii 3a cxemor XoliHa, 3 nmpeaukropoM Eitepa Ta kopekiiieo Me-
TOJIOM Tparnelii);

- Runge-Kutta order 3 (metrox Pynre-KyTtu TpeTsoro mopsaxy);

- Runge-Kutta order 4 (six monepeaHiii, TUTBKH Y€TBEPTOrO MOPSIIKY
TOYHOCTI).

SimApp He Mae CTPYKTYpHOI YM HpOrpaMHOi onTuMizamii. Xoda y
JIOBIJIKOBUX JIOJIaTKaX JI0 MPOTPaMH 1 BUKJIAAA€ThCS 1Bl METOIMKH 3irjepa-
Hikounbca (Ziegler-Nichols) mis aBromMmaTu3oBaHOro (TaOMUYHUI po3paxy-
HOK y Microsoft Excel) Troninry I11/] perynsropis, ane BiaCyTHICTH mapa-
METPUYHOI ONTHMI3allii pOOUTH TI HEKOHKYPEHTOCIIPOMOXKHOIO Y BUIIAJIKY,
AKIO MOTpiOeH Oy/e aBTOMAaTHYHHIA MOMIYK KOSQIIIEHTIB JJIsl CTBOPEHHS
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ONTHMANBHOTO peryisitopa. Takok SimApp He MOXe MOIETIOBATH
(simulate) y wacoBiit o6sacTti anrebpaiuni meti (algebraic loops) 6e3 Bcra-
HOBJICHHS y KOJIO 3BOPOTHOTO 3B’SI3KY JIAHKM 3aTPUMKH YU anepiognyHOi
naHku (00 BUXigHA BeIWYMHA OE3MOCEPENHBO 3aJCKUTh BiJl BXiIHOI Ta
BHUXITHOI BEIIMYHWHH), TOOTO TPOIEC TOIOJIAHHS MPOOIeMH anredpaigHux
neteib y Kpanomy BHIAJKy aBTOMATH30BaHWH, alie HE aBTOMATHYHHU Y
uiii mporpami. 3apa3z BKe iCHYIOTh MpPOTpaMH, MIO MOXYTb CaMOCTiHHO
(TO0TO aBTOMATHYHO) BUINIyBaTH NpoOJeMy anreOpaidHuX NeTenhb 3a
paxyHOK CHMBOJIIYHUX IIEPETBOPEHb Ha eTammi cTBOpeHHs piBHsHD JC me-
pea MPOoLEecoM CUMYJISAIII.

1.4 Wolfram SystemModeler (MathModelica)

Panime ne#t mpoext maB Ha3By MathModelica, moTim Horo BUKynmia
kommaHiss Wolfram. Wolfram SystemModeler, 3i ciiB BUpoOHUKa, € Haid-
OLITBII TTOBHUM 1HCTPYMEHTAIBHUM 3aC000M sl (DI3MYHOTO i YHUCEIBHOTO
MonenroBaHHs. Ha BinMiny Bif iHmmx cucrem, SystemModeler He Bumarae
npuabdaHHA JOAATKOBMX KOMIOHEHTiB (sk y MapleSim Ta Simulink) i B
MOBHIM Mipi TIATPUMYE CTaHOAPTHY MOBY (Di3UMYHOTO MOJIEITIOBAHHS
Modelica. Takox SystemModeler mepenbadae moBHe 3'€THaHHS 3 CHCTE-
Moo Mathematica misi OTpuMaHHsS HaHOUIBII IHTETPOBAHOTO POOOUYOro
nporiecy (Gi3uYHOro, YMCEIBHOr0 MOCIIOBAaHHS 1 aHamizy. SystemModeler
peanizye MoBy Modelica, sika KOpUCTYETBCS TepeBaraMu KOMITOHEHTHO-
OpIEHTOBAHOTO MOJICJIIOBAHHSI, JIE MOJICTIOIOTHCS TTOTOKH B KOMIIOHEHTaX.
Ie mae cyTTeRi nepeBary MOPIBHAHO 3 OJIOYHO-OPIEHTOBAHUM MOJICIIIOBAH-
HSIM. ApXITEKTypa IporpaMu npejcTaBieHa Ha pucyHky 1.2.

Wolfram
Wolfram SystemMaodeler " systemModeler
Link
Model L Simulation
Center ’7 Center
Wolfram

Mathematica

Pucynox 1.2 — Crpykrypa nporpamu SystemModeler Ta 38's30k 3 Wolfram Mathematica
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Cepen ¢yHKmioHAbHUX MOXxumHBocTen Wolfram SystemModeler
MOJKHA BIJ3HAYUTH:

- BUKOPUCTaHHsI 32 OCHOBY HEMAaTEHTOBAHOI, 00'€KTHO-OPiEHTOBAHOI
MoBU Modelica, 110 cTUpaeThecsl Ha PiBHIHHS,

- rpadiunmii inTepdeiic as drag-and-drop MoaeTIOBaHHS;

- TeKCTOBHH iHTepdeHc s MoaenoBanas Ha MoBi Modelica 3a mo-
MIOMOTOIO PiBHSIHB;

- Hekay3albHe (KOMIIOHEHTHO-OPi€HTOBaHe) i Kay3ainbHe (OJI049HO-
OpIEHTOBAHE) MOJICTTIOBAHHS,

- iepapxiune mozemoBanHs (modeling);

- BEJIMKa KiJIbKICTh BOyIOBaHUX 0i0Ti0TEK MOENeH;

- MOJICTIIOBAaHHS TIOPUIHIX CHCTEM;

- GaratoloMeHHE MOJEJIOBAHHS, IO BKIIOYAE: MEXaHIKy (B OJJHOMY
1 B TPhOX BHMIipax), €IEKTPOHIKY, TiApaBIiKy, TEPMOAHHAMIKY, €IEMEHTU
KepyBaHHA, CHCTEMHY 010JIOTiIO;

- CTBOPEHHS aBTOHOMHOTO *.exe (hailly UIs MOAANBIIOTO BiATBO-
peHHS  pe3ynbTaTiB  MojemoBaHHS  (simulation) 0e3  BHKIMKY
SystemModeler;

- iHTerpamisa 3 cucremoro Mathematica anst aHami3y Ta JOKYMEHTY-
BaHHSI MOJIEJIEH 1 pe3yJIbTaTiB KOMITIOTEPHOTO CUMYJIFOBAHHSL.

€ kinbka penakiii miei nporpamu. CrieriiajibHa peaKilis IS CTyIe-
HTiB (Annual and Semester Editions — piuna Ta cemecTpoBa peaakiii) Kor-
tye $75 Ta $35, akanemiuna penaxuis — $350, nepxxasua pemaxiis — $1838
Ta KoMmepuiiiHa pepakitis — $2450. Takox € Oe3KoIITOBHA MPOOHA Bepcis,
0 MOJKe TparffoBaTi npotarom 30 aHIB 3 MOMeHTY iHCTausAiil. [HTepdeiic
npoOHoi Bepcii SystemModeler 3.0.0 300paxenuit Ha pucyHKy 1.3.

SystemModeler mae HacTymHi conBepu (solvers) abo BHpilryBaui
(po3B’si3yBaui):

- DASSL (meTox 3i 3MiHHUMH IIaroM Ta MOPSIKOM, III0 BUKOPHUCTO-
By€ (hopMyIry 3BOPOTHOTO IU(EPEHIIIFOBAHHS);

- CVODES (sik i momepe/Hiii, ane mie MiITpUMye TepenHiil aHaii3
gyTiauBocTi) [17];

- Explicit Euler (sBHuit meton Eitnepa);

- Heun’s method (anroputm XoiiHa);

- Runge-Kutta 4 (meton Pynre-KyTtu 4-ro nopsaky);

Tpu ocTaHHIX METO/Ia MalOTh MOCTIHHUIA PO3Mip (HOBXHHY) KPOKY
Ta PEKOMEH/IYIOTHCS JI0 BUKOPUCTAHHS IIPH CUMYJIALIIT B pealbHOMY Yaci.
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Pucynoxk 1.3 — I'omosre BikHO Model Center 3 Binkputim npukinagom (DCMotor)

SystemModeler He Mae MOaYJIiB ONTHUMI3aLi1, OCKIIBKU € y AEIKOMY
CEHCI JIOUiPHBOIO MPOTrpamol0, TOMY JUIsi BUKOHAHHS MapaMeTpU4YHOl Ofl-
tuMizauii Tpeba MaTH OaTbKIiBCbKY mporpamy Wolfram Mathematica, sika
KynyeTbes 32 okpeMi komti. Model Center Ta Simulation Center po3nece-
Hi SIK OKpeMi MporpamMu Ta MaroTh Pi3HI BUKOHABYI (aiin .exe, Mo 30i1b-
HIye 4ac mepexojay BijJ oJHI€T 10 iHIIO Ta He3py4YHI IHCTPYMEHTH 1 MiAXin
(coci6) mo mopemoBanHsa (modeling), ToOTO cTBOpeHHS Moxaeni. Takox
nporpama He Ma€ IHTePaKTHBHOI JIOBIZIKOBOi CHCTEMH Ta MepeyCTaHOBIIe-
HUX MOXKJIMBOCTEH IJIsl BiJIOOpa)KeHHsS Ta aHaji3y YaCTOTHHX XapaKTepHcC-
TuK (AUX, ®UX, pi3Hi rogorpadu), o € BaXKJIUBUM aCIIEKTOM IPH I10CTi-
mxenni CAK.

1.5 MapleSim

[Taker MapleSim siBisie co00I0 MOTYKHUM IHCTPYMEHT iMiTaL[iitHOTO
MOJIEIIIOBAHHS JJIsl CaMMX Pi3HMX oOnacTteld 3actocyBaHHs. PeanizoBani B
HBOMY TEXHOJIOTIT (DI3UYHOTO MOJIENIOBAHHS JIeTaleld 1 CUCTeM JO0IOMO-
KYTh KOHCTPYKTOpaM ILIBHJLIEC FOTYBAaTH CBOI TBOPIiHHS 10 BUPOOHUITBA.
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[Taket moO3BOISIE IPOCTO HAMAIIOBAaTH OJOK-cxeMmy poOoTH MOTpiOHOT cuc-
TeMu, 1 MapleSim aBTOMaTHYHO 3reHepye BCi PIBHSIHHA, IO OMHCYIOTH
poboty monemni. Ha nymky aBTopiB, MapleSim BigkpuBae HOBY epy B KOHC-
TPYIOBaHHI iH)KEHEPHUX CHCTEM, CKOPOUYIOUYH TPUBATICTH LIUKIY PO3POOKH
3 IEKITBKOX MICSIB M0 MEKUTHPKOX THXKHIB. Y Momensax makera MapleSim
MOKHa KOMOiHYBaTH ()i3WMYHI KOMITOHEHTH 3 TPAJUIiHHAMHU JIOTIYHUMH
OoKaMy JAHILIOTIB ympaBiiHHS. Blok-cxema Mopeni MOXe BUIIISIATH
TOYHO TaK CaMo, SIK ONMCYBaHA HEIO peajbHa CUCTEMa. 3 TOTOBHX KOMIIO-
HEHTIB KOHCTPYKTOpP MOXKe 310paTtm HalcKiamHinry i1 6aratodakTopHy MO-
nenb. YiTKui KOHTPOJb BUKOPHUCTOBYBAHMX OJMHHUIIL BHMIPY JOTIOMAarae
YHUKHYTH TIOMHJIOK TP NIEPEXO/i Bijl OJHI€T CUCTEMH OJWHUIID 0 iHIIOT.
Takox B X0 KOHCTPYIOBaHHS MOJENI MOXKHA OJHOYACHO T'OTYBAaTH BCIO
CYIIPOBIZIHY AOKYMEHTAIIIO JI0 MPOEKTHHX PoOIT. Po3BuHYTI anroputmu
CHUMBOJIBHUX OOYHMCIIEHb JO3BOJISIIOTH aBTOMAaTHYHO CIIPOIIYBaTH CKIIAIHI
moneni. Kpim Toro, BigMoBa Bi TpaauIliifHOTO YHUCETFHOTO MOJIEITIOBAHHS
Ha KOPHCTh CHMBOJIbHHX MOXXJIHMBOCTeH IutaTthopmu Maple momomarae
nakety MapleSim goMortucs HeOyBaio BHCOKOT TOYHOCTI MOJCTIOBAHHS i
YHUKHYTH TIOMHJIOK, [TOB'SI3aHUX 3 PyYHHUM ITEpepaxyHKOM (pOpMyIL.

ITaker MapleSim wmictutp Oinbie 500 TOTOBHX MOJENEHUX KOMIIO-
HeHTIB 1 10 mpukiagHux 00JacTel, TakuX, SK €JICKTPUYHI MEpeki Ta
NPUCTPOT, MeXaHiKa, CUCTEMH YIPaBJIiHHS Ta TEIJIOBI Mepexi. Bei 1i kom-
MMOHEHTH CUCTeMaTH30BaHi i po30uTi Ha 3pyuyHi Habopu. Ha nanmii MoMeHT
Oe3KkomTOBHA Bepcis nakety MapleSim HmommproeTsest y BUTIISII MiJTOTHOT
nemo-sepcii. 11lo6 BunpoOyBatn MoxkiuBocTi MapleSim Ha npakTuili, IoT-
piOHO 3apeecTpyBaTHCS IS YYacTi B MUIOTHIN mporpaMi Ha caiiTi po3po0-
HHKa Ta JIOYEKATHCS TIOKH 3 BAMH 3B’ SDKYThCS PEIICTABHUKH KOMITaHii 1St
orsimy nporpamu y Live-pexumi. Burisii rojgoBHOro BiKHA HpOTrpamu
BIJINIOB1/Ia€ PUCYHKY 2.4,

3i cniB aBTOpiB mporpamu MapleSim 6, BoHa BOJIOAi€ HACTYITHUMH
KITFOYOBHMH OCOOJTMBOCTSIMHU:

- TIOTY)KHE CHMBOJIIYHE Ta 4YHCIOBe MaremarmuHe sapo (Math
Engine);

- noTy>Ha mnardopma Modelica (a5 akay3aJIbHOTO MOJICITIOBAaHHS);

- MyJIBTHJIOMEHHE MOJICTIFOBaHHS 13 BOYIOBAHUMH KOMITOHCHTAMH;

- cepeoBuILe (Hi3NIHOTO MOJIETIOBaHH 3 TexHiKoro Drag-and-Drop;

- maTpuMKa TexHonorii 6arareox Tin (Multibody Technology);

- TeHepallisi ONTUMi30BaHOTO KOJIY;

- MIMPOKI OMIIiT BUPIITyBaYiB MIPH CUMYJIALIIT;
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- TOCTYTHICTh PIBHSIHD CTPYKTYPHOTO (CHCTEMHOTO) PiBHS;

- KepyBaHHS OJMHUIIMHI BIMIPIOBAHHS IS KOKHOTO 00’ €KTY;

- OIUPOKUH CIEKTP MOMJIMBHUX BHJIB Ta CHOCOOIB IHTEPAKTHBHOTO
aHamizy;

- (bymkuii Bizyamizarii y 2D Ta 3D;

- iHTerparis yciei iHpopmariii CTOCOBHO MPOEKTY Ta 3pydHe ii mpea-
CTaBJICHHS 1 30epiranHs y eTuHoMY (aiii.

Main Navigation Model Workspace Model
Toolbar Toolbar Toolbar Workspace

| —

l' D WL 2R

® s X - - S EHAWIT] e« 4 %

1 J:ﬂ_az 24 X ot~ corf
T T T T T T

Palettes Consote Console 3.0 3-D Visualization Parameters
Pane Toolbar Toolbar Area Pane

Pucynok 1.4 — T'onoBHe BikHO nporpamu MapleSim 6

€ xinbKa penakuiii mporpamMu MapleSim 6, mo pi3HATbCS (QYHKIIIO-
HanmpHIiCTIO Ta miHOW: Student Edition ($124), Commercial ($6895),
Academic ($1555), Government ($6550). ITpu yomy GaTbKiBChbKa Iporpama
Maple npomaerscst okpemo ($2,845.00 — xomepiriiina Bepcis, $124 — cry-
JEHTChKA Bepcisi). €AMHOI0 0€30MIaTHOIO PENIAKIIIEI0 TPOTPaMHU € PeTaKIlis
Live Demo, ane BoHa € Ba)XKOAOCTYIHOIO. JlokyMeHTalist 1ocTynHa 3 caii-
Ty Kommanii MapleSoft: www.maplesoft.com.

s etany cuMyJisiii mporpama MpoIoHYy€ KOPCTKI, HEXKOPCTKI, Ha-
MiBKOPCTKI aJanTHBHI Ta HEAJalTHBHI YHCENbHI BUpilryBaui (numerical
solvers), 10 cklagy SKUX BXOISTH aJITOPUTMH IHTETPYBaHHSA 31 3MiHHHM Ta
MOCTITHAM KPOKOM:

- Forward Euler (mpoctuii metox Eiinepa 3 GpikcoBaHUM KPOKOM);

- Implicit Euler (nesBHuii Meton Eiinepa 3 MOCTIHHUM KPOKOM ISt
JKOPCTKUX CHUCTEM);
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- RK2, RK3, RK4 (metonu Pynare-Kyrtu 3 ikcoBaHMM KPOKOM Bij-
MOBITHOTO TIOPSIIIKY );

- RKF45 (meron Pynre-Kyrtu-®enbepra 3 moaBiiiHUM MOPSIIKOM
TOYHOCTI Ta 3MiHHUM KPOKOM [T PIllICHHSI HEXKOPCTKUX CHCTEM);

- CK45 (meton Kema-Kapna njis pillieHHS HaITiB)KOPCTKUX CHCTEM);

- Rosenbrock (meTton Po3enOpoka s pirieHHS JKOPCTKHX CHCTEM
DAE);

3 omHoro Ooky MapleSim mae i Oararo BOymoBaHumx OiOmioTek, i
s3uK Modelica 1s1 onmMcaHHS MOJIEJIEH, a 3 1HIIOro — HOBHA HEMOKJIMBICTh
pobotu mporpamu 0e3 OaTbKiBcbkoro makery Maple (skuii KymyeTbes 3a
OKpeMi KowTH). Buxoasuun 3 JOBIIKOBHX MarepiajiiB J0 MPOrpaMu, BOHA
He Mae BOyIOBaHMX MOJYJIB onTuMi3allii (k i SystemModeler) i qo3Bodsie
pobuTtu ontuMizaito auiie y Maple; 11t JOCATHEHHsI KpallluX Pe3yJbTaTiB
(cTocoBHO omTHMI3allii) MPOMOHYETHCS BUKOPUCTOBYBATU SK JOTIOBHEHHS
Global Optimization Toolbox, sikuii Mae JOAATKOBI METOX ONTHMI3allii Ta
CIEITiali3y€eThcsl HAa I[bOMY, ajl€é WOTO BapTiCTh HE BpaxoBaHAa Hi B
MapleSim, Hi B cam Maple, oTxe mOTpiOHO TOKYIOBYBATH 1€ JTIOTIOBHEHHS
OKpEMO.

1.6 MATLAB / Simulink Ta Simscape

Cucrema wMmarematnuHoro wmopemtoBanHds MATLAB / Simulink
(xommanii MathWorks) € B gaHuii yac OJHUM 3 HAHOILIBII MOMYJISPHUX
IHCTPYMEHTIB YHCENbHUX PO3PaxyHKIiB 1 3aCTOCOBYETBCS B Pi3HUX oOJac-
TAX 3HaHb. ['oyioBHa ocoOyuBicTh cepenoBuiiia MATLAB — perenbha
OTIPAIlbOBAHICTh 1 HAJATOKEHICTh BCHOTO 0araToro apceHany 3aco0iB i
METOIB.

Moxmuocti MATLAB nepexkpuBatoTh OUTbIITy YaCcTHHY OTPEO po-
3pOOHMKIB CHCTEM YIpaBIIHHS B Pi3HUX oOnacTsx TexHiku. [llupokwmii
Ha0ip pI3HUX YHCENFHUX METOJIB Y TOEAHAHHI 3 MOTYXHUMH 3ac00aMH
rpagiunoi Bizyamizanii pooute MATLAB yniBepcambHUM 1HCTPYMEHTOM
IH)KEHEPHUX PO3paxyHKIB i HayKOBUX JociikeHb. Cepilo3HUMH TiepeBa-
ramu cepenoBuimia MATLAB € ii BigkpuTicTh i po3muproBaHicTb. binb-
nricTe KoMaHz 1 (QyHKUIH CHCTeMH pealli3oBaHi y BUIIAAI TEKCTOBUX M-
¢aiiniB (dainiB 3 po3mupeHasM .m) i ¢ainie Ha MoBi Ci, mpuyoMy BCi
¢aitnm noctynHi ans moaudikauii. Lle 1o3Boss€ KOpUCTYBaUeBi CTBOPIOBA-
TH HE TUIBKM OKpeMi aiinm, ane i uini 6i6mioreku Qaiinis, hopmyrouH,
TaKUM YHHOM, BJIACHE TPEJIMETHO-OPIEHTOBAHE CEPEJOBUINE MOJICIIOBAH-
HSL.
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HaiiBaxnmeimoro ckiamoBoto cepenoBuiiia MATLAB e maker cTpy-
KTYPHOTO MOJIETIOBaHHS nuHamidHuxX cucteMm Simulink. Po3pobky 1poro
MaKeTy MOXKHA PO3MISAaTH SK NPUHIMIIOBY MOJICpHI3allil0 cepeAoBHUINa
MATLAB, B pe3yibraTi sikoi BoHa npundana Bci pucu cydacHoi CAE —
KOMITOHEHTHE MOZCITIOBaHH:, Irpadiura dhopma 3aBmaHHs iHpopMaIii mpo
00'ekT 1 T.1. Simulink HACTITEKM OpPTaHIYHO IHTETPOBAHUN 3 CHCTEMOIO
MATLAB, mo, po3rismaroyd CydacHi 3aco0M ITOCTIKEHHS TEXHIYHHUX
CHCTEM, JIOTIYHO FOBOPUTH IPO CEPEIOBUIIE Bi3yaJIbHOIO KOMIIOHEHTHOT'O
monemoBanHs MATLAB / Simulink. Ha 6a3i maketry Simulink po3po6neni
JOJAaTKOBI 010710TeKH OJOKIB AJIS Pi3HUX 00JIacTel 3acTOCYBaHHS (HANpH-
knan, Power System Blockset — MonenoBaHHS €NeKTPOTEXHIYHUX TMPH-
ctpoiB, Digital Signal Processing Blockset — Habip 6m0KkiB 11 po3poOKu
mudpoBux npuctpoi, Control System Toolbox — maker mns po3poOku
CHCTEM YIpaBIiHHA 1 T.1.). MoXHa OUiKyBaTH, 10 Taka MOJITHKa Oyxe
MPOJOBXKEHa 1 B HacTymHUX Monudikamisx cepenosuma MATLAB, 3'sas-
JSTHCS HOBI TIPEMETHO-OPIEHTOBaHI 0107i0TEeKH.

[Tpu mMoxentoBanHi B Simulink KopucTyBau MOKe CKOPUCTATHCS JI0-
CUTh IIMPOKOIO TATITPOI METOMIB pimeHHs AudepeHIiitHnX piBHIHB, a
TaKoXK BHOpATH CHOCIO 3MiHM MOAENHHOTO 4acy (3 ¢ikcoBaHMM abo 3MiH-
HUM KPOKOM), 1110 JTO3BOJISIE TIPOBOIUTH MOJICTIOBAHHSI JUIsl IIMPOKOTO KOJIa
CHCTEM, [0 BKJIFOYAIOTh Oe3MepepBHi, JUCKPETHI 1 TIOpWIHI cCUCTEMH OY/b-
AK01 po3MipHOCTi. OKpeMuil HanpPsSMOK JOCITI/KEHb MOB'SI3aHUN 3 MOXKIIHU-
BUM II€PEX0JI0OM B 00JIaCTh JTIHEAPU30BAHUX CHUCTEM, JIe peali3oBaHO BECh
apceHayl METOJIB JIIHIHHOTO aHali3y. 3aco0M Bi3yasisallii JarTh MOXKIIHU-
BICTh CTEXHTH 3a IMpPOIECaMu, IO BiOyBarOThCs B cucTteMi. s 1bOro
BUKOPHUCTOBYIOTECS CHELialbHI IPUCTPOi CIIOCTEPEKEHHS, 10 BXOIATH [0
ckiany Oibmiorexu Simulink. Pesynbratn MonemoBaHHS MOXYTb OyTH
npezcTaBieHi y BUDIAAl TpadikiB abo Tabnuibs. bazoa 06ibmioreka
Simulink mictuts Ginbiie 200 6710KiB, 0 HaiyacTille 3yCTPiYalOThCS TPU
MOJIeIFOBaHHI pi3HUX cucTeM. [logaTkoBi 0i0IIOTEKH J103BOJIAIOTH PO3IIH-
putn MoxumBocti Simulink aj1st 3acTOCyBaHHS B aepOKOCMIYHIN Talysi,
0o0poOIIi curHamNiB, 3B'S3Ky Ta B IHIIMX J0AaTKax. biOmioTekn OJOKiB
MATLAB / Simulink MOXXyTh MONOBHIOBAaTHCS 32 PaxyHOK MiJIporpam,
HanmMcaHux SK Ha MoBi cepemopumia MATLAB, Tak i Ha MoBax C++,
Fortran i Ada. Kpim Toro, B HboMy peallizoBaHa IpoLeaypa iHKarcyJsmii,
AKa € 1€ OJHUM 3pYYHUM IJIsi KOPUCTYBaua 3aco00M po3IupeHHs 6i0mio-
TeK.
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Henoniku MATLAB / Simulink € 3aranbHAUMU ISl BCIX 1HCTPYMEH-
TIB CTPYKTYpHOTO MOJIETIOBaHHS. SIK y BCiX MOJIOHMX MakeTax MpH CTBO-
PEeHHI CKJIaIHUX MOJIEIICH TOBOUTHCS OyTyBaTH TOCUTh IPOMI3/KI OaraTo-
PiBHEBI OJIOK-CXEMHU, IO HE BiJOOpa)ar0Th MPHUPOJHOI CTPYKTYpPHU MOJC-
JTHOBAHOI cUCTeMH. YacTKOBO, 1€l CHITbHUI HENOMIK MaKeTIB CTPYKTYPHO-
IO MOJICNIOBAHHS YCYBA€THCS BUKOPHCTAHHAM JIO/IaTKIB, B IKHX peai3oBa-
HUH OpUHOHUN (I3UYHOTO MYJIBTHIOMEHHOTO MOJENIOBAHHS, TaKUX SIK
SimMechanics i SimPowerSystems, mo 3a0e3me4yroTb MOKJIMBICTH TOOY-
JOBH MOJeJe MEXaHIYHUX Ta €IeKTPUYHHUX CHUCTEM BIANOBIAHO, a TAKOX
TUM, TI0 PO3POOHHUKH OUTBIIOCTI CYy4acCHHUX IMAKETiB (Pi3MUYHOI0 MYJIBTHIO-
MEHHOI'0 MOJICITFOBaHHS Mepen0adaroTh MOXIIMBICTh MAKIIOUEHHS 0i0Ji0-
tek Simulink 1o iHIMAX Tporpam.

[Tporpamy Simscape i MATLAB \ Simulink noB’si3ye oqna komra-
His-BupoOHuK — MathWorks. IIporte, € cyrTeBa BinMiHHicTh Mixk Simulink
Ta Simscape, OCTaHHS BOJIOJII€ MIMPOKUM CIEKTPOM (YHKIIIH Ta MOMKITHBO-
cTeil Gi3NYHOTO MYyIBTHAOMEHHOTO MOJETIOBAHHA. Simscape Hamae cepe-
JIOBHILIE JUUIsI MOJICTIOBAHHS Ta CUMYJIALIT (hi3MYHUX CHCTEM Yy MEXaHIuHiH,
eNeKTPUYHIN, TiApaBImiuHIN Ta iHmUX Qi3nganx obmacTsax. BoHa 3abesre-
uye pyHIAMEHTAIHHIMH eleMeHTamu (OJoKaMu) 3 IUX 00JIacTei, sSKi Mo-
JKHa 3i0paT B MoJieli ()i3MYHMX KOMIIOHEHTIB, TAKUX SIK €JIEKTPUYHI JIBU-
TYHH, ONepamiiHi miCIIoBadi, TipaBliyHi KJIalaHu Ta iHII MeXaHi3MH.
Mopeni OyayTh BIATIOBIAATH CTPYKTYpi PO3POOITIOBAHOI CUCTEMH, TOMY IIIO
KOMITOHEHTH Simscape BUKOPUCTOBYIOTh (Pi3UUHE 3'€JHAHHSL.

Mogeni Simscape MOXyTb OyTH BUKOPHCTaHI JUIsl pO3pOOKH CUCTEM
YOpaBIiHHA 1 TECTyBaHHSA IPOJIYKTHBHOCTI CHCTEMHOTO (CTPYKTYPHOTO)
piBHs. BiOmioTeKN eneMeHTiB MOXYTh OyTH PO3IIMPEHi 32 PaXyHOK BUKO-
puctanss ocaoBanoi Ha MATLAB MoBu Simscape, sika 103BOJISIE TEKCTOBE
peaaryBaHHs Ta CTBOPEHHS (hi3MYHMX KOMIIOHEHTIB, JIOMEHIB 1 0i0moTeK.
€ MOXIIHMBICTH MapaMeTpU3yBaHHS MOJIENI 3 BUKOPHUCTAHHSIM 3MiHHHX Ta
Bupaszie MATLAB, a Takox TpOEKTYBaHHS MOjJeN 00’€KTy YIpaBIiHHS
(hi3MYHOT CHCTeMH, CUCTeMa YIPaBIiHHS SIKOi MOe OyTH moOyaoBaHa B
Simulink. /I po3ropraHHs MOzeli B IHIIUX CEPEIOBUIAX MOJICITIOBAHHS
Simscape niarpumye redepanito Ci-komy.

Jns  ocHoBHHX mponykriB kommanii MathWorks (MATLAB,
Simulink, Simscape) MoxuBi Tpu Tunu dinensii (Commercial, Academic,
Student), mpuyomy y BiAKpUTOMY JOCTYII LiH Ha MPOAYKTH 3 UMM JIIIEH-
315IMM HEMae, a JUIsl OTPUMAaHHS Mpaicy TMOTPIOHO aBTOpHU3yBaTHCS Ha Odi-
LIHHOMY CalTi Ta BIAMPAaBUTH BIANOBIAHWUN 3anmuT. {11 BUKOPUCTaHHS
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Simscape 000B’s13k0BO MMOTpiOHA HasBHICTH 1 Simulink, i MATLAB. Bpa-
XOBYIOUH, II0O KO)KHA MpOrpaMa MOCTAYAETHCS 3a OKPEeMy IUIATy, TaKUi
Habip Oyxe komryBatu uumany cymy: MATLAB (USD $2,150.00) +
Simulink (USD $3,250.00) + Simscape (USD $2,000.00) = USD
$7,400.00. ITpuvomy 11e TIBKHM MiHIMaJIbHA KOHQITYpAaIlis, BXKe HE KaXKydd
mpo JaoJaTKoBi BaxmBi makeT SimMechanics (USD  $2,000.00),
SimHydraulics (USD $2,000.00), SimElectronics (USD $2,000.00),
SimPowerSystems (USD $3,000.00), Simulink Control Design (USD
$1,000.00), Simulink Design Optimization (USD $1,000.00), Control
System Toolbox (USD $1,000.00), Optimization Toolbox (USD
$1,000.00), Global Optimization Toolbox (USD $1,000.00). Takox Tpeba
BimMiTUTH, 10 KommnaHist MathWorks He Hamae 6e3komTOBHI MPOOHi Bepcii
cryneHram i npuBaTHuM ocobam (Individual License).

Hagite sikmio npoaykTu kommanii MathWorks 1 mepekpuBaroth yci
3aIATH CIIOXHUBAdiB (IH)KEHEpiB, HAYKOBIIIB) B 0araThbOX 00JACTSIX HAYKH 1
TEeXHIKM CTOCOBHO EIEKTPOHHUX pO3PaxyHKIB, MOJETIOBAaHHS, aHAIi3y,
onTUMi3alii Ta iHIIMX BUIIB MPOILECIHTY B BipTyanbHid jabopatopii, To
I[iHa Ha IIi MPOXYKTH BiAmoBigHa. € Oe3komToBHa MpobHa Bepcis (free 30-
day trial) mporpamu Simulink (Bkmouaroun MATLAB).

B nporpami MATLAB mmpoki mosximBocti mozo pimrenHss ODE;
BUPILITYBavi MOJUISIOTHCS HA METOAX 31 3MIHHUM Ta MOCTIHHHM KPOKOM.
[Tapamerpuuna ontumizamiss y MATLAB moxnnBa 3a 1OMOMOTOIO J10/1aT-
KOBOro iHcTpyMmeHTapito Optimization Toolbox — mpuknagHWil makeT JIs
PO3B'AI3aHHS ONTUMI3AIIHHUX 3a7a4d 1 CUCTEM HENiHIMHUX PiBHSAHB. [TiAT-
pUMYy€ OCHOBHI METOJIY ONTUMI3allii GyHKIH Py 3MIHHHX:

- 0e3yMOBHA ONTUMI3allis HeNHIHHUX (QYHKITIH;

- METOJI HAMEHIIINX KBaJpaTiB Ta HENMiHIHHA IHTEPIIOJISAILIS;

- pillicHHS HENHIMHUX PiBHSHB;

- TiHiitHE TpOrpaMyBaHHS;

- KBaJ[paTHYHE MTPOTrPaMyBaHHS;

- YMOBHA MiHIMi3allis HeMHIMHNX (YHKIIIH;

- MmeToa MiHiMaKc;

- OaraTokpuTepianbHa ONTUMI3aLlis.

Optimization Toolbox peaiizye HacTyIHI METOIU TJIaaKOi 0€3yMOB-
HOI ONTUMi3aii:

a) MeToA HalmBuAImoro ciycky (Steepest Descent method);

0) kBasi-HetoroniBcbkuit BFGS-meron (Broyden-Fletcher-Goldfarb-
Shanno);
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B) kBasi-Hrroroniscskuit DFP-meton (Davidson-Fletcher-Powell);

T') METOJH, 32aCHOBaHI Ha OOY/IOB1 IOBIpUMX TBOBUMIPHUX 00NacTei
(trust region).

[Mepmni Tpu 3 HUX BimHeceHi A0 «medium-scale»-meToniB i mpu3Ha-
YeHl JUIS BHPIMICHHS 3aBIaHb ONTHMI3allii cepeaHboi po3MipHOCTI (He Oi-
meme 100 3MiHHUX), ocTaHHIM — g0 «large-scale»-meroniB. 3a 3aMOBUy-
BaHHSIM, SIKIIO 33Ja€ThCS aHANITUYHUI BUpa3 IJis TpajlieHTa, 3alyCKaEThCs
METOJl JOBIPYOTO iHTEepBaly. B IHIIOMY BHITaJKy BHUKOPHUCTOBYETHCS
BFGS-metoa, alie € MOKIMBICTh NEPEKIIOYUTHCS 1 Ha iHIm. MeToa Hakii-
BUJIIIIOTO CITYCKY, SIK TIPaBUIIO, Jy’Ke MOBUILHHHI 1 1Or0 He PEeKOMEHIYEThCS
BUKOPUCTOBYBATH ISl BUPIIICHHSI MPAKTUYHUX 3aBJaHb.

1.7 VisSim

VisSim — makeT KOMIIOHEHTHOTO Bi3yaJbHOI'O MOJICIFOBaHHS (hipMu
Visual Solutions, mpu3HaveHu#l 1Ist PO3pOOKH 1 MOIETIOBAHHS JUHAMIKH
Oe3nepepBHUX, NUCKPETHUX Ta TIOPUIHUX cUCTeM. 3a CBOIMHU (yHKITiOHA-
JHHUMH MOXIIMBOCTSIMH 1 CIIOCOOOM 3aBAaHHS MOYATKOBOI iH(popMarii
VisSim 6mu3pkmii no makery MATLAB / Simulink. Simulink 6inpmr mo-
MIUPEHU, THM HEe MeHII, VisSim Mae YnMano IaHyBaJbHHKIB i 3aiiMae
MOMITHY YacTKy PHHKY IH)K€HEpHHX IakeTiB. VisSim — oiWH 3 HalOUIbII
SCKpaBHUX MPEJICTABHUKIB CHCTEM, III0 PEani3yloTh KOHIICIIIIO CTPYKTYp-
HOTO (Kay3aJIbHOTO) MOJICITFOBaHHSI.

OCHOBHMM 1HCTPYMEHTOM CTBOPEHHsSI MOjeJeld € THIIOBI OJOKH
«Bxig-cran-suximy. [Toniono MATLAB / Simulink koxxeH THIIOBHIT OJIOK
VisSim peanizye MmareMaTHIHy MOJelb a00 3a0e3neuye Biyallizalilo TOro
YM HIIOTrO fBHUINIA, Ipolecy abo mpucrporo. basosa 6ibmioreka VisSim
MicTHTh Oinbire 120 miHIMHUX 1 HeMiHIHUX OJOKIB, 3rpyNoBaHuX 3a (QyH-
KI[IOHATBHOIO O3HAKOI0, 1[0 JIO3BOJISIIOTH MOJICTIOBATH CKIIJIHI CHCTEMH.
Binbmoricte 6i0mioTewHHX ONOKiB-TIiATpOorpaM HammcaHi Ha MoBi C++, on-
HaK MMaKeT HaJa€ MOXKJIMBICTh CTBOPIOBATH KOPUCTYBAJIBHUIIbKI 010J110TeKH
NPaKTUIHO OY/b-SIKOI0 MPOIIECAYPHO MOBOIO ITporpaMyBanHs. [Iponemxypa
IHKanCyJIALii Ja€ MOXKJIMBICTh CTBOPIOBATH HOBI OJIOKH (TiACUCTEMH), IPY-
HTYIOUHCH Ha BXKE ICHYIOUHX OJIOKax.

Sk 1 Simulink, VisSim mae mmpokuii Habip IHCTPYMEHTIB OIIHKH
SIKOCTi, CTIHKOCTi, CHHTE3Y, KOPEKIIil, onmTuMi3ailii, JliHeapu3ailii, Halaro-
JDKEeHHS 00'€KTiB B KOHTYP1 MOAENI Ta MporpaMmyBaHHs LU(POBUX CHUTHA-
JTHHUX TporiecopiB. Bupinrysau VisSim iHTepriperytodoro tumy, QyHKIIio-
HY€ B JUHAMIYHOMY PEKUMIi 3 MOXKIUBICTIO online-B3aemoii 3 o0aHaH-
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HSM peanbHOro yacy. Y CKJIaji makeTy BHpilryBada VisSim pearnizoBaHi sk
SIBHI, TaK 1 HESIBHI MeTOI. MOKIIMBOCTI MOJICTIOBAHHS T1OPUIHIX CHCTEM
y maketi VisSim nmpubnusHo aHamoriydi Simulink. VisSim npusnaueHuit
HacaMmIiepes Ui MOJAECTIOBaHHS Oe3MepepBHUX CHUCTEM. 3aralbHUM HpUH-
ITATIOM TiOPHIHOTO MOJEIIOBaHHA B VisSim € BUKOPHUCTAaHHS TOTOBHUX Ti0-
pugHUX OJIOKIB 200 TIEpeMHUKaHHS 3a3/JaJieTi b 3arOTOBIICHUX aJIbTepHATH-
BHUX IIJIIHOK OJO0K-CXEM.

IToxi6ro Simulink, maker VisSim BkiTtouae B cebe psa DOIATKOBUX
MOJTYJIIB, IO PO3IIUPIOIOTH HOTO MOXKJIMBOCTI Y KOHKPETHHX MPEIMETHUX
oOmacTsix, a Tak caMo iHCTpyMeHTH iHTerpamii 3 makeramu MATLAB,
Mathcad i TpancasaTop npoekTtiB nporpamMu Simulink. B sikocTi oOMexeHb
nmakery VisSim MOXHA BiJ3HAYHUTH BiJICYTHICTH allbTEPHATUB MOBI OJIOK-
cxem. Kpim Toro, VisSim He BiamoBijae BUMOraM 00'€KTHO-OPi€EHTOBAHOTO
MOJIEIIIOBAHHS, HE MiATPUMYE CIAAKyBaHHs, JMHAMIUHY 3MiHY KiTBKOCTI
00'extiB. TuM caMuM BiH HE Ja€ MOXIHMBOCTI MOJETIOBATH CHUCTEMY 3i
3MIHHOIO Y 4aci KiJbKICTIO 00'€KTiB. AJe st BochMoi Bepcii VisSim icHye
nonatkoBuit moxynb State Charts, sikuit gosBonsie omepyBatn UML-
cymicanmu (Unified Modeling Language) rpadgiuanMu miarpamMamu CTaHiB
1 pemaryBartu Ta reHepyBatu Ci-Koj JJsl KiHIIEBUX aBTOMATiB, CTBOPEHHUX y
IOMY CEpeJOBHII. BinbIIicTh 10AaTKOBUX MOAYIIB VisSim mpeacTaBieHi
Ha pucyHky 1.5.

VisSim, okpiM iHIMUX peAaKIliii, BUMYCKAEThCS Y BUTIISAI aKaJleMid-
Hol (mpubau3Ha 1iHa — 5000rpH.) Ta npodeciiiHoi (28000rpH.) penaxiiiu,
Bepcis VisSim 3.0 € 0e3K0mTOBHOIO (BIJIBHO PO3MOBCIOIKYETHCS) IS TIep-
COHAJIFHOTO (aKaJeMiYHOTO) BUKOPHUCTaHHS 3 JEIKUMH OOMEXEHHIMH. 3
caiiTy po3poOHHKa IiIHW Ha HOBi Bepcii MporpaMu OTPUMAaTH HE MOXKIIUBO,
MOKU HE 3pOOMTH BiJNOBiJHE 3aMOBJICHHS a00 3amuT. OCTaHHIX CBDKHX
Bepciii VisSim y BiIbHOMY JIOCTyIi HEMae, aje aBTOPH MPOTPaMu MPOIIOo-
HYIOTh 3apPEECTPYBATHCS HA IXHHOMY CAWTH, I00 MaTH MOXKJIHBICTH 3pO0H-
TH 3aIIUT Ha O€3KOIITOBHY MPoOHY Bepcito VisSim 8.0.

VisSim J103BOJIsIE BUKOPUCTOBYBATH JEKIJIbKa METOJIB YHCEIBHOTO
iHTerpyBaHHs AudepeHiiHux piBHAHb (MeToau Pynre-Kyrtru, Bymipma-
Croepa, Anamca-MynTOHA Ta iH.) Ta IPOBOJUTH ONTHUMI3AIi0 (METOIAMHU
[Mayena, [Tonaka-Pibepi ta ®neruepa-Pis3a); Ha pucynky 1.6 npencrasieHi
JOCTYIHI QJITOPUTMH 1HTErpyBaHHs, a pucyHOK 1.7 BimoOpaxae MOMIHBI
METOAY apaMeTPUIHOT ONTUMI3aLii.
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VisSim/Analyze
Give Boda, Root Locus, and
MNyquist plats for any salactad
subsysbam i VisSim

VisSim/Motion
Adds a library of electric motor
blocks and comgonants to the

diagram warkspace for high
fidelity AC induction and PMER
muotor simulation

VisSim/RTPro
Provides blocks to read and write
digital and analog voltages.
currents, temparatures, et

VisSim/C-Code
A VisSim addon io allow ANSI C
coda ganaration from the VisSim
diagram,

VisSim/OptimizePro
A global nonlinear optimization
engine to find parametars that
minimize a cost funclion

v
VisSim
Cora Black diagram aditor and
simulabor
Has interactive plotting, numerical
Integration mathods, 100° of bullt-in
operations

Embedded Target
Support

This adds targat paripharal blocks
like PWWM. ADC, CAM, 5P, 12C,
GPIO, Sarial, QEP, CAP for a
given Larget

VisSim/CAN
Provwides read and write of CAN
(Controller Area Metwork) packat
data into the VisSim diagram

VisSim/Fixed-point
Providas a fixed-poind Block sel
far both simulation and code
generation

VisSim/NeuralNet
Add a Neural Nat block 1o the

VisShm workspace. It supporis

bath net fraining and execution.

VisSim/OPC
Provides an OFC cllent Interface
1o any number of OPC sarsers.
and tags. ou can read and writs
tags,

VisSim/ModelWizard
A standalones application to
analyze SIS0 inputresponse
data and detarmins & linsar
transfer function to il the data

Pucynok 1.5 — VisSim Ta monatkosi Moyi

TlepeBaramMu mporpamMu € CIpSIMOBaHICTh Ha CTBOPCHHS CHCTEM Ke-
pyBaHHS (BinoOpakeHHs 0araThOX YacTOTHUX XapaKTEPUCTHK, CHHTE3 KO-
PEKTYIOUHX JIaHOK), IpadidHe MPEeACTABICHHS MOJICNICH, HAsBHICTh MOTYX-
HOT'O BHpIilllyBaya Ta MOXKJIMBICTh ONTUMI3allii, BEJIHKa KiIbKICTh CYIIPOBO-
JDKYI04O01 pOCICBKOMOBHOI JIITEpaTypH Yepe3 pO3MOBCIOIKEHICTh Ta IIH-
POKY B)XMBaHICTh IIPOrPaMH, B3a€EMOJIS 3 PO3MOBCIODKCHUMHU BIJOMHUMU
nporpamMaumu makeramu (MATLAB, Simulink, Mathcad, Maple, Excel).
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=
Rlange Integration Mathod | implicit Solver | Preferences | Defauits |
© Euler © Adaplive Adams-Moultan
" Trapezoidal 1+ Adaptive BDE
" Runge Kutta Znd order Nonlinear S olver
© Rungs Kutta Ath order Functional lteral -

= Adaptive Runge Kutta Sth order
= Adaptive Bulirsh-Stosr
1~ Backward Euler (Stiff)

Relative Tolerance: IT 06
Absolute Tolerance: 1e-005

Max [teration Count: 250

o R e e |

Pucynok 1.6 — Bikao Bubopy Merofis interpyBanss B VisSim

.l]ptimization Setup il

Method

[~ Perform Optimization

{ M ax terations: IED
" Polak Ribiere

Errar Talerance: I‘I
" Fletcher Reeves

" User Method

Adyanced. . |

aK I Cancel | Help |

Pucynok 1.7 — BikHo BHOOpY METOAIB TapaMeTpU4HOI onTuMizamii B VisSim

Hepmonikn VisSim: HEMOXIMBICTH aBTOMaTUYHOTO BHUPILICHHS IIPO-
Oonemu anreOpaiyHoi memini y 0ararbox BHMaaKax (MIpoONopIiliHAa JaHKa,
OXOIUJIEHa BiJI’€EMHUM 3BOPOTHHM 3B’S3KOM 0€3 IHEPIIHHOCTI y KOHTYpI);
HEBJaJie BUKOHAHHS CIIOCOOY IPECTAaBICHHS PE3yJbTAaTiB MOJEIIOBAHHS
(rpadikiB QyHKIIH Yacy Ta YaCTOTH) TUIY «BIKHO Y BiKHI», HE3pY4Hi 3aC0-
Ou aHaji3y OTpPUMaHUX pe3yJbTaTiB, MpoOJIeMa pPO3TAIllyBaHHS JIiHIH
3B 3Ky MiX €JIeMEHTaMU Ta HEMOJIMBICTh PYYHOTO pelaryBaHHs iX IO-
JIOXKEHHSI, 0 3HIDKYE Bi3yalbHE CIPHUUHATTS NMOOYI0BAaHOT MOJIENI Ta MO-
JK€ TPU3BECTH JI0 MOMHIIKOBOI MOAAJIBINOI mepenadi Moaenl micis I mo-
JAaHHS y BUTISL 300paxkeHHs (00 3’eMHAHHS OUTBIN HiXK IBOX MPOBITHUKIB
HE CYNPOBOIKYETHCS MOSBOIO By3JIa), 110 MOKAa3aHO HA pUCYHKY 1.8.

TakuM 4YMHOM, Bi3yallbHE MpeJCTaBICHHS Moesell Ta rpadidauil iH-
Tepdeiic KopHcTyBaya BimirpatoTb CyTTeBYy poib mnpu Bubopi CAE-
NporpaMu, Ae NOPYIIYIOTECS HE TIJIbKM MUTaHHS €ProHOMIKH, ane il ajek-
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BaTHOCTI TTOJIAJIBIIOTO ITIEPETBOPEHHS iH(pOpMAITii.

Flot

2
_d-"#-f—"‘_
0l

0 5 1

“ Timé {sec)

Pucynok 1.8 — IimrocTparist BincyTHOCTI By37iB 3’€fHaHHA B VisSim

1.8 Dymola (Modelica)

Dymola siBisie co60r0 cepeioBHIIE Bi3yalbHOTO MOJCIIOBAHHS, IO
BKJIIOYAE yHiBEepcalbHy 00'€KTHO-OpieHTOBaHYy MOBY Modelica ans mope-
JIOBaHHS CKIAJHHUX (DI3MYHHMX CHCTEM y TaKUX OOJIACTAX SIK MEXaTpOHiKa,
aBTOMATHKa, aepOKOCMIUHI JociikeHHs Ta iH. MoBa Modelica, pazom 3
ASCEND, Smile, VHDL-AMS Ta iH., HAIEXHUTh IO TPYNH TaK 3BAHUX
akay3aJbHHX MOB, TOOTO MOB (izuuHoro mojemtoBannsi. Komrye Dymola
npuozao $3800.

CranpaptHa 6i6mioreka Dymola Britouae egeMeHTapHI KOMITOHEH-
TH, IO BITHOCSATHCS JI0 CICKTPOTEXHIKH, MEXaHIKH, Tiapasiiku 1 T.1. Cre-
1iani30BaHi 010IOTEKU MICTATh MOJIENI TPUCTPOIB 1 SIBUII JUII KOHKPETHOL
obnacrti. Hanpuknax, MultiBody Library micTuth TpuBHMipHI MeXaHi4Hi
KOMITOHEHTH, TIPU3HAUCHI JJISi MOJICNIOBaHHS POOOTIB a00 TPaHCHOPTHUX
3aco0iB. Lle Mozeni TBepAMX Tij, MAPHIpPIB, JXKepe 1 3acobiB aHiMallil.

I'mayukicTs 1 BigkpuricTs makera Dymola mo3Bosse kopucTyBadam
CTBOPIOBATH CBOI BiacHI 0i0NiOoTEeKH MoOjesel, ONMUCYIOUX X Ha BHYTPIII-
Hill MOBI onicy OJIOKiB, a00 MOAH(DIKyBaTH BXKE iCHYrOYI MOJIENI IMiJ] CBOT
KOHKpeTHI noTpedu. Kpim BmacHoi moBu, Dymola (Modelica) miarpumye
iHTerpalito 3 TakUMH MPOrpaMHUMH cepepoBuiiamu, sk Fortran, C,
SIMULINK (M-files Ta SimStruct) i geskumu iHImuMua. MOXITHBICTh B3a€-
Mozii po3pobnenux moxeneit 3 cuctemoro MATLAB / Simulink no3Bossie
o0'elHAaTH CHJIBHI CTOPOHHM CTPYKTYpHOTO Ta (hi3MYHOTO MOJEIIOBAHHSL.
Dymola Mae pecsiTb anropuTMiB IHTETpyBaHHS 31 3MIHHHUM KPOKOM JUIS
TPbOX MOXKJIMBHX THUIIB PiBHSHB, SKUMH ONMUCY€eThcs Mojeib: ODE — 3Bu-
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yaitHi mudepeniiiai pisasaasi, DAE — qudepenmianbpHo-anredpaidHi pis-
asaaa, ODAE — mepeBm3Haueni maudepeHItiiino-anreOpaiddi piBHIHHS
(Overdetermined DAE).

ApXiTeKTypa nporpamMu mpeacTaBieHa Ha pucyHKy 1.9.

’_I: | Experimental Data | | Model Parameters ‘

User Models [~
N < CAD (DXF, STL,
g‘ topology, properties)
3 ’_I: Editor
2 Modelica < External Graphics
Libraries E (vector, bitmap)
E Symbolic Kernel Cmmiiiiiias,
()]
5 o
B Simulation o
z EAis Experimentation
E
<]

E T Simulink
5y | Sereing : A Plot and Animation MATLAS
HE i
§< | [ CFunctons |} Model doc. and
ag : i Experiment log (HTML
Hiwr=w R

Pucynok 1.9 — Apxitektypa Dymola

1.9 20-sim

[Maker 20-sim npu3HaYEHU ISl MOJCIIOBAHHS JMHAMIKH TEXHIYHUX
CHCTEM — MEXaHIYHHX, eJIEKTPUYHUX, TiApPaBIiYHUX, & TAKOXK CKJaIHHX
CUCTEM, 1[0 MICTITh €JISMEHTHU BCIX IepeideHux. [lakeT miarpumye Bizya-
JbHE KOMIIOHCHTHE MOJICIOBAHHS — MOJIeNIb BBOJUTHCS 3BUYAWHUM JUIS
MaKeTiB TAKOT'0 THUIY METOJOM — KOMIIOHEHTH BUOHMparoThes 3 0101i0TeKH,
NepeHoCAThCA Ha poOounii CTin i 3'eAHYIOThCSA 3B'A3KaMHu. 20-sim J03BOIISE
NPAIIOBATH K 3 OPIEHTOBAaHUMH OJIOKAMH, TaK i 3 HE OPiEHTOBAHMMHU, IO
IyXe 3pyYyHO NPU MOZEIIOBaHHI CUCTEM YIpaBiiHHA (i3WYHUMH 00'e€KTa-
MU 1 ycTaHOBKaMu. biOnioTekn 6a30BUX KOMITOHEHTIB: THIIOBUX OJHOBUMI-
PHHX HaIlpaBJIeHUX JaHOK (Signal) — mKepel, BUMIPHUKIB, epeTBOPIOBA-
4iB, OJIOKIB MaTeMAaTUYHUX OIeEpamiii i T.J.; eleMeHTiB rpadiB 3B'SI3KiB
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(Bond Graph), sik HAWMPOCTIHAX yHIBEPCATHHUX €HEPreTHIHUX KOMIIOHE-
HTIB;, MEXaHIYHHWX, EJCKTPUYHHX, TIAPABIIYHAX, TEIUIOBHX CJIEMCHTIB
(Iconic Diagram). B sikocTi npukiany Ha pucyHky 2.10 mpeacraBieHa Mo-
JIe)Ib CUCTEMH, JIe CHePreTUYHA YacTHHA Npe/CcTaBiieHa rpadoM 3B'I3KiB, a
Kepyroda — OJIOK-CXEMOI0, IO BKITIOYA€E CIIPSIMOBAHI JIAHKU.

R R R
s T FoT
|= O +—+MSe —A1—0 —A1+—0+—C
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a !
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+
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Pucynok 1.10 — Ipukiax mogeni cucremu B 20-Sim

+_H5

[Taker 20-sim mae psn po3IMIMPeHb, OJHUM 3 SKUX € Mechatronics
Toolbox, 10 BKJIFOYa€ B OCHOBHOMY MOJIENI Pi3HUX E€JIEKTPOMEXaHIuHUX
MPUCTPOIB. BakIMBO BiI3HAYMTH, 11O OLIBIIICTH MOJIENICH, MTPEICTABICHUX
B JaHOMY PO3LIUPEHHI, BIAHOCATHCS 10 KOHKPETHHX MEXAaTPOHHMX IIPH-
CTPOiB, IO MiATPUMYIOThCS 1 CYIIPOBOKYIOTHCS BUPOOHUKAMH TEXHIUHUX
3aco0iB. BoHu TOUHI, JOKNaIHI, 3aKPUBAIOTh BCi aCMEKTH (YHKIIOHYBaHHS
NPUCTPOIB 1 3 1€l TOUKU 30py Ay’Ke KOPHUCHI MPOEKTYBAIBHUKAM, IO 3aii-
MaroTbcs po3podkoro MC.

B sKOCTi BHYTPIIIHBEOi MOBH OTIHCY MOJIEJICH BUKOPUCTOBYETHCS MO-
Ba, noaioHa MoBi Modelica abo mMoBi cepenoruina Maple, aiie € OibII 3poO-
3YMIJIO0 1 IPOCTOIO Y BUBUYEHHI. 20-sim Ma€ po3BUHYTI 3aCO0M aHiMarlii, B
ToMy uncii 3D, moTyXHUI BHUpilIyBady, IO J03BOJISIE OTPUMYBATH YUCEIIb-
He pimenns sk ODE, tak 1 tudepentianbao-anredpaiunux piasab (DAE),
BUKOPUCTOBYIOUYH OJHOKPOKOBI i 0araTOKpOKOBI METOAU Pi3HUX MOPSAKIB:
Euler, Backward Euler, Adams-Bashford 2, Runge-Kutta 2 Ta 4 mopsakis,
Runge-Kutta-Dormand-Prince 8, Runge-Kutta-Fehlberg, Vode Adams,
Backward Differentiation Formula (BDF), Modified Backward
Differentiation Formula (MBDF).



28

Takox nporpaMa Mae 8 alIropuTMIB onTUMIzamii (2 mpsiMuX, 6 Tpami-
entHux): Perpendicular Search, Line Climber, Steepest Descent,
Continuous  Descent,  Newton-Raphson,  Davidson-Fletcher-Powel,
Broydon-Fletcher-Goldfarb-Shanno, Polack-Ribiere.

20-sim Ma€e MUPOKI MOXKIUBOCTI 1010 MojeoBanHs (modeling) Ta
JOCITIDKEHHS €JIeKTPOHHUX CHUCTEM, TaKOXX MAa€ IHTYITHBHO 3pO3yMLTHH i
He nepeBaHTaxeHul iHTepdeiic. [IpuBabnuBoro mporpamy Takox poOisTh
MOJKJIMBICTD (DI3MIHOTO MYJIBTHIOMEHHOTO MOJICITIOBAHHS Ta Pi3HOMAHIT-
HICTh (OPM TPENICTABICHHS MOENEH CHCTEM: PIBHSHHS Yy PAOKOBiN Mare-
MaTHYHId HOTaIli, Opi€HTOBaHi OJOK-CXeMH, aKay3allbHI TpaauiiiHi
(Iconic) cxemu (MpUHIMIIOBI) Ta HEHampaBieHi 3B’s3aHi rpadu (rpadm
3B’s13KiB-BG).

IIporpama Mae Tpu BuUOM Bepciii a0o0 pemakiiii (3 JineH3iIMHU
Academic ta Corporate): Viewer, Standard, Professional. Ilpudomy Bepcis
Viewer 0e3KOIITOBHA, 3aBAHTAXKYETHCS 3 CAlTy BUPOOHMKA O€3 aBTOpHU3a-
1ii (JlerkoocTyMHA) Ta He Mae 0OMexxeHb (Ha BimMiHy Bix Standard), To6To
BOJIOJIi€ TIOBHOIO (DYHKIIOHAJIBHICTIO (sIk Professional). MiHiManbHI 11iHH
20-sim Standard ta 20-sim Professional — $700 ta $1400 Bixnosigno (st
aKaJeMivHo]1 Jirensii), B TOM 9ac sSK JJs KOPIOPATUBHOI JIIeH311 BapTiCTh
[IUX peaakiiii 30iapimeHa B 6 pasis ($4200 ta $8400 BiamoBigHO).

[Mporpama mae Jiesiki mepeBart Ta OCOOIUBOCTI:

- 32-0iTHUI PO3paxyHKOBUI MAIIMHHUHN KOJ, 11O JO3BOJSE B KiJbKa
pa3 MiIBUIIKTH HIBHIKICTh PO3PAXyYHKIB TIPU CUMYJISIIIT;

- IPUHIIMI BIIKPUTOCTI, 3a0e3MeuyBaHuil MeXaHi3MaMH ITiJKITFOUeH-
HS 30BHiIHIX nporpam (Matlab/Simulink) i MoxJHBicTIO BibHO TIeperiis-
JIATH, pellaryBaTH iCHYIOYi i CTBOPIOBATH HOBI 0i0Ti0TEKH MOIENIEI;

- NPUHIUO BKIAJACHOCTI a00 iepapxidHOCTI CTPYKTyp (TiauOuHa
BKJIQJICHOCTI He OOMekeHa), 10 OCOOJIMBO aKTyaJdbHO MpPU MOJCITIOBAHHI
cknaganx JIC;

- 3HaYHUI 00cAr 01010TEKM MOJENEH, 0 B 0araTh0X BHIIAAKaX JI0-
3BOJIIE C()OPMYBATH MaTEeMaTHYHY MOJIENb JHHAMIKM CKJIaJHOT TEXHIYHOI
cuctemu 0e3 HEOOXiTHOCTI CTBOPEHHSI HOBHX Cliemiai3oBannx MM;

- ayxe mpocta B ocBoeHHI Modelica-moaiOHa MoBa omucy mMozesei
SIDOPS+, sika BUKOPHCTOBY€E MaTeMaTUYHy HOTAIIIO JUIS 3aITUCY PiBHSHbD;

- NPUCYTHIM MOTYKHMH IHCTpYMEHTapidi 4acTOTHOI objacTi, LI0
Bkimtouae FFT-anamizatop, jiHeapizatop Mojeneil 1 pemakTop JNiHIHHHX
CHCTEM;

- YHIBepCAIbHUH PEJAKTOP JIHIMHUX CHUCTEM, SIKHH JIO3BOJISE pela-
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TyBaTH cucTeMy (MOJENb) SIK MPOCTIpP CTaHiB, NMepenaTHy (PYyHKIIIF0, HYIi-
MOJIFOCa M TIEPEeTBOPIOBATH iX MK CO0O0I0, @ TAKOXK MICTHTH O MOKa3y
miarpam boge, romorpada Haiiksicta, rpadika Hikonbca, miarpam HymiB-
TIOJTIOCIB, peakKIlii CUCTeMH Ha (PYHKIIiI0 XeBicaia;

- MOXXITUBICTH TPAHCIIOBATH Oyb-sKy Mojelb y Ci-KOJl IUIT BUKOPH-
cranHs B Matlab/Simulink a6o aBronomawmii Ci-kox a1 BuUKopucTanas B C
u C++ mporpamax;

- HasBHICTh BHYEPIHOI KOHTEKCTHOI NTOBIAKOBOI crcTeMHU y ¢opmi
trrroBoi moBiakn WINDOWS mist koxHOI Momesi ctangapTHOI 0i0mioTeKH
i enmeMeHTa iHTepdeHCy.

20-sim 103BOJIsIE BUKOPUCTOBYBATH KiNbKa (OPM MpEICTABICHHS
JC npu moOymoBi Mozeneit (B TOMy YUCITI MOJAETIOBATH Y 3MilIaHild dop-
Mi):

- ¢opma Ha OCHOBI qUdepeHIialbHIX PIBHIHb (TEKCTOBA MO-
Jienb);

- 6aok-cxemu (BD);

- TpamuiiiHi (GyHKIIOHATBHI) cCXeMH AeKiTbKoX goMmeHiB (1D);

- rpadu 38’s3kiB (BG);

- aBrtomaru ctaHiB (SM) (3a miATPUMKH PO3BUHEHOI MOBH IMPO-
rpamyBanHs SIDOPS+);

- mepemaBanbsHi Qynkmii (transfer function, TF).

B 20-Sim 103BOJISIETBCSI MOJICIIOBAHHS SIK OE3MEPEPBHUX CHCTEM,
TaK 1 JTUCKPETHHX, a TAaKOXK 3MillaHuX (200 TiOpUIHMX), SIKi MPe/CTaBIIs-
0T KOMOIHAIIII0 JBOX MepIInX. 3a 3aMOBUYYBaHHsIM, mMozaedi B 20-Sim e
Oe3nepepBHi; aHami3 TMPOBOAUTHCA 32 JOMOMOTOK  Oe3repepBHUX
(continuous-time) wmeroxie inrerpyBanusa. Omxak, 20-SiM aBTOMaTHYHO
BU3HAYAE JTUCKPETHI YaCTWHH B MOJIEINI 1 MMPOBOJUTH CUMYIIALIIO 3 (pikco-
BaHuM Temriom abo kpokom (fixed rate). Bxomu ta Buxomu (3’€qHaHHS)
JMCKPETHHUX EJIEMEHTIB MOJIeNIi T03HAYalOThCS y TOJOBHOMY peIaKTopi
3eJICHUM KOJIbOPOM, & CaMi JIUCKPETHI eJIEMEHTH iJICHTU(IKYIOTHCS TIOSBOIO
crnieriaibHuX QYHKIINA y iX omuci («sample», «hold», «nexty, «previousy,
«sampletime»). na 3’eqHanHs Oe3nepepBHUX Ta JUCKPETHUX EIIEMEHTIB
3acTocoByIOThCs (yHKIil «sample» Ta «hold» (mepma mae nuckperHHit
BXijl Ta Oe3MmepepBHUI BUXII, a Ipyra - HABIAKH).

Bynp-sxa ronosHa Mojeinb B 20-Sim Moxe OyTH OmrcaHa 3a JI0moMo-
rol0 KoMIo3uuii mimmozeneit (submodel) Oinbin HHU3BKOTO piBHA, SKI Y
CBOIO Yepry 3HOBY MOXYTb CKJIaJaThcCs 3 miaMoaeneit. HaliHwkuuii piBeHb
iepapxii 3aBXId MPEICTaBIIse COOOK eIEMEHTApHI MiJAMOEIl Ha OCHOBI
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piBasHb Ha MoBi SIDOPS+. 20-sim He Mae 0OMeKeHb Ha PiBEHB BKJIAIEHO-
CTi MoOJzenel 1 JO3BOJISIE IHKAINCYIIOBATH OyIb-SKy YaCTUHY CHCTEMH Ta
posropratu ii Ha3aj 3a JOMOMOrow QyHkuii rpadidHoro pegakropa («im-
plode\explodey).

Haxxans, meMo-Bepcis mporpaMu He T03BOJISE 30epiraTH BiAMpaIbo-
BaHM (Pailyr 1 mogaIbIIoi poOooTH.

1.10 KoHTpoOJIbHI 3anHTAHHSA.

N~ WNE

9.

Ormsin CAE cucrem.

Ornsig CAS cucrem.

Ornsg CAD cucrem.

Crpykrypa CAE cuctemu (mpukian).

Kpurepii nopiBusiaast CAE cucrem.

B sikux cucTeMax BUKOPHUCTOBYIOTh aKay3aabHUM MifaXif?

Bix goro 3anexxuTh eeKTUBHICTD CUCTEMH MOJICITFOBAHHS.

UnM BiAPI3HAIOTECS TPOTPaMH MOJEIIOBAHHSA B TpOrpam
MPOEKTYBAHHS.

B sikux cucteMax € JOCTYIHI JeMO- Ta CTYJAEHTChKI Bepcii?

10. MoBu MOIETIOBAHHS.
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2 IPAKTUYHE 3AHSATTS Ne2
JOCJIIIKEHHA MOXJIUBOCTEHR ITPOI'PAMH NESS
JJIs1 MOJAEJIFOBAHHSA
HAHOEJIEKTPOHHUX ITPUJIA/IIB

Ilpouumaiime cmammio i oatime 6i0n08i0b HA KOHMPOJIbHI NUMAHHS
HANpUKiHyi po30iny.

Medina-Bailon C, Dutta T, Rezaei A, Nagy D, Adamu-Lema F,
Georgiev VP, Asenov A. Simulation and Modeling of Novel Electronic
Device Architectures with NESS (Nano-Electronic Simulation Software):
A Modular Nano TCAD Simulation Framework. Micromachines (Basel).
2021 Jun 10;12(6):680. doi: 10.3390/mi12060680. PMID: 34200658;
PMCID: PMC8230046.

Cmammio ModcHa 3naumu 3a €1eKMpPOHHOI0 a()pecmo:
https://pmc.ncbi.nlm.nih.gov/articles/PMC8230046/
0e MOJICHA O3HAUOMUMUCS 13 ycijwa NOCUNAHRHAMU NO meKcmy.

Abstract

The modeling of nano-electronic devices is a cost-effective approach
for optimizing the semiconductor device performance and for guiding the
fabrication technology. In this paper, we present the capabilities of the new
flexible multi-scale nano TCAD simulation software called Nano-
Electronic Simulation Software (NESS). NESS is designed to study the
charge transport in contemporary and novel ultra-scaled semiconductor
devices. In order to simulate the charge transport in such ultra-scaled
devices with complex architectures and design, we have developed
numerous simulation modules based on various simulation approaches.
Currently, NESS contains a drift-diffusion, Kubo—Greenwood, and non-
equilibrium Green’s function (NEGF) modules. All modules are numerical
solvers which are implemented in the C++ programming language, and all
of them are linked and solved self-consistently with the Poisson equation.
Here, we have deployed some of those modules to showcase the
capabilities of NESS to simulate advanced nano-scale semiconductor
devices. The devices simulated in this paper are chosen to represent the
current state-of-the-art and future technologies where quantum mechanical
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effects play an important role. Our examples include ultra-scaled nanowire
transistors, tunnel transistors, resonant tunneling diodes, and negative
capacitance transistors. Our results show that NESS is a robust, fast, and
reliable simulation platform which can accurately predict and describe the
underlying physics in novel ultra-scaled electronic devices.

Keywords: integrated simulation environment,  drift-diffusion,
guantum correction, Kubo-Greenwood, non-equilibrium Green’s function,
nanowire transistors (NWT), tunnel FETs (TFET), Negative Capacitance
FETs (NCFET), resonant tunneling diodes (RTD)

2.1. Introduction and State-of-the-Art

Technology computer-aided design (TCAD) tools are an essential
part of the research and design in the development of future nano-electronic
devices. The use of TCAD tools reduces the research and development
costs and time-to-market for the semiconductor industry by taking
advantage of the physical insights offered for both already existing devices
or novel devices architectures [1]. Many commercial and academic
research groups are involved in the development of TCAD toolboxes and
computational frameworks. In previous publications [2,3], we have
presented in detail the inner workings of the user-friendly TCAD
semiconductor device simulation platform called Nano-Electronic
Simulation Software (NESS). In this paper, we focus on the illustration of
the capabilities of NESS to simulate different device types and
architectures. We will demonstrate capabilities of NESS by using the
implemented solvers. In general, the NESS’s modular structure allows the
use of multiple solvers with different complexity within the same device
simulation domain.

The metal-oxide-semiconductor field-effect transistors (MOSFET)
proved to be crucial in the development of smaller transistors and faster
electronic circuits and systems. Moore’s law predicts that every two or
three years the number of transistors on the chip would double thanks to the
MOSFET scaling. However, as the scaling reached the nanoscale regime,
the performance of planar MOSFETSs starts to significantly deteriorate. To
overcome these issues, different techniques were used to allow better
control of the channel. In Figure 2.1, we illustrate the evolution of the
MOSFET. For the planar devices, two of the initial solutions were the
silicon-on-insulator (SOI) structure and the double gate device. However,
in order to keep up with Moore’s law, a novel architecture was adopted by


https://pmc.ncbi.nlm.nih.gov/articles/PMC8230046/#B1-micromachines-12-00680
https://pmc.ncbi.nlm.nih.gov/articles/PMC8230046/#B2-micromachines-12-00680
https://pmc.ncbi.nlm.nih.gov/articles/PMC8230046/#B3-micromachines-12-00680
https://pmc.ncbi.nlm.nih.gov/articles/PMC8230046/#micromachines-12-00680-f001
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the industry, the so called FinFET. This was the first 3D device to have a
non-planar channel. It is predicted that the nanowire transistor could be one
of the main future contenders for enabling further scaling. It has the
advantage of being fabricated in a stacked configuration and so it can
achieve high drive currents in denser silicon chips thus extending Moore’s
Law [4]. However, it is crucial to understand the physics and the operation
of these novel devices. In this paper, our objective is to show how NESS
can help to understand the physics and the behavior of different novel
devices, thus aiding and accelerating their research and development

ource I Drain OUFCG Drain ource Drain
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Figure 2.1 — Evolution of CMOS devices

Evolution of CMOS devices: (a) planar MOSFET, (b) Silicon-On-
Insulator (SOI), (c) double gate, (d) FinFET, (e) single Nanowire
Transistors (NWT), () stacked-NWT.

The devices investigated include: (1) Nanowire Transistors (NWT),
which are considered as potential evolution of the current FinFET
architecture; (2) Tunneling Field-Effect Transistors (TFET), which have
the potential to be used for low power applications thanks to their
extremely low sub-threshold swing (SS); (3) Negative Capacitance FETs


https://pmc.ncbi.nlm.nih.gov/articles/PMC8230046/#B4-micromachines-12-00680
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(NCFET), which improve the performance of transistors at the nano-scale
by sub-thermionic switching; and (4) Resonant Tunneling Diodes (RTD),
which show a great promise for high-speed applications. In this paper, we
demonstrate how all of the above-mentioned devices can be easily
simulated and studied using NESS. In the next couple of paragraphs, we
provide a brief motivation for the choice of these particular devices.

Since 2011, the introduction and the mass production of non-planar
CMOS devices (i.e., FINFET) has demonstrated that the industry is still
capable of keeping up with Moore’s Law [5]. Multi-gate device
architectures have shown that scaled devices are capable of a better
electrostatic control while maintaining a high enough ON-current for
improving the circuit performance. However, the further FINFET scaling
beyond the 5nm technology node will lead to device characteristics and
performance degradation, including severe drain-induce barrier lowering
(DIBL), high SS, and variability issues. Therefore, new super-scalable FET
architectures are intensively researched. The most likely winner is the
NWT, thanks to the all-around gate and the possibility for stacking NWTs
[6,7].

One of the disadvantages of CMQOS transistors, either planar or non-
planar, is the bottom limit of the sub-threshold slope (SS) of approximately
60mV/dec. One of the proposed devices to overcome this limit is the TFET
which has demonstrated extremely low SS values theoretical and
experimentally [8,9,10,11]. The great advantage of TFETS is that the carrier
injection is due to the band-to-band tunneling (BTBT) mechanism, which,
in turn, allows the achievement of a very low leakage current [12]. This is
ideal for very low-power device applications.

One of the disadvantages of TFETs is their low ON-current.
However, NCFETSs present an alternative solution to achieve a steep SS
while maintaining high ON-current [13]. A simple modification of the
already existing CMOS structures [14,15] proves useful as it requires
minimal change in the fabrication process. One proposed method is to stack
a ferroelectric layer on top of the gate dielectric of the MOSFET [14].
These changes will be beneficial for low-power applications that require
high-speed switching [15].

In the past, a great amount of research was invested in RTD that
continues into the present [16,17]. One of the great advantages of these
devices is negative differential resistance (NDR) characteristics that work
in the terahertz (THz) frequency range, which is of interest of applications
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application such as RF-oscillators, physical unclonable function (PUF)
devices and random number generators, including communications [16,17].
Thanks to the huge research effort, RTDs were demonstrated to achieve
one of the highest oscillation frequencies at room temperature with respect
to other contenders [16,17]. Moreover, it was demonstrated that RTDs have
a unique features due to their randomness [18]. These devices can exhibit
very different current output, thanks to the intrinsic atomistic nature of the
materials and interfaces. It is believed that it can be utilized for realizing
physical unclonable digital fingerprints [19,20].

This paper is organized as follows. In Section 2.2, we provide a brief
overview of the NESS structure. In Section 2.3, we discuss the devices
under investigation: Section 2.3.1 NWTSs, Section 2.3.2 TFETS, Section
2.3.3 NCFETs, and in Section 2.3.4 RTDs. Finally, in Section 2.4, we
finish with the concluding remarks.

2.2 Overview of NESS

NESS [2,3,21,22] is a user-friendly TCAD semiconductor device
simulator, under development by the Device Modelling group at the
University of Glasgow. It has been developed considering three main
concepts: (1) NESS enables simulations with increasing complexity and
physical content within a unified environment (i.e., it offers the possibility
of investigating a particular transistor structure with different complexity of
simulations techniques from classical to quantum transport); (2) NESS has
been designed to be flexible, easy to use, and extendable thanks to its
modular structure; and (3) this modular structure allows for future
collaborations and co-developments by industry and academia all over the
world.

Its modular structure is illustrated in Figure 2.2, where the five main
components of NESS are presented: the structure generator (SG), the
effective mass extractor, the material database, the solvers, and the output
generator allowing to store the simulation results (i.e., current, electrostatic
potential, charge concentration). Flowchart of NESS detailing its modular
structure. Firstly, the SG [23,24] is a flexible module capable of generating
and configuring various types of devices (such as NWTs, multi-gate 3D
devices architectures, or bulk CMOS transistors) and the corresponding
simulation domains. It accepts a text file as input, and the generated device
structure can be saved in a binary or ASCII format (vtk files) for easy
visualization with freeware software, such as ParaView.
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STRUCTURE GENERATOR
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Figure 2.2

The solved simulation domain is saved in vtk format as well (in
addition to output text files) and can be similarly visualized and further
post-processed in a straight-forward manner. The datasets are defined by
the rectilinear grid with a regular topology along the coordinates. It allows
users to consider different semiconductor materials (such as Si, Ge, or Ill-
Vs materials), doping configurations (such as uniform or Gaussian
profiles), uniform or non-uniform mesh designs, and the main sources of
statistical variability in nanoscale devices (random discrete dopants (RDD),
line edge roughness (LER), metal gate granularity (MGG)), and trapped
charges at the interface or in the dielectric (ITC). Some examples of all
these different structures and configurations are described in Section 3.

Secondly, as the effective masses strongly depend on the
characteristic dimension and the confinement orientation of the
nanostructures, an automated module to extract the effective mass from
first principle simulations has been implemented in NESS [25]. It can
calculate the correct electron confinement and transport effective masses
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from atomistic simulations (such as density functional theory (DFT)) or
semi-empirical models (such as tight-binding (TB)) of the electronic band
structure of NWTs with the technologically relevant cross-sectional area,
shape, and transport orientations. The capabilities of this module have been
already demonstrated in accurately computing the effective masses of Si
[25] and SiGe [23] NWTs considering different dimensions and shapes.

Thirdly, the material database provides the relevant parameters for
each material considered in the generated structure, such as the work-
function, affinity, dielectric constants, mobility model parameters, or
scattering parameters. Furthermore, the effective masses can be provided
for each material from DFT and TB methods, or directly from our effective
mass extractor. As illustrated in Figure 2.2, those parameters serve as input
for the solvers.

Fourthly, different transport simulation solvers [2,3,21] have been
implemented in NESS to simulate the mobility, the charge density, and the
current in nano-CMOS devices. All modules have been implemented with a
high degree of parallelism making use of MPI and OpenMP libraries. In
general, each of them is solved self-consistently with the 3D Poisson and
the 2D Schrédinger equations. Currently, there are three main numerical
solvers, ranging from classical to quantum transport.

The drift-diffusion (DD) module is indispensable for simulating bulk
CMOS transistors and relatively large devices where a more sophisticated
approach is neither desired nor practical. The classical solution has been
implemented using a finite volume discretization scheme to solve the
current continuity equation [26]. Two different improvements have been
implemented to enhance this module: (1) different mobility models
including the doping dependence of the mobility (Masetti model [27]) and
the transverse and longitudinal electric field dependence of the mobility
(Yamaguchi model [28] and the Caughey-Thomas [29] model,
respectively); and (2) Poisson-Schrodinger quantum corrections [30] to
capture the quantum confinement effect at a fraction of the computational
cost of a full quantum simulator.

The Kubo-Greenwood (KG) module provides accurate electron
mobility at low-field near-equilibrium conditions [31,32,33]. It combines
the quantum effects based on the 1D multi-subband scattering rates of the
most relevant scattering mechanisms (acoustic and optical phonon, and
surface roughness scattering mechanisms) in confined channels [34] and
the semi-classical Boltzmann Transport Equation by applying the KG
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formula within the relaxation time approximation [35]. Two strategies have
been implemented to compute the total mobility: (1) it could be calculated
as a function of the individual mobilities associated with each scattering
mechanism using the Matthiessen rule; or (2) the scattering rates of all
mechanisms could be directly added to avoid the Matthiessen rule and,
thereby, the total mobility is computed using the KG Equation. The
strategy of directly adding the scattering rates to compute the total mobility
is of special interest when devices with large cross-sections are simulated
due to the high error induced by the Matthiessen rule. On the contrary, for
narrower devices, the error induced by the Matthiessen rule is less, with the
results computed by multi-subband Monte Carlo and NEGF approaches
being comparable.

The coupled mode-space NEGF solver [2,21] allows the quantum
treatment of charge transport in order to capture quantum phenomena such
as tunneling, coherence, and particle—particle (wave—wave) interactions in
mesoscopic and nanoscale devices. It is possible to consider dissipative
transport by switching on the acoustic or optical phonon scattering to
enable electron-phonon (e—ph) interactions within the self-consistent Born
approximation (SCBA) or neglect them to investigate the purely ballistic
transport [36,37,38]. Moreover, the NEGF solver implemented in NESS
allows to simulate 2D planar structures, such as DGSOI [39], and to
calculate the BTBT by using the Flietner model to compute the current in
heterostructures with a direct bandgap [40]. A combination of this NEGF
module with a full-band quantum transport solver in presence of hole-
phonon interactions using a mode-space k-p approach has been also
implemented [41].

Finally, different enhanced modules and solvers [22] are currently
under development in NESS including: density gradient; extension of the
KG module [34] to consider ionized impurity and alloy scattering
mechanisms; implementation of surface roughness scattering mechanism in
the existing NEGF module [42]; Kinetic MC solver [43,44] for the
simulation of memory devices; and a module to compute the gate leakage
current.

2.3 Non-Conventional or Future Devices

2.3.1 Nanowire Transistors

As previously discussed in Section 1, different technological
architectures have been proposed to overcome the limitations of the
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FinFET CMOS technology. One of these promising solutions is the use of
multiple gates surrounding the channel, which increases the electrostatic
confinement and reduces the short-channel effects (SCE) [45], with the
potential for replacement of the Triple-Gate FinFET technology at the
ultimate scaling limits [46,47,48,49], especially for CMOS scaling beyond
the 5 nm node [50]. The advantages of the NWTSs include improved charge
control in the channel (minimizing SCES), superior transport properties,
and the possibility of using material and strain engineering to improve the
device performance.

Focusing on the channel material for future devices, SiGe, Il1-V, and
two-dimensional materials (such as graphene, boron nitride) are attracting
attention due to their small transport effective masses (m)
[51,52,53,54,55,56]. It is important to mention that materials with smaller
m increases both the ON-state and OFF-state currents (I and |, respectively)
due to the source-to-drain tunneling currents. Nevertheless, it is worth
noting that a superior material that could replace Si has not yet been
identified.

In this section, we have considered SiGe material as a channel to
provide an advanced example for NWTs simulation with NESS, because
this material is more compatible with the current CMOS technology [57].
In particular, we have simulated n-type SiGe channel NWTs adjusting the
material properties of SiGe by changing the mole fraction to have the trade
off between the advantages of Si and Ge individually. The chosen structure
has L = 10 nm and a diameter of 5 nm following the prospect for the year
2024 given by the Institute of Electrical and Electronics Engineers (IEEE)
International Roadmap for Devices and Systems (IRDS) report [58].
Moreover, as the charge carriers are confined in these devices in a cross-
section perpendicular to the transport direction (YZ plane on Figure 3),
NWTs with different shapes have been considered in this example
including square, circular, and elliptical (with constant diameter) NWTs in
order to show the impact of the shape on the electrostatics [59] and
transport. The schematic of the simulated NWTs with different shapes and
their main structure parameters are shown in Figure 2.3.

Schematic illustration of nanowire transistors (NWT) for (a) square,
(b) circular, and (c) elliptic shapes (with constant diameter) showing the

Thickness (EOT). In NESS, the X direction represents the transport
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direction and the plane YZ represents the 2D confinement plane. For the
elliptic NWT, the ratio between the major (y direction) and minor (z
direction) diameters is 1.667.

- Semiconductor \;‘\{‘. ol \T.O\:\' = '_'b‘\‘ Major
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Figure 2.3

In order to capture the S/D tunneling transport, the simulations have
been performed with the NEGF solver considering only ballistic transport.
It is worth mentioning that the benefit in using SiGe for n-type MOSFETS
is very small and introduce alloy disorder scattering not present in pure Si.
Alloy disorder scattering is not implemented in the current version of
NESS and it is not considered in this work. To adopt more realistic
conduction bands in this nanoscaled structures, the effective masses have
been extracted for each shape from atomistic simulations making use of the
effective mass extractor of NESS [23].
in Figure 4. The differences in the drain current as a function of the Ge
mole fraction in comparison to the pure Si NWT are less pronounced for
the elliptic NWT shape (Figure 4c) than for the other NWT shapes (Figure
4a,b). Moreover, it is worth highlighting that the IDXiS vs.

performance in comparison to circular and square NWT shapes [33]
(Figure 2.4 a, b, respectively).”
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and (c) elliptic 5 nm NWTs assuming different SixGel—x mole fractions
and ballistic NEGF transport simulations with LG = 10 nm, [100] transport
making use of the effective mass extractor of NESS [25].

Quantum confinement effects modify the electron distribution,
determining the charge available for transport [60,61] and, consequently,
the electrostatic potential profile [62]. Accordingly, the NWT cross-
sectional shape has an important impact on the transistor performance. The
impact of the NWT cross-sectional shape on the quantum confinement and,
hence, on the electron distribution is shown in Figure 2.5 where the 3D
electron density profile is depicted for a NWT slice located in the center of
the transport direction for the device structures of Figure 4 with
SiGe fraction and V = 0.4 V considering (a) square, (b) circular, and (c)
elliptic shapes.

(em
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3D Electron
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Y(nm) Y(nm)

Figure 2.5

3D profile of electron density in a slice located at the center of the
transport direction (X) for n-type (a) square, (b) circular, and (c) elliptic 5
nm x 5 nm NWTs assuming SiGe fraction and ballistic NEGF transport
simulations with L = 10 nm, [100] transport orientation, V =0.6 V, and V =
0.4 V. The effective masses have been computed making use of the
effective mass extractor of NESS [25].

The reduction in the confinement dimensions has also a direct impact
on the transistor performance. To illustrate this fact, Figure 6 shows (a) the
I vs. V characteristics and (b)—(e) the 3D hole distribution of a p-type
square Si NWT with cross-section dimension ranging from 3 nm x 3 nm to
5 nm x 5 nm and considering [100] crystallographic orientation with both
coherent and dissipative NEGF simulations [2]. The results have been
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obtained with the mode-space full-band quantum transport solver included
in NESS by combining a six-band k-p Hamiltonian and the existing NEGF
module. As the geometrical dimensions of an NWT are reduced, the carrier
charge tends to be more concentrated in the center of the device, as can be
seen when comparing the 3D hole density from (b) 3 nm X 3 nm to (c) 5
nm x 5 nm cross-sectional dimensions in Figure 2.6.

40 . . . . . o
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Figure 2.6: (a) I vs. V characteristics for p-type square Si NWTs with
3 nm x 3 nm, 4 nm % 4 nm, and 5 nm x 5 nm cross-sections considering the
crystallographic orientation [100] with coherent and dissipative transport.

(b—e) 3D profile of hole density in a slice located at the center of the
transport direction (X) for p-type square NWTs with (b)/(d) 3 nm x 3 nm
and (c)/(e) 5 nm x 5 nm cross-sections assuming (b)/(c) coherent and
(d)/(e) dissipative transport simulations with L = 10 nm, [100] transport
orientation,V=-0.6 V,and V=-04 V.

The results have been simulated making use of the mode-space full-
band quantum transport solver included in NESS by combining a six-band
k-p Hamiltonian and the existing NEGF module.

Apart from the aforementioned impact, the quantum confinement
effects, responsible for the modification of the hole distribution in the
subbands, directly modify the matrix elements for the coupling with the
phonons [41]. This effect can be shown in Figure 6d,e where the dissipative
transport have been considered instead of the coherent one (Figure 6b,c). In
particular, the phonon scattering mechanism spreads the hole concentration
further away from the center of the device due to the phonon interactions.
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2.3.2 Tunnel FETs (TFET)

Over the last decade, the interest in BTBT devices has dramatically
increased due to their sharp switching characteristics. The carrier transport
in these types of devices is governed by quantum mechanical tunneling
through a barrier between energy bands (BTBT), contrary to MOSFETS,
where thermionic emission dominates the transport. Figure 2.7, a shows a
schematic example of the BTBT mechanism in a pn junction: the high
electric fields (>10 V/cm) across a reverse-biased pn junction causes
significant current to flow through the energy barrier due to tunneling of
electrons (holes) from the valence (conduction) band of the p (n) region to
empty states in the conduction (valence) band of the n(p) region,
respectively.

(a)? Y - (b) Si-InAs circular NWT p-type TFET
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Figure 2.7

(a) Schematic example of the BTBT mechanism in a p-n junction.

(b) Schematic illustration of the Si—InAs circular p-type TFET along
the transport direction considered in this work showing the main
parameters: source length (L = 15 nm), channel length (L = 15 nm), drain
length (L = 45 nm), semiconductor diameter (3.5 nm), Equivalent Oxide
Thickness (0.46 nm), and doping. As the tunneling is mainly happening at
the intrinsic Si—InAs interface, random dopants distribution (RDD) is only
considered in the InAs region. A uniform doped region of 20 nm is
considered near the drain contact to ensure convergence.

The most popular BTBT devices are the TFETs which, in theory,
could achieve sub-thermal SS, i.e., SS < 60 mV/decade. The best MOSFET
implementations cannot bring SS below 60 mV/decade, which leads to
difficulties [63,64] with the limitation in the V reduction. The main
drawback of the TFETs is the lower |in comparison to conventional


https://pmc.ncbi.nlm.nih.gov/articles/PMC8230046/#micromachines-12-00680-f007
https://pmc.ncbi.nlm.nih.gov/articles/PMC8230046/#B63-micromachines-12-00680
https://pmc.ncbi.nlm.nih.gov/articles/PMC8230046/#B64-micromachines-12-00680
https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=8230046_micromachines-12-00680-g007.jpg

44

MOSFETSs. However, these devices present a higher I/ ratio, which makes
them potential candidates for low-power electronic applications [10,11,65].

At the nanometer scale, and in presence of tunneling, quantum
transport simulations are required to accurately model the TFET operation
and predict its performance. Few analytical models exist in the literature to
compute the BTBT accounting for quantum effects, which are commonly
implemented in semi-classical tools based on the Wentzel, Kramers, and
Brillouin (WKB) approximation [66,67,68]. In NESS, it is possible to
compute the direct BTBT in nanodevices making use of the coupled mode-
space NEGF scheme within the effective mass approximation (EMA) and
the Flietner model of the imaginary dispersion [40].

Hetero-TFETs made of I11-V semiconductors on Si were proposed to
increase the |due to the reduction in the BTBT barrier [10,11,69,70].
Accordingly, a Si—InAs circular NWT p-type TFET has been simulated in
this work. In this particular structure, the BTBT occurs between the Si—
InAs interface and it is mainly direct without phonon-assisted tunneling
[66]. Figure 7b shows the schematic of the simulated TFET with the
following parameters: L = 15 nm, NWT diameter 3.5 nm, [111] transport
orientation, and V= —1.0 V. The Si—InAs interface has been considered
ideal and abrupt. It has been simulated making use of the NEGF module
and the Flietner model only considering ballistic transport. Although the
inclusion of phonon scattering could lead to more accurate prediction in
most cases, its general impact can be negligible in this particular TFET
configuration as it only slightly increases | [71].

Since the BTBT strongly depends on the energy bands, the potential
variations locally modifying the tunneling probability due to the RDDs
limit the hetero-TFET performance. It has already been demonstrated that
RDDs have more impact on TFETs than the rest of the sources of
variability [40], especially for I.

Accordingly, a second study has been performed here considering
several configurations of RDDs in the above-mentioned TFETs. As the
tunneling is mainly happening at the Si—InAs interface, the RDDs are only
considered in the drain region (InAs part of the device). As depicted
in Figure 7b, the RDD region is 20 nm long, and a uniformly doped region
of 25 nm length is considered near the drain contact to ensure numerical
stability (making the total drain region 45 nm). The number of dopants in
each of the TFETSs is randomly chosen from a Poisson distribution, with the
mean determined by the doping concentration multiplied by the volume of


https://pmc.ncbi.nlm.nih.gov/articles/PMC8230046/#B10-micromachines-12-00680
https://pmc.ncbi.nlm.nih.gov/articles/PMC8230046/#B11-micromachines-12-00680
https://pmc.ncbi.nlm.nih.gov/articles/PMC8230046/#B65-micromachines-12-00680
https://pmc.ncbi.nlm.nih.gov/articles/PMC8230046/#B66-micromachines-12-00680
https://pmc.ncbi.nlm.nih.gov/articles/PMC8230046/#B67-micromachines-12-00680
https://pmc.ncbi.nlm.nih.gov/articles/PMC8230046/#B68-micromachines-12-00680
https://pmc.ncbi.nlm.nih.gov/articles/PMC8230046/#B40-micromachines-12-00680
https://pmc.ncbi.nlm.nih.gov/articles/PMC8230046/#B10-micromachines-12-00680
https://pmc.ncbi.nlm.nih.gov/articles/PMC8230046/#B11-micromachines-12-00680
https://pmc.ncbi.nlm.nih.gov/articles/PMC8230046/#B69-micromachines-12-00680
https://pmc.ncbi.nlm.nih.gov/articles/PMC8230046/#B70-micromachines-12-00680
https://pmc.ncbi.nlm.nih.gov/articles/PMC8230046/#B66-micromachines-12-00680
https://pmc.ncbi.nlm.nih.gov/articles/PMC8230046/#micromachines-12-00680-f007
https://pmc.ncbi.nlm.nih.gov/articles/PMC8230046/#B71-micromachines-12-00680
https://pmc.ncbi.nlm.nih.gov/articles/PMC8230046/#B40-micromachines-12-00680
https://pmc.ncbi.nlm.nih.gov/articles/PMC8230046/#micromachines-12-00680-f007

45

the RDD region. The dopants are then randomly placed using a probability
rejection technique.

Figure 2.8 shows the I vs. V characteristics of the simulated Si—InAs
TFETs without RDD (uniform doping profile) and with five random
configurations of RDDs. These five random samples have 3, 2, 5, 3, and 2
dopants, respectively. We can easily observe the main advantage of the
TFETSs by the 10 I/1 ratio of the device without RDD. Moreover, it is worth
mentioning that the variability in the | has approximately three orders of
magnitude difference, whereas the | has around two orders of magnitude
difference. The figure also shows the increase in the current when the
number of random discrete dopants is higher.
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Figure 2.8

I vs. V characteristics for the Si—-InAs circular p-type TFET
(schematic shown in Figure 7b) considering a simulation with a uniform
doping profile (i.e., without random discrete dopants (RDD)) and five
simulations with random distributed dopants. These 5 configurations
consider random location of the doping along the 25 nm drain region
(Figure 7b) and random number of dopants: Sample 1-5 has 3/2/5/3/2
dopants, respectively.

The impact of this variability source can be easily seen in the energy
band bending due to the RDD when comparing the current-spectra and
conduction and valence bands for the device without dopants (Figure 2.9,a)
and with the five different dopant configurations (Figure 2.9, b—f). The
current-spectra shown in Figure 2.9 represents the ON state (V = —0.65 V)
showing that the ON-state in a TFET is still controlled by the BTBT barrier
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length. In the presence of RDD, the barrier width and height becomes
localized and depends on the number of dopants and their position.
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Figure 2.9

Simulated ON-state (V = —0.65 V) current-spectra of the Si—InAs
circular p-type TFET (schematic shown in Figure 2.7, b) considering (a) a
simulation with a uniform doping profile (i.e., without random discrete
dopants (RDD)) and (b-f) five simulations with random distributed
dopants. These 5 configurations consider random location of the doping
along the 25 nm drain region (Figure 2.7, b) and random number of
dopants: (b—f) Sample 1-5 has 3/2/5/3/2 dopants, respectively. The red
dashed-lines denote the highest valence and the lowest conduction
subbands. The vertical white solid-line indicates the Si—InAs interface.

2.3.3 Negative Capacitance FETs (NCFET)

Negative capacitance (NC) based field-effect transistors are
constructed by introducing a source of negative capacitance in the gate
stack of a conventional transistor. They have attracted a lot of attention
during the last decade as they can overcome the room temperature
Boltzmann limit of 60 mV/decade SS in MOSFETs [13]. NCFETs are
being viewed as a means to enable significant supply voltage scaling, thus
lowering the off-state leakage while enhancing the drive current at the same
time due to an effective voltage amplification [72]. NCFETs have been
realized in various architectures, including FinFET [73] and nanowire FET
[74]. In addition to the prospects of improved nominal device performance
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[75], NCFETSs have been shown to be more immune to statistical variability
compared to their conventional counterparts [76,77,78,79]. NCFETSs also
have shown promising circuit applications [80,81].

Although several approaches for modeling of NCFETSs have emerged
[82], there is no definitive clarity yet on the physical phenomenon behind
the negative capacitance in NCFETSs. A popular way to model NCFETS is
using the phenomenological Landau—Devonshire (L-D) theory [83] (the
time-dependent version of which is the Landau—Khalatnikov theory [84])
for the ferroelectrics. It relates the polarization (P) and electric field (E)
across it in terms of the Landau coefficients that characterize the
ferroelectric material and thickness of the ferroelectric (). According to the
L-D theory, the curve can traverse an S shaped trajectory having a negative
slope signifying the negative capacitance. Efforts of experimental
observation of negative capacitance have succeeded recently with recording
of S-shaped curve [85,86].

In NESS, we have developed an NCFET module consisting of the
steady-state negative capacitance model based on the analytical L-D theory
for NCFETs with the Metal-Ferroelectric-Metal-Insulator-Semiconductor
(MFMIS) architecture [87]. A simplifying but valid assumption that we
have used is that the ferroelectric polarization is equal to the gate charge
density, i.e., . In this structure, due to the presence of the internal metal
layer, the NCFET can be viewed as a combination of a ferroelectric
capacitor connected in series to the metal gate of a conventional transistor
(the ‘internal’ or reference MOSFET).

As a result, in our analytical or ‘lumped’ approach, the NCFET can
be modeled by modeling the internal MOSFET and the ferroelectric
capacitor separately and then using Kirchhoff’s voltage law to relate the
potential at the internal metal gate to the externally applied bias. This
enables us, in the spirit of the modular nature of NESS, to use any of the
existing transport solvers in conjunction with the NCFET module. We first
obtain and characteristics of the internal MOSFET. The NCFET module
then calculates the voltage drop across the ferroelectric, using the L-D
model, and generates characteristics of the NCFET. Note that here the
ferroelectric has been assumed to be monodomain, and the gate leakage
[88] has been ignored. This Landau model based approach has been shown
to be able to match experimental results including circuit performance in
negative capacitance based FinFETs [89,90].
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As a demonstration of the NCFET module, we have simulated a
negative capacitance nanowire FET. Figure 2.10, a shows the cross-
sectional schematic of the device. The device dimensions and ferroelectric
properties are mentioned in the figure caption. The drift-diffusion module
has been used to simulate the carrier transport in the internal NWFET. The
key to achieving superior performance in the NCFET is the voltage gain at
the internal node, which depends on the capacitance matching between the
internal MOSFET capacitance and the ferroelectric capacitance.

Figure 2.10, b shows the two sets of capacitances. The capacitance
matching is better when the difference between the internal capacitance and
the magnitude of the ferroelectric capacitance is smaller, which occurs
when the thickness of the ferroelectric layer is increased, as can be seen
in Figure 10b. Note that at very large, e.g., 8 nm in Figure 2.10, b, the
negative capacitance of the ferroelectric can become smaller than the
internal capacitance ( <) which is a region of instability and manifests as
hysteretic jumps in the characteristics.

The transfer characteristics obtained with varying ferroelectric
thicknesses, including the reference NWFET characteristics are shown
in Figure 2.11, a. These NW NCFETs show better subthreshold swing,
lower off-state leakage, and higher drive currents—typical for short
channel multigate NCFETs [75], the characteristics improving with
increasing . Additionally, in the case of NCFET, under suitable conditions,
the source and channel barrier rises when increasing the drain voltage, and,
hence, it can have negative DIBL as illustrated in Figure 2.11, b.

Note that negative DIBL has been earlier demonstrated theoretically
e.g., [75,91], as well as experimentally e.g., [92,93].
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(a) Cross-sectional schematic of the MFMIS nanowire NCFET.
Device dimensions: Gate length = 10 nm, Channel width = 3 nm, oxide
thickness = 1 nm, Source/Drain length = 10 nm. The ferroelectric thickness
has been varied up to 8 nm. The parameters used for the ferroelectric are:
Coercive field, = 1.2 MV/cm and remanent polarization, = 8 C/cm which
fall in the range of metal doped HfO-the material of choice for CMQOS
compatible NCFET technology [94].

(b) The capacitance of the internal MOSFET, and magnitude of the
ferroelectric capacitance for different ferroelectric thicknesses, plotted with
respect to gate charge density.
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(a) characteristics of the reference MOSFET and NW NCFET for =
2,4,6nmat=0.05V.

(b) The conventional MOSFET shows positive DIBL while NCFETs
can display negative DIBL, i.e., increase in the threshold voltage at high
drain bias.

A 1D L-K model for the ferroelectric version that can be used for
simulating the Metal-Ferroelectric-Insulator-Semiconductor  (MFIS)
NCFET architecture is under development and we plan to implement the
3D Landau-Ginzburg formalism, and also explore alternative approaches
in the near future.

2.3.4 Resonant Tunneling Diodes (RTD)
The RTDs are typical one-dimensional quantum structures that have
attracted increasing attention due to their advantages associated with the
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nanometer-scale semiconductor physics. A basic double-barrier RTD
configuration consists of a thin quantum well (QW) made from a small-
bandgap semiconductor (GaAs or GaN) sandwiched between two large-
bandgap (rectangular) semiconducting tunneling barriers (AlGaAs or
AlGaN) [95,96], which are accompanied by two highly doped small-
bandgap semiconducting contacts acting as the source and the drain. The
RTDs operation is governed by the quantum mechanical tunneling of the
incident charge carriers through the potential barrier into the quantized sub-
band states within the QW, which leads to resonances in the transmission
spectrum. Moreover, by increasing the bias voltage beyond the resonance
peak, the tunneling current drops to the valley point, and the RTDs,
therefore, will exhibit a non-monotonic behavior in the current-voltage (I-
V) characteristics referred to as negative differential resistance (NDR)
[97,98].

In electronic circuits, the NDR offers new possibilities in both digital
and analog designs by reducing power consumption. Owing to the ultra-
high frequency capabilities and relatively simple structure, the RTDs are
one of the most promising devices to date for wireless and optical THz
generation and detection, hence addressing the feasibility of a wide range
of concepts and devices involving THz  communications
[16,99,100,101,102,103,104,105,106,107] and 5G/6G technology.

Recently, the RTDs have been proposed as random number
generators [108] and the main building blocks for the quantum-
confinement (QC) based physically unclonable functions (QC-PUF) [18].
The resonance voltage in the |-V characteristics depends on the QC within
the nanostructure. On the other hand, the QC itself depends on the atomic-
scale structure of the device and the corresponding random variability
sources which consequently makes the locations of the resonance peaks
unique, reliable, random, and extremely difficult to clone [109].

In this section, we present a purely ballistic simulation of the typical
electronic and transport quantities of a double barrier 111-V RTD device
implemented in a nanowire structure shown in Figure 2.12. All simulations
are performed self-consistently utilizing the recursive Green’s function
algorithm [110,111] implemented in the NEGF module of NESS.

Schematic illustration of the investigated GaAs-AlxGal—xAs
nanowire RTD device with a square cross-section (10 nm x 10 nm) and a
total length of 55 nm.
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At the central region of the device, we consider two 3 nm thick
enclosing a 5 nm thick GaAs section (Lw) which serves as the QW. These
are separated from the source and drain (LS,D = 19 nm) by buffer regions

are n-type doped with a high doping concentration of 2 x 1018 cm—3,
whereas the rest of the device is taken as intrinsic.

As depicted in Figure 2.13, a, the current through the nanowire RTD
rises steadily to reach the first resonance peak at a bias of 0.29 V, followed
by a sharp drop in current down to the first valley at the post-resonance bias
of 0.31 V. By applying bias, three distinct regions-first positive-, negative-,
and second positive-resistance regions-are being formed within the -V
characteristic. Firstly, for low biases, as bias increases the first confined
state (resonant state) between potential barriers gets closer to the source
Fermi level, and, therefore, the current it carries increases. Secondly, by
further increasing the bias, the first confined state becomes lower in energy
and gradually goes into the energy range of the bandgap, and, therefore, the
current it carries drops abruptly.

The second confined state is still too high in energy to conduct any
significant current. Lastly, upon further increasing the bias, as the second
confined state becomes closer to the source Fermi level, it carries more
current, therefore, current increases similarly to the first positive resistance
region. In order to explain this exotic 1-V profile referred to as the NDR
region, we have shown the transmission spectra T(E) in a 2D cut along the
transport direction in Figure 2.13, b. For the resonance bias V = 0.29 V,
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there is a peak at —0.059 eV in the T(E) that vanishes for the post resonance
bias of 0.31 V and causes the above-mentioned NDR region.
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Figure 2.13

(a) The I-V characteristic of the RTD device, where the inset shows
its 3D simulation domain in NESS.

(b) The comparison of the transmission spectra for the first resonant
peak (V= 0.29 V) and the first valley (V= 0.31 V). (c) The charge
distribution in the XY cut-plane of the device for the first resonant-peak
and the first valley.

Moreover, as depicted in Figure 13c, the charge distribution in the
device also shows a significant discharging of the QW in the post-
resonance condition, which is consistent with the profiles.

The alignment of the discrete states between the source side, the well,
and the drain side at the bias of 0.29 V is quite clear from the local density
of states (LDOS) shown in Figure 2.14, a, thus concurring with the 1-V
characteristics and the sharp transmission peaks depicted in Figure 2.13,
a,b. The, which is shown superimposed on the LDOS with the red solid
line, indicates that these peaks are specifically located at the energies at
which there is an alignment of the states at —0.059, 0.096, and 0.355 ¢V for
the bias condition V = 0.29 V. This alignment is very sensitive to the
applied drain bias and vanishes when it is increased to the post-resonance
voltage (0.31 V), see Figure 2.14, c. The corresponding current spectra
at Figure 2.14, b—d, also reveals the resonant tunneling phenomena by the
two very prominent lines at two such aligned energy states, and more
discrete tunneling current contribution. The tunneling across the potential
barriers is also very prominent in these simulation results. When the device
is driven beyond the resonance condition, it is clearly visible that the
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current spectra becomes smaller in magnitude and rather smeared in nature.
Although tunneling across the barrier still exists, there is an absence of the
sharp lines in the transmission spectra and the current spectra.
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Figure 2.14

(a—c) The combined plots of the LDOS, potential, first sub-band, and
transmission spectra , and (b—d) the energy-resolved current spectra of the
device at the first resonance peak (V = 0.29 V) and the first valley (V =
0.31 V). The red lines display the transmission, the white dashed lines
indicate the energy sub-band structure, and the black solid lines correspond
to the average potential. Here, X is the transport direction, and the red tick
marks on the horizontal axes correspond to the magnitude of the .

Following on from these results, we have investigated the impact of
RDDs on the resonance voltage in nanowire RTDS. For this purpose, we
have simulated a sample of three devices with randomly distributed dopants
in the RDD region indicated within the baseline structure in Figure 2.12.
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The 1-V characteristics of the investigated RTD devices in presence
of RDDs are shown in Figure 2.15, a—c. From the insets, we see that
devices No. 2 and No. 3 contain 7 dopants each with different spatial
distribution, whereas device No. 1 contains 9 dopants.

RTD device with RDD No. 1 RTD device with RDD No. 2 RTD device with RDD No. 3
X107 %107 x107
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Figure 2.15

(a—c) The I-V characteristics of three random RTD devices in the
presence of RDDs, where the insets depict the exact positions of the
dopants within the RDD region of the structure (see Figure 12) as the
spherical balls.

The middle row, (d—f), shows the combined LDOS and of these RDD
devices calculated for the bias at which the first resonant peaks occur.
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Accordingly, the bottom row (g-i) presents the corresponding energy-
resolved current spectra of the aforementioned devices.

Comparing their I-V curves with the |-V characteristic of the
baseline device in Figure 2.13, a, we clearly see that they differ from each
other in terms of (1) position of the resonant-peak, (2) position of the
valley, and (3) the magnitude of the current, therefore making them unique
and distinguishable from one another in terms of the signal processing. In
order to confirm and compare the effect of the RDDs on the observable
characteristics of the RTD results presented in Figure 2.13, in Figure
2.15we have plotted the energy sub-band structure, the transmission
spectra, the LDOS, and the current spectra of the three aforementioned
devices with RDDs under study. We observe significant differences owing
to the number and also the position of the random dopants.

In terms of the sub-band structures (white dashed lines) and the
average potential (black solid lines), the changes due to the dopants are
very much visible. We also see that the , indicated as red solid lines, spike
at different energy levels, and also the current conduction through the
channels have different weight for each case.

Taking advantage of the unigue capabilities of NESS, we have shown
that the quantum nature of the resonance condition can be significantly
altered due to the RDDs variability in the 111-V nanowire RTD structures.
There is a direct link between the number and positions of the RDDs, and
the position of the resonance peak. Our results demonstrate that NESS can
be used to predict and tailor RTD behavior for various applications.

2.4 Conclusions

In this paper, we have illustrated the capabilities of NESS, a flexible
nano-electronic device simulator, to simulate advanced nanoscale
semiconductor devices. Based on the discussion and the results in this
paper we have shown that NESS is capable of simulating various novel
device architectures such as nano-wires, resonant tunneling diodes,
tunneling field-effect transistors, and negative capacitance transistors. All
structures are created by using the NESS structure generator that enables
the generation of semiconducting devices with different architectures, sizes,
and shapes. Our structure generator also can introduce the relevant sources
of statistical variability, such as random dopants in the corresponding
solution domains. In this paper, most of the numerical simulations are
executed by using our quantum transport module based on non-equilibrium
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Green’s function (NEGF) formalism. Here, we have proved that NESS is
capable of capturing complex gquantum mechanical effects such as quantum
confinement, tunneling through the barrier, and band-to-band tunneling.
Additionally, NESS is capable of calculating the eigenvalues and
eigenvectors in devices with quantum wells such as resonant tunneling
diodes. Hence, NESS is very well suited to simulate state-of-the-art nano-
electronic devices with various structures where quantum mechanical
effects are playing a major role in transport and device performance.

2.5 KoHTpoJbHI 3anUTAHHSA

1.  SIki rosioBHI KOMIIOHEHTH TpOTpamMu?

2. B uomy momsirae yHiBepcanpaicTh NESS?

3. e Oyina po3pobiieHa nporpama?

4.  OsHauTe TOJIOBHI OCOOIUBOCTI CONBEPIB B AaHil mporpami, ixHi
MOJKITUBOCTI.

5. SIxi HOBITHI NpwJIaAX MOKHA TOCIIPKYBATH B JaHiil mporpami?
6. SIki XapaKTEpPUCTUKUA MOXKHA OTPUMATHU K PE3YJIbTAT MOJICITIO-
BaHH:?

7. TlepernsiHbTE CIIHCOK MPOTPaM 3a JaHWUM MMOCHUIAHHSIM:
https://en.wikipedia.org/wiki/List_of software_for_nanostructures_
modeling

i maiiTe CKOPOUYCHY XapaKTepHCTHKY 00 €KTIiB JJIsI MOJEIIOBAHHS B
CEPEeIOBUIIAX [IUX IIPOrpam.
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3 IPAKTUYHE 3AHATTSA Ne 3
«OCHOBHI 3AKOHU TA KJACUDPIKALIIA KIJI»

3.1 Knacudikaiis Ta oCHOBHi piBHSIHHSA

Amnaniz enextponnux cxeM (EC) e xirouoBoto mpodaemoro B ECAD.
Burtokn aBTOMaTH30BaHWX METOJIB aHATi3y, TOOTO MOJIEIIOBAHHS — B KJIa-
CHYHIH Teopil KiT. e KOMITOHEHTHI Ta Tormojoriydi 3akonHu (Oma, Kipxro-
¢a), TeopeMH KOMyTaLii Ui 3aBAaHHS MOYATKOBUX YMOB Ta MPHHIUI BH-
0Opy He3aNe)KHUX 3MIHHUX IS MiHIMi3allli MaTeMaTHIHOI MOJEIi CXeMH
(MMC), omnak, 8 ECAD O6inpm mupoknil Kiac HE3aIEKHUX 3MiHHUX:
HANpPHUKIa, HAPYTH NEpETHHIB, 3MiHHI CTaHY.

CrioyaTky METOJIU aHaNi3y MPU3HAYAIUCS Ui PyYHOTO PO3PaXyHKY
CXEM HeBEIMKOi po3MipHOCTi. Po3BuBanmcs nmpsami metonu: rpadoaHariTi-
YHi, PO3paxyHOK MapaMeTPiB CXeM 3a CTATUYHUMHU Ta AUHAMIYHUMHU XapaK-
TEPUCTHKAMHU CXEM, 332 EMIIPUYHUMHU (POpMyJIaMH, abo 3a METOJIOM Kepo-
BAaHOTO 3apsay. I3 pO3BUTKOM MaTpHYHUX Ta MAaTPUYHO-TOIOJIOTIYHUX
METOJiB HAOYJH MOIMIMPEHHS JIiHIHHI METOAM aHaJi3y: OPIEHTOBaHUX Tpa-
(hiB, YOTUPHUIIOIIOCHUKA, CKBIBAJICHTHUX CXEM, METOJ BY3JIOBUX IMOTCHIia-
7B, KOHTYPHUX CTPYMiB, 3MiHHUX cTaHy. [Ipu nmepexoxai g0 moHSATTS Oara-
TOTIOJIFOCHHUKA, METOJIU aHANII3Y CTAIN y3arajJlbHEHUMH.

EC ckiagaroThesl 3 MaCMBHUX Ta aKTUBHUX €JIEMEHTIB, IHTEIPaJIbHUX
MikpocxeM. Y BiJNOBIHOCTI O OCHOBHOTO METOXy Teopil Kijl, peajbHi
€JIEMEHTHU MPEACTABIAIOTHCS 30CEPEKEHUMH MOJICIISAIMHY, SIKi CKIaJaroThCs
3 HACTYITHHX iIealbHUX JIBOTIOJIFOCHUKIB: OIOPiB, EMHOCTEH, IHAYKTUBHOC-
TEH, JpKEepes HAIIPYTH Ta CTPyMYy.

IneanizoBaHi JBOMONFOCHUKY BiIOMBAIOTH TUIBKH OJIHY CYyTTEBY OCO-
ONMUBICTD ENEKTPOMArHITHUX MpPOLECIB B eneMeHTi-porotuni. OxHak, B
KOXKHOMY peajibHOMY €JIEMEHTI MalOTh MICIE Tapa3uTHI MPOIEeCH, BHACTI-
JOK 4YOro iXHi CXeMH 3aMillleHHA ycKJIaaHowThcs (puc.3.1). Uum Buie

BUMAra€TbCsi TOYHICTH PO3PaxyH- Ce

Ky, TUM OUIBINY KiJIbKICTH (haKTo- 1

piB HEOOXiZHO BpaxyBaTH, THM le  Res R Lr Rt
BUIIA PO3MIPHICTh MOJIEINI, OIHAK — O Y
1€ YCKJIQJHIOE PO3paxyHOK (CUMY- Rua

TISIIIIFO). —

I3 TOukH 30py Teopﬁ KU1 3a- Pucynok 3.1 — Cxema 3aMilieHHs pe3nucTopa
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Jlaya aHaji3y 3BOAWUTHCS IO TPUBEACHHS CITiBBiIHOIIEHB, IO OMHCYIOTHh
€JIEKTPOMATHITHI MPOILECH B €IEMEHTaX B 3aJeKHOCTI MK HAIMpyrow Ta
CTPYMOM Ha iX mojrocax. SIKIo CTpyMHy Ta HapyTH Ha MOJIOCAX EJIEMEHTY
NOB's3aH1 JIHITHUMY PIBHAHHAMH, TO KOe(]ILi€HTH IUX PIBHAHB MOBHICTIO
XapaKTepU3yIOTh MOBENIHKY €JIEMEHTIB 1 Ha3WBAIOTHCS IXHIMU TTapameTpa-
M.

[TapameTpn MOXyTbh OyTH MOCTIHHUMH BEIMUMHAMH 200 QYHKIISIMH
yacy. B mepmromy Bunaaky — Mozl CXeMH OMHUCYIOThCS TIHIHHUME nude-
penmiitanMy piBHsHEsIME (JIIP) 3 mocTiitHuMu koediieHTamMu; B APyromy
Bunaaky — JIJIP i3 3MiHHUMH KoedilieHTaMu. SIKIIO 3aJIeKHOCTI MK
CTPYMOM 1 Hampyror HeNiHifHI (cCxeMa HemiHifiHA) Ta OMUCYEThCS HEIi-
HiltHUME nudepenniitanvu pisasaasMu (H/IP), a mapamerpu enemeHTiB €
¢yHKUisMU HanpyrH i ctpymy. KoedimienTrn MoxkyTh OyTH TakoX (QyHKIII-
SIMH 4acy.

HacrymHi Tpu qudepenmiiiai piBHIHHS (CUCTEMH PiBHSIHB) OMHCYIOTH
TPU TUITHA CXEM:

a9V, o dy, ., 4%y 9y ay- 3.1

dtn aﬂ 1 tn -1 a‘n—2 dtn72 N +a1 dt +a0y_ f(t)’ ( )
dny n—ly dn—zy d y

e —2 =f@), B2

IO a0 drt g, g T ®

dny dn ly dn—Zy d y

a halb = f(t). 3.3

n dtn n l(y) tn -1 n 2 dtn_z +a1 dt +a‘0y () ( )

Pigustans (3.1) — miHiiiHe, i3 MOCTIHHUMHU KoedimieHTaMu ao, ai , ay,
, @n — XapaKTePU3Yye JIHINHE KOJIO i3 TOCTIHHUMH MapaMeTpPaMH.

PiBustanst (3.2) — niniiiHe, B sKOMY X04a 0 OJuH 3 KOeDIieHTIB (@n-
1(t)) € dynkitiero yacy (ane He 3aJIEKUTD BiJ ), SBJIsI€ COOOIO JIiHiiHE PiB-
HSIHHSA 13 3MIHHUMH KOeillieHTaMH 1 ONMCY€ JTHIHHY CHCTEMY 13 3MIHHUMU
napaMeTpaMu (ImapaMeTpudHy CHCTEMY).

Piusinns (3.3), onun abo Kijgbka Koeili€HTiB SKOTO, B JAHOMY BHU-
naaky d,-1(Yy), € yHKUIAMH Y, — € HeMIHIHHUM TU(QEpeHIIHHIM PiBHIHHAM
Ta XapakTepu3ye HelliHiiHEe KOJIO.

BaxauBor0 BIACTHBICTIO JIHIHHUX CUCTEM, 110 BHUILIMBAE 3 JIHIHAHO-
cti nudepenuiiinoro piBHsHHSA (3.1), sIKe omMCye MOBENiHKY (CTpyM, Ha-
NpyTy) CHCTEMH, € CIPABEJIUBICTh MPUHIIMITY HE3aJIEKHOCTI ab0 HakKia-
nenHs (cynepno3uii). CyTh [bOT0 IPUHIKITY MOXe OyTH chopMyIIbOBaHa
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TaK: npu 8NAUGI HA NIHIUHY cucmemy OeKiIbKOX 306HIUHIX CUL NOBEOIHKY
cucmemu  MOJCHA — BU3HAYAMU  WIISIXOM — HAKIAOeHHs  (cynepno3uyii)
PO38 '[A3Ki8, 3HAUOEHUX OJist KOJCHOL 3 cull okpemo. A0O: 6 niHiliHil cucmemi
cyma eghexmis 6i0 pi3HUX 6NAUGIE CNIGNAOAE 3 ephekmom IO iXHbOI cyMu.
[Ipu 11pbOMy TIPHITYCKA€ETHCS, IO CHCTEMa BiTbHA BiJ IMOYATKOBUX 3amaciB
eneprii. [IpuHIAT HaKIaIeHHS JIGKUTH B OCHOBI CIIEKTPAJILHOTO 1 Oomepa-
TOPHOTO METOJIB aHali3y HePEeXiAHNUX MPOLECiB B JIHIHUX KOJNaX, a TAKOXK
MeTOJy iHTerpaiy cymnepnosumii (interpary Jroamens). Ha migcrasi npuH-
UMY CyHepro3uiii, Oyap-sKi CKIaJHI CHTHATH MOXHA TpH Tepenadi ix
yepe3 JIiHIMHI CUCTEeMH PO3KIIACTH Ha TPOCTi, OUTBIN 3pydHi I aHami3y
CUTHAIIM, HAMPHKIIAJ CUHYCOiNaNbHI (TaK 3BaHUH TapMOHIHHUIA aHai3, 110
€ pO3HiJIOM BHIIOI MAaTeMaTHKH, 3aCTOCOBYETHCS BiH B CIIEKTPAJIbHOMY
aHaJi3i eNeKTPOHHUX Kil).

Teopis nqudepeHLiiHuX piBHSHD 13 3MIHHUMHU KoedimieHTaMu (pis-
HsHHA 3.2) CKJIaHINIA, HIXK PIBHAHB 3 TOCTIHHUME KoedimieHnTamu. Ha-
BiTh IPH TapMOHIHHIN TIpaBiii YaCTHHI PIMICHHSA PIBHAHBL MOPSIKY BHIIE
nepuIoro Moke OyTH 3HAWICHI JIMIIIE B IESKUX PUBATHUX BUIIAIKAX.

Jis HenmiHIHHUX eNeMEeHTIB ¥ Kin (piBHAHHS 3.3) IPUHIMI CyTiep-
MO3MUIIIi HEe MOXKHA 3aCTOCOBYBAaTH. L BIIACTHBICTH HETIHIHHUX CHCTEM
NOB's3aHa 3 HENIHIHHICTIO CTATUYHUX XapaKTEPUCTHK (BOJbT-aMIIEPHUX,
BeOep-aMIepHUX Ta BOJIbT-(hapaJHUX) HENiHIMHUX eieMeHTiB. Omip U
MIPOBITHICTh HENIHIHOTO aKTUBHOTO OIOpPY, K 1HAYKTUBHICTH HEIiHIiH-
HOI 1HIYKTUBHOCTI Ta €EMHICTh HEJIIHIHHOT €MHOCTI, € HeNiHIHHUMU QyH-
KIIISIMH MUTTEBOTO 3HAUEHHS CTPyMY (Hampyru) Ha 1ux ejaemeHTax. OT-
JKe, TIPH aHaJIi3i BIUIMBY Ha HENiHIMHE KOJIO CKJIaJHOTO CHTHAIY HOTO He
MOJKHa PO3KIAJaTh Ha TPOCTi CKJIAIOBi, HEOOXIAHO IIYKATH BiIKIIAK
CHCTEMH Ha Pe3yJbTYIOUY BEJIMYUHY CHTHAITY.

Peanvui cxemu € HeniMiiHuMu cucmemamu i3 3MiHHUMU Koeqhiyic-
Hmamu, aje Ui COPOLICHHS aHali3y NPUIMAIOTHCS Pi3HI HPUITYIIEHHS,
SIK1 TO3BOJISIFOTH YMOBHO BUIUTUTH TPU BHJIU CXEM:

- JIiHIHI CXeMH 3 MOCTIHHUMH Koedinientamu (piBHsHHS 3.1);

- mapaMeTpuyHi cxemu, mo onucyoTbes JIJAP 3 3miHHMMEU Koedimi-
eHTamu (piBHsHHSA 3.2);

- HemiHiiHI cxemu (piBHAHHS 3.3).

MMC cknamaloThCsl HAa OCHOBI KOMIIOHEHTHHX PiBHSHbB, fKi
NOB’SI3yIOTBCSL B CHCTEMY DPIBHSHHIMHU TOINOJOTTYHUMHU. TeopemMu KoMmyTa-
i1 03BOJISIFOTH BU3HAUUTH MTOYATKOBI YMOBH JIJISL PO3PaXyHKY MEPEXiTHUX
TIPOIIECIB.
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KommnoHeHTHi piBHSHHS JUIsI PEaKTUBHUX KOMITOHEHTIB (B (opmi
JUIST MUTTEBUX 3HAYCHD Ta B OTIEPATOPHii popmi):
. du . .
ic=C—=——1.=pCU;
dt

1t Y I
U :E_J;l(t)dt—wc -
di, . ; -
UL = LE—)UL = pLIL,
. (3.4)
o1 . u
IL ZE_J;U(t)dt—)IL = E
JIyisi aKTHBHOT'O OIIOPa KOMIIOHEHTHE PiBHSAHHA — 1€ 3aK0H OMa:

.1 . 1.
|=EU—'—)IR =EUR,

d 1
e .
e po p<—>f

3akonu Kipxroga (Tomosioriuni):

I AnreGpaiuna cyma cTpyMmiB y By3li (IlepeTHHi) TOpPiBHIOE HYIIO B
OyIp—SIKMI1 MOMEHT Yacy (3aKOH 0e3nepepBHOCTI TIOTOKY).

II AnreGpaiduna cyma HampyT B KOHTYpi JOPIBHIOE CyMi €.p.C, HIFOUUX
B KOHTYpi B Oy/Ib-SIKHii MOMEHT 4acy (3aKoH 30epeXeHHs eHeprii).

3akoHu (TeopeMHu) KOMyTAaIlii:

Li(0)=1i(0+)

IT uc(0)= uc (04+)

To0T0, HE MOXYTbh 3MIHUTHCS MUTTEBO CTPYM 4epe3 iHIyKTHBHICTb
Ta Hampyra Ha eMHocTi. Lle OB’s13aHO 13 1HEPLIHHICTIO €JIEKTPOMArHITHUX
MPOLIECIB B iHIYKTUBHOCTI Ta MOJISPU3ALIl JiCIEKTPHUKA B KOHCHCATOPI.

Hpukaaa: Po3rnsiHeMo erany CTBOpPEHHsS MOJENi B MacCUBHOMY JIi-
HITHOMY KO, JIe €MHICTh, PE3UCTOP 1 IHJIYKTHUBHICTh BKIIFOUEHI MOCIIIOB-
Ho. CHcreMa Ipallioe Ha 3MIHHOMY CTPYMI, 11O 3aJa€ BXIAHHUN I'€HEpaTop
V1 (puc.3.2, a). MaTemaTiuHa MOJeJIb Li€l cXeMH, OTpHIMaHa 3a 2 3aKOHOM
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Kipxroda, mokazana HmwKYe B IOCITIIOBHOCTI Aiif 1O MPUBEICHHIO 1i 10
TudepeHIifHoro PiBHAHHS JPYTOTro HOPSAKY:

U +U, +Ug =e(t);

1¢. dii | oo
E:Ll(t)dt+LE+R-l(t)—e(t),

2 .
Ihr% L=t
dt’ dt C

e f(t) — mepra moxinHa 3a yacom GYHKIIT BXiJHOTO TeHepaTopa.

Le piBusiaHst MaTemaTtnuHoi Mozeni cxemu (MMC) € HEOJHOPITHHM,
OTXe pillleHHs] HOro MOYKHA 3HAWTH JIMIIE TPH TapMOHIMHIN NpaBiil YyacTH-
Hi Ta BU3HAYEHHUX IIOYATKOBUX YMOBax. SIKIIO mapameTpu 1ii€i cxemH He
MOCTiHHI (SKIIO €EMHICTh KOHICHCATOP, OIip pe3ucTopa, ad0 IHIyKTHUBHICTH
KOTYIIKH € QYHKIisIMH 4acy, abo (a3oBHX 3MiHHHX), TOOTO, sikino MMC
nmapaMeTpuyHa, ado HeNiHiifHa, PO3B’ 30K HE MOXKe OyTH 3HaineHuil aHai-
tiuHOo (y BUTIAl ¢opmynu). Yacrime 3a Bce Taki MMC anHamizyroThCs B
nporpamax kinacy ECAD, ne piBHSHHS pO3B’S3YIOTbCS B CHUMYJATOpax
YUCIIOBUMH METOJAMH 1HTETPYBaHHSL.

MogenoBaHHS YaCTOTHUX MepexinHux xapaktepuctuk B ECAD —
nporpami MC12 HaBeneHo BianoBigHo Ha pucyHkax 3.2, 6 1 3.3. [Ipu ymo-
Bi 3aBJaHHS YaCTOTH CUTHAJIY BXIJHOI'O IeHepaTopa BIAMOBIIHO IO Pe30-
HAHCHOI 4acTOTH KOHTYpY (y AaHoMy mpukiaai — 5 k['1), Ha BUXO/i MOYH-
HA€THCS TeHepaLlis TApPMOHIYHOTO KOJIMBAHHS.

L

a 9
a— cxema; 0 — YaCTOTHI XapaKTePHUCTHKU
Pucynok 3.2 — locmimkenHs macuBHOro kona B MC12
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Pucynox 3.3 — JlocimimkeHH s epexiqHuX OporeciB macuBHOTo kona B MC12
3.2 KoHTpoJILHI 3anuTaHHSA

Ha ocHoOBi sikux eneMeHTIB (hOPMYIOTHCS CXEMHU 3aMIIlleHHS €IeKTPOH-
HUX cxem?

[ToHATTS 30CEpEKEHUX MOIEIIEH.

OcHuoBHi piBHsHHSA B MMC €eKTpOHHHUX CXEM.

[ToHATTS MIHIKHOCTI CUCTEM.

Buay cTaTH4HUX XapaKTEePUCTHK.

3axkoHN KOMIIOHEeHTHi, TonojoriuHi (Kipxroda), komyTarii.

Mojeni macMBHHX KiJl HA IOCTIHHOMY CTPYMI.

[Mpuxian ckiagaHHs MOJIENI TACUBHOTO KOJia Ha 3MiIHHOMY CTPYMi.

3.3 InauBinyanbHi 3aB1aHHsA

[osichuTn 1 3aK0H KOMYyTaLii.

[osicHuTH 2 3aKOH KOMYyTaLlii.

[Ipuknany mapaMeTpUIHUX CUCTEM.

YMOBH BUKOPHUCTAHHS PUHIIUITY CYTIEPITO3HIIIi.

YMOBH nepexoy 10 KOMILIEKCHOT OpPMU KOMIIOHEHTHUX PiBHSHb.
[aiite mpukitag 3acTocyBaHHs 3akoHiB Kipxroda.

3anuc KOMIOHEHTHUX PiBHSHb JUIS YACTOTHOTO JIOMEHY.

OOrpyHTyiiTe nepeBaru MOAEIIOBaHHSA AJIs1 aHAi3y MIKpO- Ta HAaHOEJIEeK-
TPOHHUX MPHUCTPOIB Ta CHCTEM.
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4 IPAKTUYHE 3AHATTSA Ned
«AJITOPUTMHU CI/IMYJIHIIIj B ECAD.
JOCJIIIKEHHSA @ YHKIIN CXEM»

4.1 Metoau ¢opmyBanHsa MaTeMaTu4Hoi moaeai cxemu B ECAD

KoopaunatHuii 6a3znuc — me He3aslexkHi (a30Bi 3MiHHI, Yepe3 IKi Mo-
JKHa BU3HAYMTH Bei iHmn. Ha3Ba xoopamHaTHOTO Oasucy cmiBmajgae i3 Ha-
3BOI0 MeToJa. SIKIIO A0 KOOPAMHATHOTO 0a3ucy BXOJISATH 3MiHHI OJHOTO
TUMY (HaNlPHUKIIA], HAPYTH BY3iB), TAKHIA METOJ BITHOCHTHCS IO METOMIB
OJTHOPITHOT'O KOOPJMHATHOTO 0a3UCy — 1€ METO/] BY3JIOBUX MOTCHIIIATIB Ta
KOHTYpHHUX cTpyMiB. Taki METOI1 BUKOPUCTOBYIOTHCS AJISl aHANI3Y 4acTo-
THUX XapaKTepUCTHK, TOOTO oTpumytoTh MMC B dopmi cructem anredpai-
YHUX PIBHIHP 13 KOMIDICKCHAMH KOe(iIli€eHTaMHU.

4.1.1 MeToa BYy3JIOBUX MOTeHIiaiB

Hampyra O0yap-sKoi TUTKA cXeMU TOPIBHIOE Pi3HMIII TOTEHITiaNliB BH-
BOJIiB AaHoi rinku. [lepeMHOXeHHS 1i€1 HAPYTH Ha KOMIUIEKCHY MPOBij-
HICTh JaHOI T'JIKKA JOPIBHIOE cTpyMy TiTku. OTXKe, 3HAI0OUU BY3JIOBI TIOTEH-
[iajiy, MOXHA 3HAWTH CTPyMHU. Y 3arajisHOMy BHUIAJKY, SKILIO €JEKTPUYHA
cxeMa MICTHTh ( BY3I]iB, Ha MmijcTaBi mepmoro 3akoHy Kipxroda moxHa
3amucaTy cucTeMy 3 —1 piBHSHB ISl «CTPYMOBHX TUIOK»:

J =Y U+ 0, +4Y, Uy
3, =Y,U, +Y, U, +---+Y2‘q_1 ~Uq_1

Joa =Yg U +Y 44 Y U

q q-1’

JI€ B KAHOHIYHUX CUCTEMAX:
Y. — BJIaCHI TPOBITHOCTI T1ITOK, sIKi 30iraroThes B B3 i (3HaK “+°);

Y, — 3araibHi (B3a€MHi) IPOBIHOCTI Mixk By3namu i, K (3Hak “—).

VY 3ropuytomMy Burisii popmyna MBIT:
[YIVI=[],

ne [ Y] — maTtpuus By3JI0OBHX IIPOBiAHOCTEH;
[U] — HeBimomi By3JI0Bi TIOTEHITIAH;
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[J] — marpuisa ctpymiB (He3aaeKHUX).

PiBHsSIHHA 3amvcaHi B MPUIYIIEHH], IO JDKEpeTa eNeKTPUIHOI eHeprii
NpeACTaBieH] KepenaMu CTpyMy (CTpyM JDKepeda CTpyMy, IO TIpPHXO-
IUTH 0 By3J1a NPUIMAIOTh HETaTUBHUM, a 10 BiAXOJUTh — NO3UTHUBHHUM).
SIkmo B cxemi € TiiKy, Mo MIicTATh TiTbKH mKkepena EPC, abo inaykTuBHO-
CTi, iHaKIIIEe KaKy4H, «HE3PYyUHI» CIEMEHTH, PiBHIAHHS SkuX B hopmi i=f(u)
He € nudepeHUiiHIMH, BOHM MOBHHHI OyTH NMEpETBOPEHUMH 10 (QOpMHU
«cTpyMoBa rinkay, iHakme MMC HEeMOXINBO OTPUMATH SK CHUCTEMY all-
reOpo-mudepeHIifanX piBHIHL. Yacrime 3a BCe, METOIW OTHOPITHOTO
KOOPJIMHATHOTO 0a3uCy BUKOPUCTOBYIOThCS IUis AC-aHami3y, MpH SKOMY
HasIBHICTh 1HAYKTHUBHOCTEH B CXeMi HE CTBOPIOE MPOOJIEMH: BCi KOMITOHEH-
THI PIBHSIHHS € anre0paiyHIMH, OCKUTEKH TOTIEPEeTHRO BUKOHAHE TIEPETBO-
peHHs QYHKIIT gacy.

4.1.2 MBII 3 po3minpeHUM KOOPAUHATHUM 0a3MCOM

V saransaoMy Bunaaky MMC e cucremoro OJIP #(V, V', t) =0.

Knacuunuit Bapiant MBII He 3HaXOquTh HIMPOKOTO 3aCTOCYBaHHS,
OCKIJIBKY 3 MOT0 J0MOMOI0K0 HeMOXIMBO oTpuMaT MMC cxemu B anreo-
po-audepeHtiitHii ¢hopmi, 0 MICTUTH ifeallbHI [HKepena HapyTH, iHIyK-
TUBHOCTI Ta 3aJISKHI JPKepena, Mo KepyrThes cTpyMoM. ToMy y mporpa-
max ECAD 3acrocoByroTh MoaudikoBanuit MBII 3 HeoaHOpPiIHUM KOOp-
JUHATHUM 0a3ucoM: BEKTOP HEBIJIOMHX CKJIAJA€ThCS 3 BEKTOPY BY3JIOBUX
NOTEHIIAMIB (p Ta BEKTOPY |2 cTpyMiB ocobnmBuX Tinok. ['pymy ocobaueux
TUIOK CKIIQNAI0Th 1/1eanbHe £ JpKepelo HampyrH, iHIyKTHBHOCTI Ta TiJKH,
CTPYMH SKUX € KEPYIOUMMH IS 1HIIWX TiIOK. [HII TiJIKK BiZHOCSATHCS 110
Heocobausux. MMC ckala€ThCsl 3 IEKUIBKOX IigcucTeM, MaTpuilst ko0,
SIK 1 IHIIN MaTpulli, 3 Akux ckianaeTbcss MMC, — po3mupena, To0To Mic-
TUTh iH(OPMAILiIO 111010 TpoBiaHOCTEN (4i/Au) Ta onopiB (Au/Ai) enemeH-
TIB MIJCUCTEM JJIsl OCOOJMBUX Ta HEOCOOJIMBUX TiJIOK OKPEMO..

VY nopiBusaHI 3 M3C, MMBII 6inbm edhekTUBHHNA ISl PO3PAXyHKY
EJIEKTPOHHUX CXEM, OCKLIBKH:

— yHiBepcaibHa popmMa MMC [103BOJIS€ JIETKO MEPEXOIUTH Bij JH-
HaMiYHHUX PEXUMIB aHaANI3y 10 CTAaTHYHHX;

— HESBHI METOJIU YUCIIOBOTO iHTETPYBaHHS, HE3BAKAIOUH HA OLIbIITY
TPOMI3JIKICTh, € CTAUTUMH (CTIHKMMH) HABITH ISl JKOPCTKHX CXEM;

— MMBII 6inbm 3py4HO 3aCTOCOBYBaTH IPH aHANi3l aHaJOroBO-
UG POBUX CXEM, OCKUIBKH JIOT14HI PiBHI — 1€ MOTEeHIIaIN (HApyTH);
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— po3pimkenicTh MaTpuili Jko0i crae nepeBaroro MMBII nipu Buko-
pUCTaHHI CITUCKOBUX METOIB 30epiranus iHhopMaIrii.

4.2 MaTpu4HO-BeKTOPHI MapaMeTpH cxeM

EnexTpoHHa cXeMa XapaKTepU3yeThCS MePBUHHUMH i BTOPUHHUMH
napamerpamu. [lepBuHHI XapaKTepH3ylOTh KOMIIOHEHTHO-TOIOJIOTIYHUI
CKJIaJ CXEMH, a BTOPHHHI — 30BHIIIHI XapaKTePUCTUKH (BXiJHi, BUXiIHI Ta
MPOXi/Hi), IO OOYHCIIOIOTHCS SIK CITIBBIAHOIICHHS ITyKaHUX (Hha30BUX
3MiHHEX. Tak, 10 MEepBUHHHUX BIAHOCUTHCS iH(OpMAIlis B MaTpHIl iMmi-
Tancy [W] (muB. hopmyiy meToniB gpopmyBanus MMC: B 3alie)KHOCTI Bij
obpanoro KoopAuHATHOTO Oaszucy [X] 1ie mMarpuus immnenancy [Z], MmaTpu-
st agmitancy [Y], abo 3minrana marpuipst). Jlo MEpBUHHHUX BiJHOCHTHCS
TaKOX BEKTOP, 110 3aja€ BB Ha cxemy[Q] ([J], abo [E]).

EnextpuyHuii cTaH cXeMH BH3HAYA€THCS 3HAYCHHSMH CTPYMIB Ta
HaIpyr, MO0 OTPUMYIOTBCS B pe3yJbTaTi PO3B’A3yBaHHA PIBHSAHb CXEMH
BITHOCHO BEKTOpY CTaHy [X], came depe3 3Ha4YeHHS BEKTOPY CTaHy BH3Ha-
YalOThCS BTOPUHHI TapaMeTpH, OCKUIBKM Ha MPAaKTUIi MPeACTaBISIIOTh
IHTEpec He caMi CTPYMH Ta HampyrH 3 BeKTopy [X], a CIiBBiAHOIICHHS MiX
HUMH Ha BXOJ]aX Ta BHXO0JIaX CXeMH (HApUKIIaa, KOe]iieHT MiICUICHHS).

[Ipu ManocurHanbHOMY aHAJIi3i BTOPWHHI MapaMeTpH BUCIIOBIIO-
I0TBCSl (PYHKIIISIMH KOMIDIEKCHOT 3MIiHHOT p, IO XapakTepU3yIOTh BIACTH-
BOCTi CXeMH BiTHOCHO JesiIKuX (DiKCOBaHUX BXOJIiB Ta BUXOJIB, Ta Ha3WBa-
I0ThCS (DYHKIISIMU CXEMH, BOHU BU3HAYAIOTh MEPETBOPEHHS, SIKE 3/IiHCHIO-
€THCS CXEMOIO HaJl BXIJIHUM BIUTMBOM. [Ipumyckaerncs, 0 B camiii cxemi
OyIyTh BiZICYTHIi JKeperna, 10 33af0Th, Ta TOYaTKOBI YMOBH — HYJIBOBI.

®yHKIil cXeMH BU3HAYAIOTHCS TUTBKU TTApaMeTpaMH ii eJIEMEHTIB Ta
iXHIM CIIOCOOOM CIIOJTyUYeHHS, 1 HE 3aJieKaTh Biji BAOOPY CUCTEMH KOODIIH-
HAT JUIsl 1aHOi CYKYNHOCTI BXOAiB i BuxoAiB. Yepes ne ¢yHkuii cxemu Mo-
JKHa Ha3BaTH BTOPMHHMMHU NapamMeTpaMu. Y 3araJlbHOMY BHIJIALI cXema
MOJK€ MaTH JIEKIJIbKa BXOJIIB 1 BUXO/IB. Byab-sKOMy BXO/ay 1 BUXOAY Bij-
TIOBIJIa€ Tapa 30BHINIHIX BY3IiB (MoitociB). Jlo BXIJIHUX IOIIOCIB MPHE-
HYIOTh JKEpeia Hanpyrd i CTPyMy, BIUIMB SIKUX BPaxOBYETHCS BXiIHHUMHU
BEJINYMHAMH.

SIKIIO € TINBKY OJIMH BXiJl, TO CXeMa MPHUBOJIUTHCS JIO JBOIOJIFOCHU-
Ka; 32 HasBHOCTI OJJHOTO BXOJY 1 OTHOTO BUXOJY — CX€Ma MPUBOIUTHCA 110
YOTHUPHUIIONIOCHUKA. Peakiist Xeuxj Ha | BUXOi BiJ BILTUBY X6X; HA BCiX M
BXOJ1aX Ha OCHOBI IPUHIIUITY CYNEPIO3HIIIT MOKe OyTH BHUCIIOBJICHA CYMOIO
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peaxiiii Bif BILTUBY Ha OyAb-IKOMY BXOJIi OKPEMO:
+F2j .XSXZ +”'+ij .szm :Z(E/ .szi).

i=1

X

6uxj

Xsuxj = ZV:(FU : ngi)’

i=1
; — GyHKLis cXxeMH, 110 3B'A3y€ BXI/IHY Ta BUXIJHY BEIMYUHN.

:F;j.X

6xl

ne F

I
OTxe, cxemy 3 IEeKIIbKOMa BXOJaMH 1 BUXOJaMH MOXHA XapaKTepH-
3yBatu Habopom (yHKIN Fij, 110 BiOMBAIOTH BJIACTUBOCTI CXEMHU IPHU
nepenadi curHany abo eHeprii Bia I-BXOAy Ha J-BHXIiI MPH BiACYTHOCTI
BIUIMBY Ha iHIIUX Bxonax. KoedilieHT nepeaadi HApyTu Ta CTPyMy:

4.3 ®yHKIIii cxeMH Ta cnocod0u iIXHbOr0 MOAaHHS

VY 3aranpHOMYy BUMNAAKy OQYHKIIi CXeMH TOAAIOTHCS ApoOOBO-
palioHaTbHUMHU (QYHKI[ISIMHA BULY:

F(p)= A

B(p)

ne A(p) ta B(p) — GararouieHH AESKOrO CTYIEHIO KOMILIEKCHOT
3MIHHOI P 3 pEUOBUHHUMH KOe(illieHTaMu:

a,p"+a, ,p"t+..+ap+a
F(p): - 1 — 1 0
b,p"+b, ,p" +...+b p+h,

BropuHHI mapameTpu, CTOCOBHI 10 BXO/y, HA3HBAKOTh BXIJIHHMH
dynxuismu (R,,Y, ). Tlpoxinui, mepenathi QyHKIi: Ky K13 Z,eps Yoy - HO

Ye ux"

OyHKLIT cXeMH MOAAIOTHCS PI3HOMAaHITHIMHU METO/IaMH B 3aJIeKHOC-
Ti BiJl METH JIOCJIJDKEHHS Ta IPUMHATOrO BUAY aHaizy. Busnauenns ¢yn-
KIIii CXeMH 3BOJUTHCS 10 OJCP)KAHHS YMCIOBUX 3HAYCHB MOJIIHOMIAIbHUX
koedilieHTiB, a00 MoJaHHs iX y CUMBOJIIYHIN (aynreOpaiuniii) dhopmi yepes
napamMeTpy KOMIIOHEHTIB cXeMH. SIKIIO BiJOMi KOpEHi Zj YMCIIiBHUKA 1 KO-
peHi Pi 3HAMEHHUKA, (DYHKIIS MOXe OyTH 3allicaHa y BHI:

BUXIZIHUX (QYHKIIIH BiHOCATBCA R,

ux?
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o (p=2)p-2,).(p-2,)
Fle)=k (p—pXp-p)-{P-p,)
ne k, =2

n

BenuuuHy Z; Ha3uBalOTh HyIAMM (YHKII, OCKUIBKY MPU P=Z; YUC-

niBauK A(p) Oyne B 36iratuch B Hynb. [Ipu p=p; dyHKIIIS MOXKe TpuiitMaTh
HECKIHYEHHO BEJIMKE 3HAYEHHs, TOMY [i Ha3WBAIOTh MONIOCaMH (DYHKITII.
Ockinbku KoeQillieHTH @ Ta b — peyoBHHHI YMCla, TO KOMILUIEKCHI abo
(hikTUBHI HyJi MOXXYTb OYTH TUIBKH HONAPHO CIIOJTyYEHi.

IMonarouun onepaTop y BUAl p=c+jw, MOXKHA 3aIUCATH:

F(p)=Flo.w)ee),
abo
F(p)=F(o,0)+ iR (0,0).

PoszranryBanus HyiB Ta MOMOCiB PYHKIIT Y KOMITIEKCHIHN TUTONMHI
3aJIeKUTh Bij CHIBBIIHOLICHb MK mapaMeTpamu cxemu. [lomrocu QyHKuii
3aBXKJIM PEUOBHHHI (PO3TAIIOBYIOTHCS HAa PEYOBWHHIN OCi y JiBiif HaIBII-
nouuHi). Hym MoXyTh po3ranryBaTHCs y 3aJI€eKHOCTI Bijl 3HaKy pEYOBHH-
HOI iXHbOT YaCTUHH Y OY/Ab-SKWH 3 HAITIBILUTOIIHH.

[Ipu cuHTE31 aKTUBHUX Ta MACHUBHUX AHAJIOTOBUX (IILTPIB B MPO-
rpamax ECAD 1 indopmariist momaerscsi y BUIISAI KOOPAUHAT HYJMIB 1
[IOJIFOCIB HA KOMIUIEKCHIN IUIOMIMHI Ta € OJHUM 31 CIIOCOOIB BU3HAYECHHS
napameTpiB MepeaTouHol XapakTeprucTuku QinbTpa. Takoxk Taki rpadiku
MOJKHa OTPUMATH B TIOCTIIPOILIECOpi, NPU yMOBI 3aBJaHHS BiJlMTOBITHUX
BHUPa3iB 10 OCSM IIPU aHaJi31 YaCTOTHHX XapaKTePHCTHK.

4.3.1 Jocaimxenns pyHkmiii cxem y 4acTOTHOMY JAiana3oni
IIpu rapmoHiiiHOMY cuTHami Ha BXOJl 3MiHHa P NpUHAMae BHJ

P = jo Ta OyHKIIA CXeMH 33a€Thes Y Bui: F ( jco) =F (w)e”’(m).
3ayIeKHICTh MOTYJIS Fl(w) BiJ yacToTH HazuBaeThest AUX, a das3u ne-
penatounoi QpyHKIil q)(a)) Bix yactotu — PUX:

[F(jo) =y F; (0)+ F (@), p(w)= arctg% .

x(@)
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YacToTHI XapaKTepUCTUKHA MOXKHA OTpUMATH T0 rpadigHOMY 300pa-
JKEHHIO F (G, a)) Ta qo(a,a)) y KOMIUIEKCHIH IUIOMKHI ab0 aHaNiTH4HI 10
dysxuii F(p) npu p = j . YacTOTHI XapaKTEPUCTHKH, IO OTPUMYIOTECS
Ipy TapMOHIHHOMY CHTHANIi Ha BXOZi, XapaKTepU3yIOTh PEaKLil0 CXeMHU
npu OyAb-iKoMy 30YMKEHHI, OCKUJIbKU MEePIOANYHI CUTHAIM MOYHA PO3K-
JIACTH HA TapMOHIKHU psiioM Pyp’e.

CxeMa He BUKPHBIIIOE (HE CIIOTBOPIOE) CUTHAI MPHU Tepenadi, SKIIO
30yJUKEHHS Ta peakilis Ha T BXOJ Ta BUXOJ 3B's3aHi: g(t) =k, (t — r), e
g — IMIIyIbCHA XapakTepucTuka cxeMu. OTxke, (hopMa BXiJHOTO CUTHAILY
30epiraeThCs MpHU mepenadi, SAKIIO yci HOro eleMeHTH 3ami3HIOITHCS Ha
ONIHY ¥ Ty X BEeNWYNHY 7 (32 HASIBHOCTI pEaKTUBHUX €JeMeHTiB). YacToTHi
XapaKTePUCTHUKH iIealIbHOI CXeMHU MaroTh BHUI (pucyHOK 4.1, a). YV peainb-
HUX CXEMaX BiJICYTHICTh BUKPHBJICHHS MOJJIMBE JIMIIC y JESKOMY Jiamna-
30HI YacTOT, SIKMH Ha3UBAIOTh CMYTOO MPOMYCKaHHS: A® = Wy —Qy -

OCKIJIbKY CKJI3JIOBI CUTHAJTy MOXXYTh MaTH OyJlb-sIKYy YacTOTy y Jiia-
na3oHi 0 < @ < co, YMOBH HEBUKPHUBIICHOI IIepeiadi TaKi:

— AUX He nMOBHHHA 3aJISKaTH BiJl YaCTOTH.

— (baza moBuHHA OyTH MPOMOPIIifHA YaCTOTi CUTHAIIB 30yIPKEHHSI.

I'pannyni BepXHs Ta HWKHS YacCTOTH BU3HAUYAIOTHCS MPH PIBHOCTI

k .
moxynst GyHKUT k = —% , nek, — 3HAYCHHS MOYJIS y CMy3i IPOITYCKaHHSI.

V2

[ToTyXHICTb, 10 BIZJAETHCS HABAHTAKCHHIO TIPH @ = ®,, y J1Ba pasu MCH-
112 3a TOTYXHICTb IPU @, <@ <@, - 1aKOX MOXHA BU3HAYMTH I'DAHHMIL

CMYTH TIpY crHanaHHi xoedirieHTa nepemadi Ha Tpu nenumbdenu. Jlermuben
BU3HAYAETHCS JIOTapU(PMOM CITiBBITHOIICHHSI MOTY>KHOCTEH:

n,; =101g % .
in
SK mpaBuiIo, A €NEKTPOHHUX HPWIIAZIB 3B'I30K MiX 4aCTOTHOIO Ta
($ha30BOI0 XapaKTEPUCTHKOI OjHO3HaYHHMK. OjHA 3 TEopeM, IO IMOB'SI3ye
YaCcTOTHI XapaKTePHCTHUKH CXeMHOI (QYHKIIT (GOpPMYIIOEThCS TaK: IDIONIA
nia ($pa3oBoOI0 KPUBOIO MPOIOpLiiiHa pi3HOCTI KOedili€HTIB MiACUICHHS Ha
HECKIHUEHHO BHUCOKHMX 1 HYJIbOBHX YacTOTax. AHAJITUYHE CITiBBIIHOIICHHS
MIX MOJyJeM 1 (ha3010 € JIMIle i1 CXeMHUX (QYHKIH MepIIoro mopsjKy.
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VY 3aranmpHOMY BUTIAJIKY (ha30Be 3pYIICHHS BU3HAYAIOTH 3a HaxmwioM AUX
0 KpanKax.

Iakomn AUX i ®UX Oyayrots y norapupmiuHoMy MacmTadi mo oci
Y4acTOT, MOZLYJIb OYIYETHCS TE€XK Y JIorapuPpMivHOMY MacITaoi:

F,(0)=201g F(w).

YacToTHI XapakTepUCTUKU peajibHOI CXeMH HaBeICHI Ha PHUCYHKY

4.1,0.
k((» k(({)
r m kn

0

m

¢l

\\
180 =

a) 6)
a — ieanbHi; O - peanbHi
Pucynok 4.1 — YacTOTHI XapaKTepHUCTUKH:

AwmrutityiHO-(a3oBa xapaktepuctuka (ADX) OymyeTbcst y MOJSp-
HHUX KoopauHartax Ta 00'eqnye AUX ta ®UX (vactotHuit rogorpad). AUX
BU3HAYAETHCS JIOBXKHUHOIO BeKTOpy, a @UX KyToM 3 (iKTUBHOIO BicCIO.
IIpu gp(a))< 0 TOBOpATH PO BijcTaBaHHs 1Mo ¢asi, Mpu go(a))> 0 — mpo
BUTICPEIKCHHSI.

Posrnsinemo metonm nocmimpkeHHs QyHKLINA yacy, SKi BUKOPHCTOBY-
I0TBCSI JUIsl OJIepKaHHs TOUYHHX PillleHb NMPH PYYHOMY a00 YaCTKOBO aBTO-
MaTH30BaHOMY PO3PaxyHKY.
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4.3.2 Jocaimxenns pyHkuiii cxemu y yacosiii o6aacri

Peakiiist cxemu Ha OJVMHUYHUIA iIMITYJIBC HA3UBAEThCS iMNYIbCHOK Xa-
paxmepucmukoo Ta 3HaXOAUThCS TPU 3BOPOTHOMY TEPETBOPEHHI (DYHKITIT
CXEMH:

g(t) = L7[G(p)].

Peakmist cxemu Ha oguHWYHY (QYHKIIO (CTpHOOK HAmpyry) Ha3uBa-
€ThCS TIEPEXITHOI0 XaPaAKTEPHUCTUKOKO

41 -
)= 26(r)]| - L)
IMmynpcHaA Ta mepexigHa XapaKTepUCTHKY 3B'sI3aHi:

glt)=< [n(0] -

Buj iMmynbcHOI Ta mepexigHOi XapakTepUCTUK 3aJIeKUTh BiJ CITiB-
BiJTHOIIICHHS TTApaMETPIB CXEMH, Ta y KIHIIEBOMY MiJACYMKY, Bia KoedirieH-
Ty BIIHOCHOTO 3racaHHs &.

4.3.3 3B's130K Mi:K YACTOTHMMHU i YACOBUMH XapaKTEePUCTHUKAMH

YacToTHI Ta 4acOBi XapaKTEPUCTUKH ONHUCYIOTh Ty X CaMy CXEMHY
(hyHKITII0 Ta MOXKYTh OyTH BU3HAYEHI 1O ii KapTi HYJiB Ta MOJIOCIB, TOMY
MIXX HUMH € 3B's130K. [HKOJIM Ba)KJIMBO 3HATU HE TOUHHUM XiJ IEPEXIAHUX Ta
YaCTOTHUX XapPaKTEPHUCTHUK, a CIiBBIJHOIICHHS MK TXHIMH TapameTpaMH,
IO OIMCYIOTBCS: YaCOM HapocTaHHA tH Ta BUKMAOM MEpexiiHoi XapakTe-
PHUCTHKH Y, 3 OAHOTO OOKY, i CMyTH MPOITyCKaHH 1 PEe30HAHCHUM ITiAHOMOM
4aCcTOTHOI XapakTepuCTUKH Ky, 3 iHIIOro. [HaKIIe KaKy4H, B KIHOYOBOMY
NpUCTPOi NPU MiHIMaNbHUX (POHTAX MEepeMUKaHHs i mporecu Ha AUX
NpeACcTaBiIeHi 3pyLUICHHsIM I'paHU4YHOI YacToTu B obnacte BY. Jlns cxewm-
HUX (PyHKIIH BUIIMX MOPSAAKIB BU3HAYUTH CITIBBIJIHOIIECHHS aHAIITHYHO HE
3aBXK/IHM BAAETHCS, TOMY BUKOPHCTOBYIOTh EMIIPUYIH] POPMYITH:
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(-7£)

(f~03 ko= y=100e"*

ne & — koe(ilieHT BiJIHOCHOTO 3racaHHS CXEMH, YAM BiH MEHIIIUH,
THM O1ITBII BUKHIH Y Ta Ky, IPUYOMY BUKHJ BUHHUKae rpu <1, a pe3oHa-
HeHui migiiom kv — mpu £<0.707. Tlpu 30ibIICHHI CMYTH TPOIYCKAHHS
3MEHIIYETHCS Yac HApOCTaHHS NepeXiHOT XapaKTepUCTUKH.

4.4 CTiliKicTh cXeM

Sk Bimomo, QyHKIIIS CXEMH Ma€ BUJL

A= 52)

MIPUYOMY, TIPY PIBHOCTI HYIIO OJHOTO 3 KOPEHIB XapaKTePUCTHIHOI
dyukuii B(p), pyukiis F(p) mparae 10 HECKIHYEHHOCTI, [0 MOXE BUKJIH-
KaTW aBTO30YIKCHHS CXeMHU. TOMY JJIsl TOCHIPKEHHS TPUBKOCTI (CTiKOC-
Ti) CXeM 3HaxXO[ATh KOpeHi 3HaMeHHnKa F(P), 1110 y 3arajpbHOMY BH/Ii Ha3H-
BAETHCS XaPaKTEPUCTUUHUM piBHSHHAM. Cxema Oyze crilikimie, KO yci
PEYOBHMHHI KOPiHHS Ta YCi pEYOBHHHI YaCTHHU KOMIUIEKCHUX KOpPEHIB Xa-
PaKTEpUCTUYHOTO PIBHSHHSA CXEMH Y 3aMKHYTOMY CTaHi OyJIyTh HETaTHBHI
(TOOTO HEMae KOpiHHSA Yy TPaBiil HAITIBILJIOIIHHI).

Jiist HeMHIMHUX CXeM, IO JOCHTIPKYIOThCS 32 JJOMOMOTO0 JiHeapu-
30BaHMX PiBHSHb, YMOBa TPUBKOCTI CHpaBE/JIMBA JIMIIE IS Malux 30y-
penb. OTxe, 3a/1a9a JAOCIIDKEHHS CTIMKOCTI CXEMH 3BOJUTHCS 10 BU3HA-
YeHHsI 3HaKiB PEYOBHHHHMX YaCTHH KOPEHIB XapaKTEPUCTHYHOTO PiBHSIHHS
CXEMHU 31 3BOPOTHUM 3B'SI3KOM 200 BCTAHOBJIICHHIO PO3TAlITyBaHHS ITUX KO-
pPEeHIB Ha KOMIUIEKCHIH IuiomuHi. Ha mpakTuii 3acTocoBYIOTHCS MOOIYHI
METO/M aHaJli3y CXeM Ha TPUBKICTh, IO HA3UBAIOTHCS KPUTEPISIMU TPUBKO-
CTi.

[Ipu BBeneHHI HeraTUBHOIO 3BOpoTHOTrO 3B'13Ky (H33) y cxemy, mo-
JrocH mepenaTHoi (yHKUii 3MilIyloThCs JiBopyd Bix ¢iktuBHOI oci. [Tpu
OMY 301IBLIYETHCS CMYyTa IPOITYCKAHHS, OCKUIBKHA KOE(ILiEHT MIHPOKO-
cMmyrocTi k4w=const. OHak, BHACIIIOK TIOSIBU PE30HAHCHUX BUKUIB (TIpH
£<0.707) xoediuieHT mUPOKOCMYTOCTI (pHC. 4.2) MOKe 301IIbIITyBaTHCSI.
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HaBith y mpmmagax TBepIOTUTFHOI €JIEKTPOHIKH ICHYIOTH 3BOPOTHI

3B’SI3KM, B 3arajlbHOMY BHIIQAKYy — II€ HEraTWBHUH 3B’A30K (edexT
Minnepa), sikuii Moxxe OyTH SIK CTAaTUYHUM, TaK 1 AMHAMIYHUM. Y Oinomsp-
HOMY TPaH3HCTOPI €JIEMEHTOM 3BOPOTHOTO 3B'A3KY € MPOBIAHICTH KOJIEKTO-
pa, B IITKII — omip Butoky, y MOHT— npoxigHa eMHICTB. Y 3arallbHOMY
BUIIAJIKy, CIEKTPOHHA CXEMa € CHCTEMOIO 13 OaraToKkaHaJIbHUM 3BOPOTHUM
3B'SI3KOM.
IcHytoTh:  anreOpaiunHwmit
k kputepii Payca — ['ypBums,
JacToTHI KpuTepii Muxaiinosa
ta HaiikBicta, norapupmidanuii
4acTOTHUH  Kputepiii  boge;
IMMITaHCHUH KpUTEpii, sSKuid
3pyYHUI A aHali3y CXeM Ha
BU 3i ckmagauMu BHYTPIIIHIMA
33.

KopeneBum rogorpagom
HA3WBalOTh  TPAEKTOPii, IO
O onmcyeTscs kopeneM xapakTe-
PucyHok 4.2 — Boims H33 na AUX PUCTHTHOTO piBHSI.HHH y KOM-
TUIEKCHIM TJIOMIMHI TIpH 3MiHi
3aranbHOro Koedimienty migcunenns Big 0 g0 oo. Bupyarouu BUIIIAN
KOpPEHEBOro rojorpada, Mo>KHa BH3HAUYUTH 1 BUJI aBTOKOJIMBAHHS Y CXEMi.
Kopuctyrournch METOJI0M KOPEHEBOTO rojorpada, MOKHa He TibKH poOu-
TH BICHOBKH PO TPUBANICTh CXEMH, aJie i BU3HAYATH HEOOXiTHI 3HAUCHHS
ii eTeMeHTIB, P SKUX Peali3yloThCs 3a/IaHi YaCTOTHO-YacOBI XapaKTepH-
CTHKH.

4.5 locaimkenns GpyHkUiii cxem y mporpamax aHajizy

[Tpu aBTOMaTH30BaHOMY JIOCIIKEHHI (DYHKIIIH CXEMH y YaCTOTHOMY
niamasoni (pexxum AC Analysis) criouaTky po3paxoBY€EThCS CXeMa IO TT0C-
TIHHOMY CTpYMY, HiCJIsl IBOTO JTIHEAPU3YIOThCS YCi JIiHIIHI KOMIIOHEHTH, Ta
BUKOHYETHCS PO3PAXyHOK KOMIUIEKCHOI aMIUTITY M BY3JOBUX IOTEHIiaiB.
Jlo Bxomy cxeMH Mae OyTH MiJKIIOUEHE JKEPEI0 CHHYCOINalIbHOro ado
IMIYJIbCHOT'O CHUTHAIB, KOMIUIEKCHA aMILTITy1a SIKOTO BB)KAETHCS PIBHOIO
1B, a noyatkoBa (a3a piBHIH HyJIO (HE3aJeXHO BiA TOrO, SIK 33/JaHi 3Ha-
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YeHHsI TapaMeTpiB MoJeseld pKepenl CHTHamiB). YacToTa 3MIHIOETBCS Y
JIMPEKTUBAX 3aBIAaHHS Ha aHami3. SIKIIO € OHe JUKEpeno BXiIHOTO CHUrHa-
7y, T€ BUXiJHI Hampyru OyAyTb CHIiBIAaJaTH 3 YACTOTHUMH XapaKTepHCTH-
KaMU JIiHeapu30BaHO MOJENI MPUCTPOIO (ENEKTPOHHOI CXEMH), SIKIIO JKe-
pen (He3aleXHHMX) IEKiIbKa, TO BIATYKHA BiJl KOXHOTO CHTHAIY OyIyTh
ckiagatucs (3rigHo mpuHIUMIY cynepro3utlii). MMC B gacToTHOMY aHaiIi-
31 orpumyrotbess sk CJIAP i3 koMIiekCHUMH KoedillieHTamMu Ta
po3B’s3yeThes mpsmuM MetogoMm LU — posknany (Kpayra), orpumani tab-
JMII 3HAYCHb 3MIHHHUX (KOOPAMHATHOTO 0a3MCy) MOTIM OOpPOOIIOIOTHCS B
MOCT TPOIECOPl NUIIXOM MOOyoBH rpadikiB oOpanux ¢GyHKIIH (Tpeba
nam’siTaTd, IO MOXIHUBOCTI MOCTIpOIlecopa B I[bOMY BHUJI aHalizy Hai-
Oimpmr oOMekeHi BHacHioOK HanoOimbm mpoctoi popmu MMC (mpuitHATI
NPUIYIICHI PO KBa3UTiHIHHICTH 1 KBa3icTalllOHAPHICTh CUCTEMH).

IMnynpcHa XapakTepucTHKa MOXe OyTH po3paxoBaHa y pexumi AC
IUIIXOM BHKOPUCTAHHS 3BOPOTHOTO TepeTBOpeHHA Dyp’e KOMILIEKCHHX
koedimienTiB nmepenadi, nanpukiaaa B Digital Signal Processing (DSP) —
mianporpami HUPpoBoi 0OPOOKM CUTHANTIB, B SIKiH 3aJal0ThCs MEXKi 1HTEp-
BaJIy 9acTOT Ta KUIBKICTh BIIJIIKIB.

[lepenaTouni QyHKIIi cCXeMH PO3paxOBYIOThCS y pEXHMax aHaii3zy
0 MTOCTIHHOMY CTPYMY TIPH i IKIFOUEHHI IO BXOJY iTEpOBaHOTO HE3aJIEK-
HOT'O JiKepena Hampyru abo ctpymy. MMC orpumyetbes y Buai CHAP,
10 PO3B’sI3YIOTHCS (JliHeapu3yeThes) MetogoM HeroToHa—Padcona.

Bci Bumie nepemnivyeHi MOMIIMBOCTI JOCTYIHI TPU aHawi3i B pexuMmi
«llepexioni npoyecu, ockinbku MMC 11 IbOTO BULY aHaJi3y HaWOUIBII
MOBHO(YHKITIOHATBHA (1I€ CHCTeMa HeliHIHHIUX HEeOIHOPITHUX TudepeHIli-
ANBHUX PIBHSHB).

4.6 Yucs0Bi MeTOAM B aJropuT™Mi UMYl

YucioBi MeToau 0a3yrOThCS Ha YMCIIOBUX METO/Aax po3B's3anHs [IP
ta cucteM [IP Ha eTami CUMYJIAIIT B CHCTEMax aBTOMaTH30BaHOTO IPOEK-
TyBaHHS. Ha eTami MoaeiHry MOJIeNib CUCTEMH (CXEMH), MOKe OyTH OTpH-
MaHa, HalpuKIaa, MoIu(piKOBaHUM METOJIOM BY3JIOBHX MOTeHIamiB. Jami
OTpHMaHi CUCTEMH PiBHSHb (HENiHINMHI qudepeHIiiini piBHSHHS) anredpai-
3YI0ThCSI (TOOTO BHKOPHUCTOBYETHCS JHCKPETH3aLlisl IO 4acy i MepeTBo-
peHHA IudepeHUiiHuX PiBHSHb Ha anreOpaiuyHi HUIAXOM 3aCTOCYBaHHS
iTepaIliifHIX YHCIOBMX METOJIB iHTerpyBaHHs (Hampuknan, ['ipa, Tparme-
uiit, Eitnepa 1 1.1.). OrpuMani piBHSHHS € HENiHIHHUMH anreOpaiyHuMu i
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MaroTh OyTH JTIHEapH30BaHi, HAMPUKIAL, iTepamiitanM MetogoM HproToHa.
OTpuMaHi cHCTEMU JIHIMHUX PIBHSHB PO3B’S3YIOTHCA Aalll MPSIMUMH Me-
tonamu (3ragaiire metop ["ayca).

VY zaransaomy Buai MMC siBiste o000 cUCTeMy HETiHIHHUX anreo-
po-mudepeHIliiHNX PiBHSIHE:

O(X, X,t)=P(t) (4.1)

ne X — BEKTOp KOOPIAUHATHOTO 0a3uCy;

P — BekTOp mMpaBMX YACTHH PiBHAHB, IO BKIIOYA€E 3HAUCHHS He3ase-
JKHUX JDKEpEN Y JaHUW MOMEHT 4acy;

t — moTouHMi yac.

3araneue piHsHHES MMBII Mae Bun:

Y U
daiy apui_jJdy (4.2)
dtjb Z]||1, E

Jie BEKTOp MPaBUX YaCTHUH BKIIOYAE HE3aJCKHI JUKepena CTpyMy Ta
HaNpyrd, CTPyMH AWCKPETHUX MOJeJeld PEaKTHBHUX EJIIEMEHTIB Ta €
«I1aM’SITTIO CHCTEMIY;

Y Ta Z — BiANOBIAHO TPUBATHI MOXIi/JHI CTPyMy TIO Hampy3i Ta Ha-
MIPYTH IO CTPYMY, TOOTO ArdepeHIiiiHi aaMiTaHCH Ta IMITEJaHCH.

Cuctema (4.2) 11 KOKHOTO IUCKPETHOI'O MOMEHTY 4Yacy Moke OyTu
3aMiHEHa CUCTEMOIO HENHIMHUX alreOpaiyHuX PiBHSHB:

Wn+1(xn+1) =Yn+1' (4.3)

3amina piBHAHHS (4.2) Ha (4.3) Ha3uBaeThCs anredpaizaliero i Moxe
OyTH BUKOHAHA, SKIIO 3aMiCTh 3HAYCHHS BEKTOPa MOXiIJIHUX Y MOMEHT 4acy
th+1 MIACTABUTH HOTO 3HAYEHHS, IO OOYMOBIIIOETHCS IO (DOPMYITi HESIBHOTO
METO/Ty YHCEIBHOTO IHTErPyBaHHS:

Xn+1 =3, Xn+l -R,
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ne ao, R — xoedimientn, hopMynn s 0OUNCIIEHHS SKUX BH3HaYa-
IOTBCSI 34CTOCOBYBAaHHM HESIBHUM METOJIOM 1HTETPYBaHHS.

3HaueHHs 8o Ta R 3anexars BijJ BEIMYMH MOTOYHOTO 1 OMIEPETHBOTO
KPOKIB iIHTEIpyBaHHS, a TAKOX 3HAYCHb BEeKTOpa X B MOMEPE/IHIX JUCKPET-
HHUX YaCOBUX TOYKAX.

SIkio KoxHe HemiHiiHe piBHsHES y = f(X), 1110 BxoauTs y MMC, po-

3KJIACTH B OKOJHIAX Touku X 7| B psin Teitnopa:

Y= (X = £(X ';1)% (XIEXI) R, (44)

n+l n n+l
x=x it

ne j Ta j+1 — iHAeKCH MOTOYHOT 1 TTOTIePEAHbOI iTepallii;
R(X) — 3amuImkoBUil WiIeH,

a moTim migcTaButy B (4.3) 3amicte Y M1t

ny Bupas (4.4) 6e3 3anuiiko-
BOTO 4ICHA, TO MOXHA OPraHi3yBaTU CHUMYJISILIIO ITEpPaIliiHUM METOZOM,
eKBiBaJIeHTHHM MeTony HeloTOHa, pu 1IbOMY, Ha KOXKHIH iTeparii cucrema
HENHIHHUX anreOpaidHuX piBHSHB (4.4) 3aMIHIOETBCS CHCTEMOIO JIHIHHAX

anreOpaiyHUX PiBHSIHD:

Al X1 =B (4.5)

n+l n+l1

ne Al i B, — marpuus cucremu (SIko6i) i BEKTOp mpaBuX yacTu-

HH, 110 3aj]eXaTh BiJl BEMYMHMU [TOTOYHOTO YacCy th+1 1 3HAYEHHS BEKTOpa
X, xoopnunatHOro 6asucy Ha j-Tiii iteparii. L[ npouesypa Ha3uBaETh-

cs siHeapu3ariiero. Omke, Ha KoxHil iTepanii MMC moxxe OyTH 3BejieHa J10
CHCTEMH JIHIHHUX anreOpaiuyHuX piBHSIHB (4.5).

UYucnoBi METOIM OTPUMYIOTH PO3B'SI30K Yy BUIVISLII TaOJIMIb, TOOTO
3Ha4YeHb (PYHKIIT B KOHKPETHI MOMEHTH 4acy, a He (opMyJ — 3arajibHOro
PO3B'S3KY, SIK aHAITHYHI METOAW. BUKOpHCTaHHS ISl PYYHOTO PO3paxyH-
Ky METOJIB IHTErpyBaHHs MEPILOTO MOPSAKY 30UIbIIyeE 3arajbHy MOXHOKY
MOJIEIIIOBAHHS, OCKIIbKM B METOAAX MEPLIOro MOPSIKY HaiOinblna jioka-
JIbHA METOJMYHA IMOXHOKA, SIKa, 10 TOTO K, 3aJISKUTh BiJl pO3MIPY KPOKY Ta
Ma€ 3[JaTHICTb HAKOTIMIYBATHCS BiJl KPOKY JI0 KPOKY.
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4.7 KoHTpoOJbHi 3aUTaHHSI

MaTtpuuHO-BEKTOPHI ITapaMeTpU CXEMH.

[NonsitTs KoopauHaTHOTO Oazucy (Kb).
MonundikoBaHU METOA BY3JIOBHX ITOTESHIIIAJIB.
[IpuHIHT AyanpHOCTI.

HocnimkenHs QyHKIIH cXeM y porpamax MOJETIOBaHHS.
IonsTrsa dhyHKIIH cXeMu.

JocmimkeHHs cXeM B 4aCTOTHOMY JTiala3o0Hi.
JocnipKkeHHs cXeM B 4aCOBOMY Jliara3oHi.

CTIilKICTD CXEM.

Martpu4HO-BEeKTOPHI TApaMETPH CXEMH.

®DyHKIIIT CXeMH Ta CIIOCOOH IXHBOTO TOIAHHS.
XapaKkTepUCTHYHE PiBHSHH: KapTH HYJIB Ta IMOJIOCIB.
BrmuB 3BOpOTHHX 3B'3KiB HA (PYHKIIIT CXEMH.

4.8 InguBigyanbHi 3aBIaHHsA

3anaga — otpumatt AUX i ®UX cenekTuBHOTO (QUTBTPY B Mporpami

MC, BU3HAYNTH BTOPHHHI TApaMETPH.

2

3amaya — OTpUMATH KapTy HYJIIB 1 MTOJIFOCIB CEJICKTUBHOTO (PUILTPY B

nporpami MC, BU3HaunTH BTOPHHHI TapaMeTpHu.

3

3amaya — oTpuMartd rpadiku MEepexiHUX IMPOIECIB CEICKTUBHOIO

¢ineTpy B mporpami MC, BU3HAUNTH BTOPHHHI TapaMeTpH.

4

3agaua — orpumatu rpadixku APX cenekTUBHOrO (QiIbTpy B Mpo-

rpami MC, BU3HaYUTH BTOPUHHI ITapaMeTpH.

5
5
6

MeTtoauka J0CiIiKEHHS CTIMKOCTI CXEM.
3anaui: MBII, MKC, MeTo/1 3MiHHUX CTaHy.
CxJtacTy TONOJIOTIYHI MATPHI 1HITIIEHIIiH, KOHTYPIiB, IEPETHHIB,

MPOBITHOCTEH CXEMH 13 TPAH3UCTOPOM.
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5 IPAKTUYHE 3AHATTSA Ne 5 « IOCJIAXKEHHSA
KPUTEPIIB SKOCTI IPOI'PAM MOJEJIOBAHHS »

5.1 Kpurepii sikocTi MoJe/TI0BaHHA

XapakTepUCTUKA MaTeMaTUYHOTO 3a0e3Me4eHHsI CIIPaBIIIOTh 1CTOT-
HUH, Ta iHOMI 1 BU3HAYAIBHUIA BIUTMB Ha MOKJIMBOCTI 1 IOKa3HUKH TpOTpamM
MoJenmoBaHHs. HallBaXIMBIIMMY 3 HUX 3a3BHYail BBAKAIOTHCS TOKA3HUKU
YHIBEpCaIbHOCTI, AJITOPUTMIYHOI HaJifHOCTi, EKOHOMIYHOCTI Ta TOYHOCTI.

VYHiBepCambHICTh, 1€ 3aCTOCOBAHICTh MATEMATHYHOTO 3a0e3MeueHHs
JI0 IITUPOKOTO Kiacy 00'€KTiB, 110 MPOEKTYIOTHCS. Bucoka cTymiHb yHiBep-
CaJIBHOCTI MOTPiOHA JJIs TOTO, 100 MEBHY MpOorpamMmy MOXkKHa 0YJI0 3aCTOCY-
BaTH IS TOCIHIIKEHHS OyIb-sIKUX, a00 OIBIIOCTI TPOEKTOBAHUX O0'€KTIB.
CryniHp yHiBEpCaIbHOCTI XapaKTepU3YEThCS 3a3Maleriib 00YMOBICHUMHU
0OMEXEHHSIMHU.

AJTOpUTMIYHA HAIIHHICTP, [I€ BIACTHBICTh KOMIIOHEHTA MaTeMaTH4-
HOTO 3a0e3MeyYeHHs AaBaTH MPH WOro MpaBHIbLHOMY 3aCTOCYBaHHI IpaBH-
JIbHI pe3ynbTaTi. AJTOPUTMIYHY HailHICTh MOXKHA OLIIHUTH HMOBIPHICTIO
OTpPUMaHHsI MPaBUJIBHUX pPe3yNbTaTiB MpU JOTPHUMaHHI 3a37ajieTib BCTa-
HOBJICHHX 1 BIIOMHX KOPHCTYBaueBi OOMEXEHb Ha 3aCTOCYBAaHHS METOIY.
Jly1st anropuTMIiYHO HAIIHOTO METOLy Il HMOBIPHICTh OJIM3bKa 10 OJUHU-
1.

Butparn mammHHOTO Yacy, a0 €KOHOMIUHICTh - II€ TOJIOBHHUI 00-
MeXYIOUnil (pakTop mpu crpodax MiABUIIUTH CKIAIHICTH MOJEITHOBAHUX
00'€KTIB i peTeNbHICTh iX AociipkeHHs. ToMy BHMOra €KOHOMIYHOCTI 3a
BUTpaTaMu MAIIMHHOTO 4acy TPaIULiHHO € OJHI€I0 3 OCHOBHHX JI0 MaTe-
MaTHYHOTO 3a0€e3MeUeHHS.

TouHiCTh — 1€ TOJIOBHUH KPUTEPIiid, IO BHCYBAETHCS IO PE3YNIbTATIB
MO/ICITIOBAHHSI, BOHA € KIJIbKICHOIO XapaKTePUCTUKOI 3aCTOCOBAHOCTI Ma-
TEMAaTUYHOTO 3a0€3MEeUeHHS 40 BUPILICHHS KOHKPETHUX 3aBAaHb. TOUHICTH
BU3HAUYAETHCS 33 CTYIEHEM 30iry po3paxyHKOBHX 1 JIIHCHHX Pe3yJbTaTiB,
3a3BHYAM, 13 BUKOPHCTAHHAM OJIHIEI 31 CTaHJApTHHX HOPM. Po3paxyHOK
TOYHOCTI MOXe OyTH HEIPOCTOIO i HE OAHO3HAYHOIO 33aJa4elo, SKII0 BHUXi-
THUX (YHKLIN AeKiIbKa (CUTHAN BEKTOPHUI). 3a3BUYall y TAKUX BUIAIKaX
TOYHICTh PO3PaXOBYETHCS K 3BaYKEHA CyMa TOYHOCTI 32 CKIIQJIOBUMH IIHO-
r'O CUTHAIY.
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5.2 KpuTepii sikocTi Moaeeid

MarematnyHa MOJETH 3aBXIM BiIOOpa)ka€ TIBKU YaCTHHY BIIACTH-
BOCTEll peabHOTO 00'€KTa, sIKa BU3HAYAETHCS MUIIMU MonemtoBanHs. [Ipu
o0y I0OBi MOJIENi MParHyTh SIK MOXKHA OUIBII TOYHO BiJOOpA3UTH BIACTH-
BOCTi 00'€KTa B CEHCi, BU3HAYEHOMY METOI0 MOZEIOBaHHS. 3 IHIIOTO OOKY,
YUM TPOCTIIIe MaTeMaTUYHA MOJEINb, TUM JIertie ii JOCTiIKyBaTH 1 BUKO-
PUCTOBYBaTH NpH BHpIlICHHI 3aBAaHb CHHTE3y. MHCTENTBO MOJEIiHTY
ToJisirae B yMiHHI BHOpaTh PakTOpH, CYTTEBI 3 TOUYKH 30py METH MOJIEIIO-
BaHHS, 1 3HEXTYBATH €(EeKTaMH, SIKi, YCKIATHIOIOYN MaTeMAaTUIHY MOJEb,
HE BUMHSAIOTH TIOMITHOTO BIUIMBY Ha IMOBEIIHKY CUCTEMHU.

Mogens anexkBaTHa OpHUTiHaIy, SIKIIO BOHA BIpHO BioOpakae MeBHi
BJIACTHBOCTI OpHTiHANY 1 MOXe OyTH BUKOpHCTaHa /s iepeadadeHHs Horo
noBeiHkH. [Ipy 11bOMY aJeKBaTHICTH MOJIENI 3aJICKUTh B IiJIeH Moje-
JIOBaHHSA 1 NPpUHHATUX KpUTepiiB. Hanpukian, Moaens, ajekBaTHa Ha eTarti
HONIYKOBOTO TPOEKTYBAHHS, TIPH AeTajli3amii IPOEKTy CTae 3aHAATO "Tpy-
0010". BpaxoByrouu MMOYaTKOBY HETIOBHOTY MOJIEIi, MOKHA CTBEP/KYBaTH,
IO iJieaJIbHO aJIeKBaTHA MOJICNIb B MPUHIIMITI HEMOXKIUBA. TOYHICTh € Mi-
POXO aJeKBaTHOCTI.

[Ipu omiHII ameKBaTHOCTI MOJEN MOXe OyTH BHUKOPHCTaHA JIHIIE
oOMexxeHa MiJIMHOXHMHA BCiX MOJIMBUX 3HAu€Hb BXIJIHUX MMapaMeTpiB
(pobouoro HaBaHTaKEHHS 1 30BHIIIHLOTO CEPEIOBHIIA).

Habmmxenicte Moseni 10 MiCHOTO 00'€KTy MOYKHA pO3TISAAaTH B Ta-
KHX acTeKTax:

a) 3 TOYKH 30pY KOPEKTHOCTI 3B'SI3KY «BX1JI-BUX11» (aICKBATHICTH);

0) 3 TOYKH 30py KOPEKTHOCTI AEKOMITO3UIIil MOIEIHHOTO OMHICY CTO-
COBHO IIiJIEH JTOCIIDKEHHS Ta BUKOPUCTAHHS MOJIeNel (aBTeHTUYHICTB).

B ocraHHROMY BHINQJKy BHMAara€tbcs, 1100 yci miaMoneni 1 ix eie-
MEHTH OyNM aJeKBaTHI BIAMOBITHUM IPOTOTHIIAM PEAILHOTO 00'€KTa.
[IpoGiemMa aBTEHTUYHOCTI 3HAYHO CKJIAJHIIIE aIeKBATHOCTI 1 MOXeE PO3T-
JSgaTUCS JdIe npu oTpuMaHHi MM «3 cepenuam». Ilepma mpoGiema
JIOITyCKa€e CyBOPHH aHalli3, OJIHAK TAKOX € aKTyalbHOI0, CKIIQJHOIO 1 Jaje-
KOIO BiJ] [IOBHOTO BHUPIIIICHHS.

Jiist mepeBipKy MOZEIi MOXYTh BUKOPUCTOBYBATHCS Pi3HiI MpUHAOMH,
TaKi 5IK:

a) nepeBipka (pi3U9IHOTO CeHCY (HOTpUMaHHS (Qi3UYHHUX 3aKOHIB);

0) nepeBipka po3MipHOCTI 1 3HaKiB;

B) MepeBipKa MEX;
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') MepeBipka TpeHAy, TOOTO TEHJICHIi 3MiHM BUXiIHWUX 3MIHHHUX B
3aJIeKHOCTI Bi/I BHYTPIIIHIX 1 30BHIMIHIX 3MIHHHX.

Exonomiunicte MM BHU3HAa4Ya€THCs JBOMA OCHOBHUMH (haKTOpaMu:

- BUTpaTaMl MaIlMHHOTO 4Yacy Ha MPOTiH Mojemi (BiUIaAKy, CHMY-
TSI

- BUTpaTaMH OIEPaTUBHOI IMaM'sITi, HEOOX1THOT JUTsI PO3MIIIICHHS MO-
JIeJi, 10 OCOOJIMBO aKTyaabHO JJI CUCTEM PEabHOTO Yacy.

VYHiBepcanbHICTh MOJIENIel BU3HAYa€ 00IACTh iX MOMKIIMBHX 3aCTOCY-
BaHb. 3a3BUYall YHIBEPCAJIBHICTh OCATAETHCS THM, III0 B MOJEJb BKIIIOYA-
€ThCS BEJIMKA KiNBbKICTh BHYTPINIHIX MapaMeTpiB, 10 HETATUBHO BILIMBAE
Ha CKOHOMIYHICTh. YHiBepcaibHa MM aliekBaTHa B PI3HUX PEKUMax aHa-
73y Ta QyHKI[IOHYBaHHS.

CrifikicTh MOJIeNi — I1ie i 3AaTHICTh 30epiraTtu ajaeKBaTHICTh IIPH JI0-
CJIIJKEHHI CUCTEMU Ha BCHOMY MOXKJIMBOMY Jiara3oHi poO04oro HaBaHTa-
JKEHHS, a TaKOK TIPH BHECEHHI 3MiH y KOH]IrypaIito cucreMn. YHiBepca-
JTHHOI TIPOIEAYPH TEePEeBipKU CTIMKOCTI MOeli He icHye. YacTo mepeBipka
NOJISIra€ B TIOPIBHSIHHI Pe3yJIbTaTiB MOJEIIOBAHHS Ta Pe3yJIbTATiB BUMIpIO-
BaHHS Ha CHUCTeMI ICIII BHECEHHS 10 Hei 3MiH. SIKIio pe3ymnbpTraTé mMoe-
JIOBaHHS MPUAHATHI, BIIEBHEHICTh Y CTIMKOCTI MOJeNi 3pocTae. Y 3araib-
HOMY BUTAJIKy MOXHA CTBEPJIKYBaTH, II0 YUM OJIMKYE CTPYKTypa MOJEINI
CTPYKTYpl CHCTEMH i YMM BHIIE CTYIiHb JeTaji3amii, TUM CTiHKile Mo-
Jenb.

UyrtnuBictb. O4eBHHO, 110 CTIMKICTh € MO3UTHBHOKO BJIACTUBICTIO
mozeii. OfHaK sKIO 3MiHA BXiJHUX BIUIMBIB a00 mapameTpiB Mojelni (B
JIETKOMY 3aJJaHOMY Jiala30Hi) He BiIOMBAETHCS HA 3HAUYEHHSIX BUXIJTHHUX
3MIHHUX, TO KOPHCTb BiJ Takoi Mozesi Mana. Y 3B'SI3Ky 3 UM BHUHHKA€
3ajjaya OIIHIOBaHHS YYTJIIMBOCTI MOJENI 0 3MiH TapaMeTpiB poOouoro
HABaHTA)XEHHS 1 BHYTPIIHIX MapameTpiB camoi CUCTEMH. 3a3BHYAil TaKy
OLIIHKY IPOBOJAATH MO KOKHOMY IapameTpy okpemo. JlaHi, oTpumani npu
OIIIHIII YYTIUBOCTI MOJIEIIi, MOXKYTh OyTH BUKOPUCTaHIi, 30KpeMa, MpH Iiia-
HYBaHHI €KCIIEpUMEHTIB: OlbIla yBara MOBHHHA TPWALISTHCS TUM Tapa-
METpam, 3a SIKHMH MOZAEIb € OLIbII Yy TJIMBOIO.

Sk 6aumMo, KpHUTEpii SKOCTI MPOTUPIUaTh OJMH OJHOMY, OTXKE 3a/a-
Ya MPOEKTYBaHHS MOJIET € ONTHMI3alliHHOIO.

5.3 MeToauka yCyHeHHs1 aJITOPUTMiYHUX 300iB
B mporeci mozemoBants B ECAD MOXIMBI HACTYIHI BapaHTH 300-
iB:
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1. AHami3 He 3MIHCHIOETHCS, OCKUIBKH Torepenniii ananiz MC Bu-
SIBUB TIOMUJIKH, HE CYMICHI 3 MOKJIMBICTIO CUMYJIALII (11€ BUKIUKAHO TOTIO-
JoTiYHUMH BUpOMKeHsMK). OTxe, Ha eram Bepudikauii MMC MmoxiuBe
OTPUMAaHHSI HACTYITHUX MOBIJOMJICHb:

- «The circuit missing a ground». Ockimbku MMC dopmyeTbes
MMBIIL, To oguH 3 BY37iB MOJAEN CXeMH MOBHHHHI OyTH 3a3eMIICHHU.
Skmo Ha cxemi BiJICYTHE 3a3eMIICHHS, HEOOXiTHO c(opMyBaTu OKpemy
CXeMy 3 3eMJIeI0, TII00 3a0e3MeYNTH He3aIEKHICTh 1HIIHIX BY3IIIB;

- «The matrix is singular»: He0OXiTHO YyCYHYTH B MOJET CXEMH eJie-
MEHTIB, 110 MPHUBOJATH JO MOSBU TOMOJIOTTYHUX BUPOJKEHb, a00 JT0IaTH
TaKi eIEMEHTH CXEMH, 10 YCYBaIOTh CHHTYJISAPHICTh, HE JIOMyCKAaTH BEIH-
KHX PO3KH[IB MOCTIHHNX Yacy (€IeMEHTH MOXYTh OyTH () IKTHBHUMH, 200
TaKUMHU, 1[0 EMYJIIOIOTh Mapa3uTHI e)eKTH).

2. Ipouec cuMynsmii 3ynuHSETHCS, a00 PE3yNIbTaTh € SBHO HeaJleK-
BaTHUMH.

MosximBi HacTy1HI 3001:

— BIJICYTHICTb KOJIMBaHb NPH MOJICIIOBaHHI T€HEPATOPHUX CHUCTEM —
JUTSL YCYHEHHS IIbOTO HEOOXiTHO 3a7aT B MeHIO "state variable editor", abo
B MEHIO KOMIIOHEHTIB TIOYAaTKOBI 3HAU€HHS CTPYMiB, HAMpPYT, JOTIYHUX
PIBHIB;

— 3yNMUHKA alNrOpUTMY Ta BUaava noBigomieHHs «Internal time step
too small» — MoB’s13aHO 3 MAJIUM KPOKOM 1HTErpyBaHHS, SIKMI MPU3BOJUTH
70 301IBIICHHST KUTBKOCTI iTepaliid, y BHIAJAKY HECTIHKOCTI YHCEIBHOTO
MeToay — 10 "3aBucaHHs" cucTeMH. il yCYHEHHS IIbOTO HEOOXiHO Mpo-
BECTH KOPEKIIII0 CXEMH 3 METOI0 3MEHIIEHHS i1 )KOPCTKOCTI, a00 3MiHUTH
napamerpu ABSTOL, RELTOL B rino6anbHuX yCTaHOBKax, 0OpaTH iHIIMN
METO/I iIHTerpyBaHHSI.

— OCHWJIALIIT Ta «IPOBAJI» XAPAKTEPUCTUK — PEKOMEH]TYEThCS BHKO-
PUCTOBYBaTH YnCeNbHO Oinbin cTitikuit Mmeton ['ipa (pexkum Power Default
B TJI00ANIFHUX YCTaHOBAX); 3MEHIIUTH KPOK B MeHIO Analises Limits B moc-
TIIPOLIECOPI;

— HU3bKa TOYHICTH pe3yJbTaTy MOACITIOBAHHSA — PEKOMEHIYETHCS B
SKOCT1 BEIy4Oro €JIeMEHTY BUOpPATH €JIEMEHT i3 MaKCUMAJIbHOIO abCOIIOT-
HOI0 BenmnunHOI0, MyHKT PIVTOL nianorosoro Bikna GLOBAL SETTING.

— pe3yibTaTd MOJENIOBAHHA HEaJEKBaTHI — IMOPSIOK BEJIWYHH
ABSTOL i RELTOL gianorosoro BikHa GLOBAL SETTING pexomenmy-
€ThCSI TPOTIOPIIIHHO 301bITYBATH 31 3POCTAaHHAM TOPSJIKY CTPYMiB 1 Ha-
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TIPYT, SAKi MPOTIKaIOTh B MOJEIbOBaHIN CUCTeMi; 301IBIINTH KUTBKICTh iTe-
parit mapametpa ITL1 mo 1000.

OCHOBHI TTapaMeTpH MOJICITIOBAHHS, K1 3MIHIOIOTHCS IS JKOPCTKUX
MaTeMaTHYHUX MOJIENICH Ta MOTYKHHUX KiJI HaBeJeHO B Ta0uii 5.1.

Tabmums 5.1 — BapuiioBani mapamMeTpu B IIOOQNTBHHX HACTpOHKax
MCI12
Im' st mapamerpa CeHc napameTtpa
AbcomoTHa TIOXHOKa PO3PaxyHKIB CTPYMiB y

ABSTOL . :
pexumi Transient
[Ipunmyctuma moMumika po3paxyHKy 3apsgy B
CHGTOL PHTIYS . PO3PAXYHKY 3apinty
pexumi Transient
MinimanbHa TpoBigHICTE (PiKTHBHA) B MaTpHI
GMIN .
SAxo6i
ITL1 MaxkcruManbHa KiTBKICTh iTepattiil y pexumi DC
ITL2 MakcuManbHa KiIbKICTh iTepalliii Ipu po3paxy-
HKY niepeaatHux ¢pyakmii B pexumi DC
ITL4 MaxkcruManbHa KiTBKICTh ITEpalliid Isl MOTOYHO-

ro vacy B Transient

BinHocHa BenMYMHA €JIEMEHTa psjiKa MaTpHIl,
PIVREL HeoOXimHa Ui Ioro BUIJIEHHS B SKOCTI BEIy-
4Oro €JIEMEHTY

AOCOJIIOTHA BEJIMYMHA €JIEMEHTa PAJKAa MaTpH-
PIVTOL i, HeoOXxigHa /IS HOro BHIIJIEHHS B SIKOCTI
BEJYUOro €JIEeMEHTY

[MpunycTimMa BiTHOCHA TOMMJIKA PO3PAXyHKY

RELTOL . . . .
HaNpyT i cTpyMiB y pexxumi Transient
RMIN MiqiManLge 3HAUCHHS ONOPY HABAHTAKEHHS
HaMiBIPOBITHUKOBUX MPUIIALIIB
TRTOL Koedimienr, 10 BU3HAYAE MPHITYCTUMY MOMHII-
Ky anpokcumalli B pexxumi Transient
VNTOL [IpunyctimMa mOMHIIKA pPO3paxyHKY Hampyr y

pexxkumi Transient

3HaueHHsI OCHOBHHUX II00anbHUX napamerpie MC12 B craHaapTHO-
My PEXHMI Ta B PEKHMi MOJICITIOBAHHS JKOPCTKUX Ta MOTYKHUX CXEM Ha-
BEJIEHO B Tadui 5.2.
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Tabmui 5.2 — 3HaueHHS OCHOBHUX IJ100aJbHUX [TApaMETPIB

IMapameTp Standard Default Power Default
ABSTOL 1pA 1uA
CHGTOL 0.01pC 1nC
GMIN 1p 1n
ITL1 100 200
RELTOL im 10m
VNTOL 1u 1im
Meron Trapezoidal Gear

Pexomenpauii Asst MiABUILEHHS TOYHOCTI MOAETIOBAHHS:

® Ha eTari MOJETIHTY BUKOPUCTOBYWTE HAOLIbII MOBHI 0a3u JaHUX
0 BXiJHHX TIapamMeTpax;

® CIIOYATKy TepeBipTe BHUKOPUCTOBAaHI BaMHU MOJENI B CTATUIHOMY
peXuMi, IpH HEOOXiTHOCTI — MPOBEITh MapaMETPUIHY ONTUMI3allil0 MO-
Jle;

® CIIOYaTKy BHKOPHUCTOBYHTE MaKCHMAallbHO MPOCTI Mojieni (Hampu-
KJIaJ, JUIsl aKTHBHUX €JIEMEHTIB BHKOPUCTOBYHTE MOJE KEPOBaHUX KIIIO-
4iB);

® [IepeBipTe CXeMy Ha «IIOYATKOBY CXEMHY HaIiiHICTBY, TOOTO, UH
BUKOHYE CHCTEMa CBOIO (PYHKIIIIO B IiIoMy (ITiACHIIIOE, BUIPSAMIISE, PiTbT-
pyeiT.m.);

® MOJICIIONTE CKJIA/IHI CXEMH YaCTHHAMU;

® IIPOTHO3YHTE XiJI Ta BUJ XapaKTEPUCTHUK;

e 1pu 300pakeHHI B MOCTIPOIECOPI KOHTPOIIONTE KPOK IO Bici X,
JUISL OTPUIMaHHSI TJIABHUX XapaKTePCTHK, Pi3Hi (a30Bi 3MiHHI 300paxyiite
Ha pi3HUX rpadikax.

5.3.1 Pexomenaanii 1moa0 yHukaHus npodsieM 3 ajredpaiyHuMu
neTJIsIMH
[Ipuknan anredpaiuHoi neTii npeacTaBIeHU HAa pUCYHKY 5.1.
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PucyHok 5.1 — AnreGpaivna neTdis y npeacrasieHHi 610k-cxemoro (BD)

3a3BHuail 11e KOHTYp 31 3BOPOTHUM 3B’SI3KOM, Y SIKOMY HEMae eJeMe-
HTIB «T1aM’SITi», TOMY IS OOYMCIIEHHS 3MIHHUX y TIETII MOTPiOHI 3HAYSHHS
camux 3MiHHUX. CTaHIApTHUI omHMC MOJelni 3 PUCYHKY 5.1 mpuiimae Bu-
TSI

x=K-(u=x)

3MiHHAa X 3@JIEKHUTh BiJl CBOTO BJIACHOIO 3HAYCHHS 1 MOBHHHA
po3B’si3yBatucs itepaiiiino. Hampukiam, B 20-SiM KOXEH alrOPHTM CHMY-
TSIl CyNPOBOIKYETHCS TaKOIO 1TEpalliiHOI TEXHIKOIO, siKa, B3arali Ka-
JKY4H, YHCENIFHO BUpINIye Mpobiemy airedpaiuHuX MeTellb, KpiM TOTO,
OLBIIICTh anTreOpaiyHuX TeTelh PO3B’S3YEThCS CUMBOIIYHO, HATIPHUKIA],
HUISIXOM TIPEACTaBICHHS aHAIITUYHOTO PO3B’SI3Ky MOJENi 3 PHCYHKY 5.1
PIBHSHHSM:

Ku
x:
K+1

Xoua Oinbmricte CAE-cucteM 1 Mae ckiajgHi po3BHHEHI alTOPUTMH
MOUIYKY aHAJITUYHOTO PO3B’A3KY, aje He 3aBXKIU MOKHA YHUKHYTH TIOSIBU
HENOPYIIHUX anreOpaidHux meTens. AnreOpaidHi MeTiai MOXYTh MPU3BO-
JUTH JI0 3pOCTAaHHS 4acy CHMYJISIII, a 1HOJ1 ¥ 0 3yMUHKH CHMYJIISIIT Py
300i B iTepaniiiHoMy MexaHi3mi. ToMy MOKHa pEKOMEHJIOBaHI JIesKi 3aX0-
TV JI71S1 BUPIMIICHHS [TUX [TPOOIIEeM:

a) 3MiHa TOpSAAKY OOYHUCIeHb. AJNTeOpaidHi MeT 3yCTPIYaroThCs,
KOJIM TIOPSIIOK OOYHUCIIEHD € JOBUILHUM. SIKIIO METI 3’ ABJSIOTHCSA y MOJIe-
JSIX Ha OCHOBI piBHsAHB (equation model), To Mo)kHa 3MIHUTH MOPSIIOK 00-
YHCJIeHb, NepenucaBiin piBHAHHS. [Iopsmok po3paxyHKiB y MOnENsix Ha
OCHOBI 3B’s3aHUX IpadiB MOxe OyTH 3MIHEHHUI NUISXOM BBEJICHHS Kay3a-
apHOI iH(opmarii Bpyuny (hand-defined causality);

0) BBeIEHHs Mapa3UTHHUX €JIEMEHTIB HAKOMUYEHHs eHeprii (Hampu-
KJiaJl, MaJieHbKa Maca 4Yd KOHJIEHCATOp) JJIS PO3PUBAHHS anre0paidHux
netenb. OHaK, 11l eJIEeMEHTH BBOJSATH BEJHUKI IMOJIOCH B PIBHSIHHS CTaHy,
10 MOKE MPU3BECTH JI0 3HAYHOTO 301IbIICHHS Yacy CUMYJIAILiT;
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B) BUAAJIICHHS 3 aJIreOpaivHuX METENNb SIEMEHTIB, SIKi HE pelIeBaHTHI,
ab0 He MalTh CYTTEBOTO BIIHOMIEHHS (SKAMH y APYroMy HaOIMKEHHS
MOYKHA 3HEXTYBaTH) 10 BHXiJAHOI 3MIHHOI MpH CUMYJILii Mozeni (HampH-
KJiaJl, HEBEJIUKI aMOPTHU3aTOPH, AYyXe >KOPCTKI MpykuHH ToIio). [Ipote,
KOPEKTHE BUAAJICHHS €JIEeMEHTIB He 3aBXKIM MOXIIHMBE 1 TOTpeOye 3HAUHUX
HABUYOK MOJICTIOBAHHS Ta PO3yMIiHHS (PI3UYHUX MPOIIECiB;

T') MOeJHAHHS (TOTONOTIYHE MIEPETBOPEHHS) OJHOTHITHUX €JIEMEHTIB:
IHOZII €JI€MEHTH OJHOTO THUIy MOKHA 00’€THATH IUIIXOM JOJIAaBAaHHS 3Ha-
YeHb iX mapameTpiB, y 0araTboxX BHUMAJAKax II€ 3MEHIIHUTH KUTBKICTh anreo-
paiuyHuX MeTens.

5.3.2 Cnioco6u po3B’si3aHHs BUCOKOIHJAEKCHUX TOMOJIOTiYHUX BH-
pox:kens MM

Oxpim anrebpaiyHuX MeTeNb TPAIUIAIOTHCS ¥ 1HII CTPYKTYpHI CHH-
TYJSIPHOCTI NPH CTBOpEeHHI Mognened. Hampukian, mMo)ke BUHHKATH HpO-
0JieMa IMOYaTKOBUX YMOB ISl €IEMEHTIB HAKOIIMYEHHS €HEPTii IpH IMeBHO-
My iX 3’€HaHHi, KOJH IX 3MiHHI HE MOXKYTh BBa)KaTUCS HE3aJICKHUMH (KO-
HTYp 3 EMHOCTEH HaBEJIECHO Ha PUCYHKY 5.2).

Cu=f®) (@)

i is u; =R-i, (b)
du

i,=C -—% (c

=G (©)
Cy < . du

I, =C;- d'[2 (d)

uy Uo
Uy =Ug+U; (&)

u, =u; (f)
i0:i1+i2 (9)

PucyHnok 5.2 — [Ipukiian cTpyKTypHOI CHHTYJISPHOCTI Y MOJIEN €IeKTPHYHOTO Kona

Tpeba 3BepHYTH yBary Ha piBHSHHS Mojeni 3 mo3Haukoro (f) — me
oOMexyroue piBHSHHS 3B’s13Ky (constraint equation), BOHO HEMae HEBiJIO-
MUX 3MIiHHHUX, 00 U1 Ta U2 0OpaHi y SIKOCTI 3MiHHHX CTaHY i BBaXKarOThCS
Binomumu (y aaniii cucremi DAE). IcHye kinbKa pi3HUX IUISIXiB BUpPIlICH-
HS 1iei npobnemu. Hanpuknan, MokHa 3MIHUTH NPUYHMHHICTD PiBHSHHS



85

(d), po3B’si3yroun #oro asist 3miHHOI iz 3amicTh dU/dt; omke comBep moBu-
HEH pO3B’s3aTH PiBHIHHA BimHOCHO dU2/dt 3aMicTh Uz, TAKMM YHHOM BHKO-
PHUCTOBYIOUYH TEXHIKY YHCENILHOTO IHTETPYBaHHS 1 JU(EpEeHLIIOBaHHS IS
PO3B’S3KY CUCTEMH, OJIOK-CXeMa Ta Kay3ali30BaHi PiBHSIHHS KO IpuBee-
Hi Ha pUCYHKY 5.3.

Cu=f) @
U + uR 1 in . du
_/} > /R i,=C, T; (b)
Y
Uy =Uy (C)
duy
U2 d dt Ug =Uy—U; (d)

C2

Y
-
A
\ 4

U1

dt

duy
dt

1 ] iy =1y —i, (f)
/C1 %_ 1

i (9)
L dt ¢ °

—
A

Pucynok 5.3 — BupileHHs CHHTYJISIPHOCTI 3MiHOIO IPHYMHHOCTI Y PiBHSHHSIX

Ane 3acTocyBaHHS YHMCENBHOTO JU(EPEHIIIOBAHHS HE HaWKpaInit
croci0 st BUPIMIEHHS Takoi mpoOyieMu (MIPUHANMHI, SIKIIO0 BUKOPUCTOBY-
€ThbCs siBHA (DOpMyJia; Kpalie y TaKOMY BHUITaJKy BUKOPUCTOBYBATH HESIBHY
bopmyity, 60 BOHa BUKJIMKAE iTEpallifo Ha KoskHOMY Kporti) [50].

Kpama peanizariss BupileHHsI poOIeMU MPEACTABICHOT CTPYKTYpP-
HOI CHHTYJISIPHOCTI 3anponoHosana Ilanteninecom [50, 66]. Moro anro-
PUTM TIPOBOJUTH BUJIAICHHS OOMEXYIOYOTro PIiBHSHHS (JUIS MOXKIHBOCTI
HOAAJBIIOT0 BUKOPHCTAHHS CHMBOJIIYHOTO IU(EpEHIIIIOBaHHS) METOIOM
3aMiHH, MMOKa3aHol Ha pucyHky 5.4 (mpukian ans pisasuaus (f) 3 pucynky

5.3).
X
Uz =t dt  dt

Pucynoxk 5.4 — [Ipukiaj 3aMiHy, IO BUKOPUCTOBYETHCS y MeToAi [lanTemizeca
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[Micas goro cucrema DAE mo30aBisieThCsl PO3MIIAHYTOI CHHTYJISIP-
HOCTI 1 PeAyKy€ThCS IO CHUCTEMH 3 anreOpaidHOo0 MmeTiero (po3B’s3aHHS
SKHX BXKE PO3TIAIAIOCS).

B3zarani, cTpyKTypHO CHHTYJISIpHI (i3UUHI CHCTEMH OMHCYIOTHCS Y
tdhopmi BHCOKOIHAEKCHUX (BHcOkopaHroBux) DAE. Tak 3BaHuil iHmekc
(panr) 30ypenns (perturbation index) € Mipor0 0OOMEKeHb, 110 3’ TBISTFOTHCS
cepen piBHSHB!

- DAE nympoBoro panry 30ypenHsa (index-0) He MICTHUTBH >KOIHOI
CTPYKTYPHOI CHHT'YJISIPHOCTI, HeMa€ aiareOpaiyHux mneTeb;

- DAE nepmioro panry (index-1) MicTUTB TUTBKH anreOpaidHi MeTi;

- DAE, panr sikux 6iibliie o1HOTo (Tak 3BaHi BUCOKOiHAeKkcHI DAE),
MICTSITh anreOpaiuHi meTi Ta pi3Hi CTPYKTYpPHI CHHTYIISIPHOCTI.

Anroputm [lanTenigeca — 11¢ METOJ] CUMBOJIIYHOTO MOHIKEHHS 1H-
JEKCY CHUCTEMH, 3aCTOCOBYBATH SIKMH MOXKHA KibKa pasiB, MOpa3y HMOHH-
Kyroud iHaekc 30yperHs DAE Ha oawH, 3pemTor mepexoasy a0 3amadi
PO3B’si3aHHS aNreOpaiyHuX IMeTeNb. TakuM YHHOM, HASBHICTH TOIIOJOTiY-
HUX BHUPOJKEHb (CTPYKTYpHUX CHHTYJISAPHOCTEH) YCKIaIHIOE MPOLETypy
OTPUMAaHHS MaTeMaTHYHOI MOJIENi CUCTEMH B HOpMaJbHIH (hopmi — moTpi-
O0HO a00 PO3B’SI3yBaTH CHUCTEMH JIHIMHUX anreOpaidyHUX pPiBHSIHb HA KOXK-
HOMY KpOIli YUCEJHHOTO IHTETPYBaHHS CHCTEMHU IU(epeHIlialbHuX piB-
HSIHb, 200 TIOTIEPEIHLO YCYBAaTH TOIOJIOTIUHI BUPOJUKECHHS 32 JOTIOMOTOI0
3MiH Mozieni (Bpy4YHY a00 aBTOMATHYHO).

5.3.3 IIpo6aema xopcTKOCTI MOAei Ta cocodu ii BUpileHHs

CTpyKTypHa CKJIaJHICTb MOJIEJI, HAsIBHICTh HENIIHIHUX XapaKTepuc-
THUK €JIEMEHTIB 1 MOCTIMHUX Yacy AWHAMIYHHX JIAHOK, IO HEPIJKO Bimpi3-
HSIOThCA Ha KibKa TOPSIKIB 1 3ajJekaTh BiJi HapameTpiB pealbHUX

00’€eKTiB (TJ =7 / Mo , f2 =t/ R, 3R ), MOXKYTh TIPU3BECTH IO IOS-
BU skopcTKuX (Stiff) ckiamoBux y pi3HHX yacTHHAX MOAENI CUCTEMH («IIpO-
CTOpOBa JKOPCTKICTBb») 1 Ha Pi3HUX IHTepBaJaXx yacy («4acoBa >KOPCT-
KicTh»). BCTaHOBHTH 3a3/ia)ieri/ib BIACTUBICTh JKOPCTKOCTI 0e3 mijecrpsi-
MOBaHOT'O BUBYEHHSI MTOBEJIHKH CHCTEMH HE TPECTABISIETHCS MOXKIIBHM,
Tomy Jutst HeniHinHuX Mozaeneit CAK 3i ckilaHOI0 CTPYKTYpOIO HEOOXiJTHO
BUKOPUCTOBYBATH CIIEIlialibHI CTiliKi HEesBHI 0araTOKpOKOBI Pi3HHIIEBI Me-
TOJT YMCIIOBOTO MO/IEITIOBAHHS.
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B3zarani, moBezinka XKOPCTKOI MOJENI XapaKTepU3yEThCA MITISTHKAMHU
3 BETUKMMH Ta MAJIMM{ 3MiHaMHU BUXITHOI BEJIMYWHH Y 4aci, K MMOKa3aHO
Ha PUCYHKY 5.5.

[IpoGiema, mpepcTaBicHa Ha PUCYHKY 5.5 Moxke OyTH BUpilIeHa 3
BUKOPUCTAHHSIM TPAKTHYHO OY/b-SIKOTO QJITOPUTMY IHTETpYBaHHS (SIBHOTO
ab0 HEesSBHOTO), ane e(PeKTUBHICTD (Ta TOYHICTH) CUMYJIAIII Oyze pi3HOIO: B
20-sim mpu MojienmoBaHHI HestBHUM MeTooM BDF 3minHOrO mopsiaky To-
YHOCTI IPOBOIUTHCS 263 00YHCICHHS MOJENI, a IPU IHTeTPyBaHHI SIBHUM
MetogoM FEifnepa mepmioro mopsaKy TOYHOCTI 3 (PiKCOBaHMM KpPOKOM —
1001 oGuucneHHs Moaei (BerunHa KpoKy 3a yacoM aopisHioe 0,001c¢, mo
JIO3BOJISIE OTPUMATH aJIeKBaTHI (aJie 3 MaJIol0 TOYHICTIO) pe3yJbTaTh MoJe-
moBaHHs). TakuM YWHOM, MiCIs JOCTIIKEHHS JKOPCTKOI MOJETi MOXKHA
3pOOUTH BUCHOBOK, IO JIOIJILHO 3aCTOCOBYBATH HESBHI METOJH IS KOP-
CTKHX 33/1a4.

KopcTkicTs MOXe 3anexaTd Bif:

- BJACHHUX 3Ha4YeHb fAKOOiaHy (y3aradbHeHHS I HETiHIHHUX
ODE);

- PO3MIpHOCTI CUCTEMHU;

- BUMOT /IO TOYHOCTI CUMYIIAIIIT;

- TPUBAJOCTI cUMYJIAMLIi (Iianma3oHy 4acy MOJIEILHOTO €KCIIepH-
MEHTA).

Stiff

0.8

0.6

0.4

= Out

0.2

o
o 0.2 0.4 0.6 0.8 1

time {s}

Pucynok 5.5 — [Ipukiaz »xopcTkoi MOJIENi: CTPYKTypa 1 ocuuiorpamMma

MoskHa cKa3aTu 110, OBEIIHKAa MOJIENI HE € )KOPCTKOI0 Ha IHTepBai
yacy 0,2c<t</c, aine € >xopcTKoI0 B niana3oHi Oc<t</c.
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5.4 BukopucTtanis iepapxiuHoro miaxoay B Mojael0BaHHi

CxItagHi cUCTEeMH MAlOTh, K MPABHUIIO, i€papXidyHy CTPYKTYpy. llpu-
POJIHI MOXJIMBOCTI JIFOJJMHH JO3BOJISIOTH ONEPATUBHO 00pOOIATH HE OiNib-
nre 7 + 2 oguHuULpb iHGopManii onHOYacHO. Y MpoLeci MPOEKTYBaHHS 3py-
YHO 30CEpeDKYBATUCS CIIOYATKy HA ITOBEIIHIII OKPEMUX KOMIIOHEHTIB CHC-
TEMH, a TIOTIM - Ha 1X B3aemomii. [Ipn HeoOXimHOCTI MOJETl KOMIIOHCHTIB
MOXYTh JleTaji3yBaTucsi abo, HaBIAaKH, YKPYIHIOBaTucs. Takuil miaxim,
BITOMHH SIK i€papXidHe MPOEKTYBAHHSI, € TUIIOBUM IIPH PO3POOIIi CKIIQTHUX
00'eKTiIB 1 TOJIATaE B pO30MTTI BUXIAHOI 33a/1adi Ha Imia3aaadi.

B mpotieci npoekTyBaHHS CKIaIHOI cUCTeMHU (HOPMYIOTHCS TICBHI Y-
BJICHHS [IPO CUCTEMY, LIO0 BifOOpakaloTh ii iCTOTHI BIACTHUBOCTI 3 TUM ab0
IHIIAM CTYNEHEM JEeTabHOCTI. Y IHX YSBIEHHSIX MOXKHA BHJIIJIUTH CKIIa-
JIOB1 YacTUHH — PiBHI NPOEKTYBaHHS. B ofMH piBeHB, SIK MPaBUIIO, BKIIO-
YalOTHCS YSBJICHHS, II0 MAIOTh 3arajbHy (Di3MUHYy OCHOBY i1 IOMYCKarOTh
JUISL CBOTO OIHCY BUKOPHUCTAHHS OJHOTO 1 TOTO K MaTEMaTHYHOTO anapara.

PiBHI mpoekTyBaHHS MOXXHa BUIUIATH 32 CTYIEHEM JETATBHOCTI, 3
SIKOIO BiJIOOpaKarOThCs BIACTHUBOCTI MPOEKTOBAHOTO 00'ekTa. Toxi X Ha3u-
BalOTh TOPH3OHTAIBHUMH (i€papXiuHUMH) PIBHSAMH MPOEKTyBaHHS. B pe-
3yJbTATI TAKOTO MiTXOAY O0'€KT MPOEKTYBAaHHS MiJNAETHCSI AEKOMITO3HUIIIT
Ha (parMeHTH (MiJCXeMH) 1 TPOEKTYBaHHS KOKHOTO 3 HUX BEJETHCS B Tie-
BHOMY CEHCi caMocTiifHO. Ha KoXHOMY piBHI i€papxii 1iei MPHHIKIT 3aCTO-
COBYETHCSI 3HOBY, III0 JI03BOJISIE 3aMIHUTH PIILICHHS OJHI€T CKJIAIHOI 3a/1a4i
OaraTopazoBUM PO3B'SI3aHHSIM 337]a4 MEHIIIOT PO3MipPHOCTI.

BukopucTaHHS TPUHIMITY i€papXivHOTO MPOEKTYBAHHS JIO3BOJISIE
OOMEXHTH TIOTOYHY CKJIQIHICTh NMPOEKTY Ha MPUHHATHOMY PiBHI 4epes Te,
II0 B KOXKHUI MOMEHT 4acy MPOBOJSTHCS ONepalil TUIbKH 3 IBOMa CyMiX-
HUMH PiBHSIMH JEKOMIO3HUIIIT 00'€KTa — CTPYKTYPHUM OIKMCOM IPOEKTOBA-
HOT'O B JIaHUI MOMEHT (hparMeHTa i QyHKIIOHAJILHUM OIHCOM 30BHIITHBO-
ro cepenoBHUIIa. [HCTPYMEHTABHOIO MITPHMKOIO 1€PAPXIYHOTO MPOEKTY-
BaHHS € 0araTopiBHEBE MOJICITIOBAHHSI.

[Ipu GaraTopiBHEBOMY MOJIEIIOBaHHI Pi3HI (parMeHTH MpecTaBis-
IOTBCSI HA PI3HUX PIBHAX i€papxii, TOOTO 3 Pi3HUM CTYNEHEM JETalIbHOCTI.
Hanpuknan, npoekroBana B 1aHHH MOMEHT 4Yacy 4acTHHA 00'€KTa PO3KpH-
Ta JI0 PiBHS €JIEMEHTApHHUX JHUHAMIYHAX KOMIIOHEHTIB i IMITYETHCS CTPYK-
TYPHOIO MOJICJUTIO, a iHII ()parMEeHTH MPEACTABJICHI HA CYCIAHbOMY OUIbII
BHUCOKOMY DiBHI Y BUTJISAI (PYHKIIOHAIBHUX MOJeNel. 3aBepIinBIIN POE-
KTyBaHHSI OJTHOTO (hparMeHTa, MOKHA 3TOPHYTH HOTO Y (DyHKITIOHATBHHIA
0JIOK 1 epelTH 10 JeTajibHOiI MOl HacTymHoro gparmenra. Lls mpore-
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Ilypa TIOBTOPIOETHCS 0araropa3oBo, HA Pi3HUX PIBHAX i€papxil MPOEKTOBA-
HOTro 00'ekTa. IlepeBaroro Takoro MiAXOy € Te, IO B IOJIi 30py mepedyBae
B KOXXEH MOMEHT yacy MiHIMyM HeoOXiqHol iHpopMallii, He mepeBaHTaxe-
HOi 3aiiBuMu getansmu. ONUCaHUU METOJ MPOEKTYBaHHS HAa3UBAETHCS
METOIOM JIOKaJIBHOI feTamisarii o0'exra [2].

[IporpamMHOI0 MATPUMKOIO OaraTOpiBHEBOTO MOJETIOBAHHSI, peali-
30BaHOTO B OiJBIIOCTI MOB rpadiuHOrO MpOrpaMyBaHHsI, € MpoLeaAypa iH-
KaICyJIALii, IKa J03BOJISIE 3TOPHYTH OyIb-IKUIA CMUCIOBUHN (hparMeHT rpa-
(hivHOTO TIpeACTaBICHHS B OMMHUYHAN O10K. KpiM TOrO, 1110 iHKarcymsmis
CITy’)KUTh OCHOBOIO OTPUMAaHHS i€papXivHO CTPYKTYpOBaHUX MOJETIeii, BOHA
TaK caMoO JI03BOJISIE PO3MIMPUTH 0i0110TeKy 0a30BUX OJIOKIB OJIOKaMHU KO-
pHUCTyBada, sSKi MOXKHa 0araTopa3oBO BUKOPHCTOBYBAaTH (HAIIPHUKIAJ, TH-
MOB1 AMHAMIYHI JTaHKH). Takor MOMJIHMBICTIO BOJIOJIE, 30KpeMa, CUCTEMH
Micro-Cap ta MultiSim NI, maker LabVIEW, maker Simulink i 3acHoBaHi
Ha HhOMY maketn SimMechanics i SimPowerSystems, cepenoBuiie moe-
groBaHHs 20-Sim.

MoXIuBE TaK0K BUKOPUCTAHHS JIaKOMTHYHOTO MiIXO0Ly, IPU SIKOMY
HoNepeIHi Ta HACTYIHI KacKaau eMYJIOI0ThCS TeHepaTOpaMy Ta aKTHBHO-
PEaKTUBHUM HABaHTAXEHHSM BiIOBITHO (OCHTH IIMPOKO BUKOPUCTOBY-
€THCS MPH OLIHI MTOYATKOBOI CXEMHOT HaIIHHOCTI).

5.5 KonTpoabHi 3anuTanHs

IToxa3sHMKH SKOCTI €NEKTPOHHUX CHCTEM.
[TapameTpuyuHMiA CUHTE3 Ta ONITHUMI3allis — BU3HAYEHHS, 11JTb.
[MapameTpryuHa onTUMI3allisi — METOJMKA ANTOPHTMY.
[NapameTpruHa onTuMi3allis — METOAMKA KOPUCTYBaya.
CuHte3 aHanoroBux (QinbTpiB.

[Toka3HUKH IKOCTI EIEKTPOHHOT CXEMHU.

Po3paxyHok Koedili€HTiB 9y TIUBOCTI.

MerToarka napaMeTpU4HOi ONTHUMi3aLii.

Kpurepii sikocti Mmoaenei.

10 KpwuTepii eeKTUBHOCTI MOJICITIOBAHHSI.

11 IIpuuunu B anroputmiuHux 36018 ECAD.

12 Metoauka yCcyHEHHS IPHYMH AJITOPUTMIUYHHUX 3001B.

13 PexoMenmanii i MiaBUILEHHS TOYHOCTI MOAEIIOBAHHS.

O©CoO~NO O, WNPEF
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14 CtpyKkTypHI CHHTYIAPHOCTI Ta MUIAXW PO3B’SI3aHHS Ii€i mpooire-
mu B miporpamax ECAD ta CAE.

15 IlepeBaru HesIBHUX METOIB YHCEIBHOTO IHTETPYBaHHSI.

16 I'mo6anbHi nmapamerpu mist cumysanii B ECAD.

17 Iaxancymsmis, JiaKonTHKa.

18 EBprcTHYHI METOIU NPUAHATTS PilIEHHS (CAMOCTIHHO).

5.6 InquBinyanbHi 3aBIaHHs

CunTte3 Mojenen.

EBpuctruni MeTonu cuHTE3y/ ONTUMI3allii.

ABromaruzoBaHe npoektyBanHs [JIIC.

Tennenuii po3sutky nporpam ECAD.

IcTopis po3BuTKy nporpam ECAD.

[Iporpamu HacKpi3HOTO MPOEKTYBAHHSI.

MaremaTtryse 3a0e3MedYeHHs MPorpaM KOHCTPYKTOPCHKOTO TPOE-
KTyBaHHSI.

8 IIporpamu CAE.

~NoO ok, W



91

PEKOMEHJIOBAHA JIITEPATYPA

1 Bacunenxo, O.B. HaBuanpuuii 1OCIOHHK 3  OUCLUILIIHHA
«Komm’torepae MonmentoBanHs». — 3anopixoks: HY «3amopizpka mosmiTex-
Hika, 2020. — 175 c.

2 MetoauuHi BKa3iBKM JI0 J1a0OpAaTOPHHUX 3aHATH 3 AHCIUILIIHH
«MonentoBaHHS MiKpO- Ta HAHOCUCTEM» JUISI CTYJCHTIB crienianbHocTi 176
— «Mikpo- Ta HAHOCHUCTEMHA TEXHIKa» JACHHOI 1 3a09HOI (hOopM HaBUYAHHS /
VYxia.: O.B. Bacunenko. — 3amopixoks: HY «3amopizpka momiTexHikay,
2025. - 66 c..

3 «MopnenroBaHHS TPWIAAIB MIKpO- 1 HAHOETEKTPOHIKW»: [EmexT-
POHHHUH pecypc]: MIPYYHHK JUIA acmipaHTiB creriambHocTi 153 «Mikpo-
Ta HAHOCHCTEMHA TEXHiKa», Ta OCBITHBO-HAYKOBOI MporpamMu «Mikpo- Ta
HaHOcucTeMHa TexHika» / B.O. Mockamrok, B.I.Tumodees; KIII im. Irops
Cikopcekoro. — Enextponsi Tekcroi mani (1 daiim: 22,9 M6aiit). — Kuib :
KII im. Irops Cikopcekoro, 2020. —164 c. / Pexum pgoctymy:
https://ela.kpi.ua/server/api/core/bitstreams/b7746cbf-ffa7-4fe7-8f69-
fbbfb2207229/content

4 Micro-Cap 12, Analog and Digital Behavioral Modeling [Enext-
pounuii  pecypc]. — Pexwmm  moctymy:  http://www.spectrum—
soft.com/demo/abm.shtm

5 Medina-Bailon C, Dutta T, Rezaei A, Nagy D, Adamu-Lema F,
Georgiev VP, Asenov A. Simulation and Modeling of Novel Electronic
Device Architectures with NESS (Nano-Electronic Simulation Software):
A Modular Nano TCAD Simulation Framework. Micromachines (Basel).
2021 Jun 10;12(6):680. doi: 10.3390/mi12060680. PMID: 34200658;
PMCID: PMC8230046.

6 List of free electronics circuit simulators [Enextponnuii pecypc]. —
Pexxum  noctymy:  https://en.wikipedia.org/wiki/List_of free_electronics
_circuit_simulators

7 List of software for nanostructures modeling [Enexrponnuii pe-
cypcl. - Pexum JOCTYILY: https://en.wikipedia.org/wiki/
List_of software_for_nanostructures_modeling


https://ela.kpi.ua/server/api/core/bitstreams/b7746cbf-ffa7-4fe7-8f69-fbbfb2207229/content
https://ela.kpi.ua/server/api/core/bitstreams/b7746cbf-ffa7-4fe7-8f69-fbbfb2207229/content
https://en.wikipedia.org/wiki/

92

JHonaTtoxk A
IMoka3HUKHU AKOCTi €JIEKTPOHHUX CHCTEM

Homenkmarypa moka3HUKIB SIKOCTI MPOAYKIIIi — I1e CyKYyITHICTh Xapa-
KTePUCTUK BIACTUBOCTEW MPOJYKIIil, IKi BU3HAYAIOTH 11 SKICTh K MPOIYK-
Ty BUPOOHMIITBA Ta 3[aTHICTb 3aJOBOJILHUTU NOTpedU crokuBava. [ pynu
MOKA3HHUKIB SKOCTI:

— TMOKa3HWKHM TpPHU3HAYCHHS, SKi MOJUISIOTHCSA Ha MIArpynu (Xapakx-
TEePHU3YIOTh OCHOBHI BIIACTUBOCTI MPOMYKIIii, 001acTh ab0 croci6 BUKOpHC-
TaHHA: (YHKIIOHAJIbHI, KOHCTPYKTHBHI Ta EKCIUTyaTalliiiHi);

— TOKa3HWKW HajiitHOCTI. HamiitHiCTh — BIacTUBicTh BUpPOOY 30epira-
TH cBOl QYHKIT Ta eKcIuTyaTaliifHi TOKa3HUKH B 3aJJaHUX MEXax Ha IMpo-
Ts31 MEBHOTO 4Yacy (O€3BiIMOBHICTb, JOBIOBIYHICTH, 3IaTHICTH O 30epi-
TaHHs, PEMOHTONPUIATHICTS);

— IOKa3HUKH EKOHOMHOTO BHMKOPHUCTaHHS PECypciB, TPYINOBHX, B
TOMY YHCIIi;

— EpProHOMIiYHI MTOKA3HHKH;

— ©CTETHYHI ITOKa3HUKU;

— MOKa3HUKH TEXHOJOTIYHOCTI (TPaleMiCTKICTh, MaTepialOEMKICTh,
€HEPrOEMKICTh, TEXHOJIOTYHA COOIBapPTICTH);

— MOKa3HWKH TPAHCIOPTa0eTBHOCTI,

— MOKa3HHWKH CTaHJapTH3alii Ta yHi(ikarii;

— MATCHTHO—TIPaBOBi NTOKA3HUKH;

— TOKa3HWKH CTIHKOCTI 70 30BHINIHIX 30yPEHb Ta BILTUBIB;

— EKOHOMIYHI TTOKa3HUKH.

OyHKIIOHABEHI TTOKA3HUKH (ITOKa3HUKH SKOCTi) MPU3HAYEHHS B OC-
HOBHOMY 1 XapaKTepHU3YIOTh PiBeHb SKOCTI MPOAYKIIil, TOMY iX BUKOPUCTO-
BYIOTbH SIK KPUTepii ONTUMAJbLHOCTI IIPY IPOEKTYBAaHHI €IEKTPOHHUX CHUC-
TeM (HampUKIaj, LIBHIKOIiS, CMyra IpOIyCKaHHsS, CIIOKHBAaHa MOTYX-
HICTh, MacorabapuTHI MMOKa3HUKH 1 T.I.), Ta € QYHKIISIMH BHYTPIIIHIX Ta-
pametpiB cucteMu (HibOBi QyHKIIT).
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Honatox b
[Mapamerpuuna ontumizanis B Micro-Cap

Skmo onTtuMmizalis BEAEThCS 3a BCiMa MOKa3HUKaMU SIKOCTI — L€
rj100ajbHa BEKTOPHA onTHMi3amiga. YacTo oJuH 3 KpUTEpiiB BUKOPUCTO-
BYIOTb SIK BEJY4HH, iHIII MEPEBOAATHCS B 00MeE:KeHHs, BU] SKUX (JTiHiHHI,
HeNiHilHI, a00 TUCKPeTHI) BU3HAYA€ HA3BY, MATEMATHKy Ta METOIUKY OII-
tuMizauii (3agava minikHOTO porpamyBanus — 3JII1, veniniitnoro — 3HIT).

Onrtumizaiis Mo 0JHOMY KpUTEpilo 13 TIHIHHUMH OOMEXEHHSIMH Ha-
3UBAETHCS JiHIITHOI0 CKATAPHOIO JOKAJIBHOK ONTHMI3AIlE0.

B nporpamax aBTOMaTH30BaHOTO NMPOEKTYBAHHS MOXKHA peaji3yBaTH
3ajjadyy BEKTOPHOI HENiHIHHOT MapaMeTpUyHOl ONTHMI3alii; MMOYaTKOBE
HAONMMKEHHS ISl ONTHUMAIbHUX IapaMeTpiB BiJIIyKaTH 3a TOTIOMOTOO
0araToBapiaHTHUX BMIIB aHaJi3y, MiHIMI3yBaTH KUTBKICTh BIUTHBOBHUX
napameTpiB B HNBOBIH QyHKIIT METOAaMU aHAITI3Y Yy TJIMBOCTI.

3amada mapamMeTpU4HOI ONTHUMI3alii — BiAIIYKaHHS Takoro Habopy
napaMeTpiB CXeMH, IPH SIKOMY MOKa3HHKH SIKOCTI CTalOTh €KCTPEMalIbHU-
mu. [lapamerpuyna onTuMizallisi BAKOHY€EThcs B mporpami Micro—Cap me-
togamu ITayesna (Powell) B Oynp-sikoMy 3 BUIIB aHAITI3y: aHAII3 MEpexij-
HHUX IpoleciB, ManocurHansHuid AC-anani3 i pozpaxyHok DC xapakrepuc-
THK Ta BUKOHY€E ONTHMi3alil0 MapaMeTpiB KOMIIOHEHTIB CXeMH Ta i Moje-
Jiel IO BU3HAUCHHUX KPUTEPIsIX.

[Ipu mpoMy MOXKITMBA ONITUMI3allis IT0 MakcUManbHOMY (Maximizes),
MiHiManpHOMY (Minimizes) a6o 3amanomy (Equates) 3HaueHHIO BUOpaHOTO
KPHUTEPIFO.

Hanpuknan, B cxemi audepeHIiHHOrO MiACKIIIOBaYa HEOOXiJTHO
3HAWTH 3HaYeHHs onopiB RS Tta R2, mpwu skux MakcUMI3yeThCs IMiCUIIEHHS
Ha vactoti B 10 k['1. [{ist nux onopis 3agarothes Mojaeni RMOD Ta y BikHi
onrrumizaropa 3anaerhes napamerp RES RMOD Tta ymoBu iioro Bapiarii.
HocnimpkyBaHa cxema Ta pe3ynbraTd MoaeoBanus (AUX), orpumani mpu
ONTUMAaJIbHOMY 3HaueHHi onopiB RS ta R2 HaBezneni Ha pucynky b.1.

BikHO 3aBlaHHS HAJAaro/PKEHHS ITapaMeTpiB MPOLEAYPH ONTUMI3AIliT
(Bu3muBaetThest HatuckanasM CTRLA+F11) ta BikHO BHOOpY THITY IILOBOT
¢GyHKUiT Ta i mapameTpiB HaBeieHO HIKYE (puc.b.2).

VY oMy ZiaNoroBoMy BiKHI BBOJHMTHCS HACTYIHA iHpOpMAILis.

Find — BuOip mapameTpiB, 1110 ONTUMI3yIOThCS;

Low — MakcuManbHe 3HaYeHHS TapaMeTpa, 0 ONTHMI3Y€EThCS;
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Step — Kpok 3MiHM TTapaMeTpa, MO ONTHMI3YEThCS;

Current — moTo4He 3HAYCHHS MapaMeTpa, [0 ONTUMI3Y€EThCS;
Optimized — moryk ONTUMAaTBHOTO 3HAYECHHS MTApaMeTPy;
Method — BubGip MeTomy onTHUMI3aIIii:

Standard Powell — ctanpaptauii MeTox ontumisarii [Tayea,

Mic 9070
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Optimizer Sample Circuit

Find the value of the RMOD parameter that maximizes dB(V(OutA)} at F= 10knz |
Run AC analysis, press CTRL+F11, Click on the Optimize button.

Answer is RMOD R = 3.282

MODEL N1 NPN
MODEL N2 NPN

MODEL RMOD RES (R=3
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Pucynok b.1 — [locnmimkyBaHa cxema Ta i AUX
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Pucynok 5.2 —

JiasoroBe BikHO (opMyBaHHs 3aBIaHHs Ha ONTHMI3aLli0
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IMoxpoxosuii Powell (Stepping Powell) — mapamerpu 3MiHIOIOTBCS
Bi 3HaueHHs LOW mo sHagenns High 3 kpoxom Step.

Error — xopinb KBaZpaTHUIA i3 CyMapHOi MOMUJIKH (Pi3HHUII MiX IIi-
JHOBOKO (DYHKII€IO Ta 11 PAKTUYHOIO BETMUUHOIO).

Constraints — oOMeXeHHsI TUITY HEPiBHOCTEH 1 PiBHSHb.

Hanpuknan:

PD(R1)<=100m, V(0ut)>=1.2, VCE(Q1)*IC(Q1)<=200m.

Optimize — moyaTok omrrumi3zariii.

Apply — 3MiHa Ha cxemi 3Ha4YeHHs MapaMeTpiB BiINOBIAHO IO pe-
3yJIBTATIB ONTHUMI3aLli.

Format — Bubip ¢opmu mpecTaBIeHHS YACEN.

Close — 3aBepieHHS peXXUMy ONTHMI3allii.

ITicma 3amoBHEHHSA OIaJIOTOBOrO BIKHA HATUCHEHHSIM Ha IaHENb
Optimize BUKOHYIOTH ONTHMI3AIIiO 1 MOTIM HATHCKAHHIM Ha TaHesas Apply
MIEPEHOCSTh 3HAWICH] ONTHMaJbHI 3HAUEHHS ITapaMeTpiB Ha CXEMY.

[IpuBeaeMo MeToAMKY MapaMEeTPHYHOT ONITHMI3allii.

a) st mocTimpKeHHs MPUCTPOIO CIIOYaTKy HEOOXiTHO CTBOPUTH Kpe-
CIIeHHs cxeMy B penakTopi cxem Circuit Editor.

0) Bubupaemo Buj aHanizy, Hanpukian, Auaniz — Ilepexioni npoye-
cu... (Alt+1).

B) llomepenHiii momyk HampsMy JUIsl IMapaMeTpPUYHOI ONMTHMi3amii
3/IMCHIOEThCS OaraToBapiaHTHUMH METOJaMH, Hampukiaa, Stepping, ok-
pEMHUM PO3paxyHKOM 4YYTJIWBOCTI JIsl BH3HA4eHHS CKIIaay BapiiioBa-
HUX/BILUTUBAIOYMX NApaMETPiB B IUTbOBIN (YHKIII].

r) Kpim 6e3nocepennnoi ontumizarii B MC € MOXIUBICTB TTpoaHalti-
3yBaTH CXEMY IPY BUMAIKOBOMY PO3KHUJIl MapaMeTpiB eleMeHTiB. s 1po-
ro HeoOXiIHO BUKOHATH po3paxyHok Monte Carlo.

n) Hactymamii etan — onrtumizantis cxemu. OnTUMi3aIlisl CTa€ JOCTY-
MTHOO TIJIbKH MiCJIsS BUKOHAHHS aHali3y (Harpukian, [lepexioni npoyecu).

[Ticns BUKOHAHHS aHAIi3y, 3allyCKaeMO BIKHO HACTPOMKH ONTHMIi3a-
uii. SIkmio 3HaieH] 3HaueHHs Hac BJIAIUITOBYIOTH, TO MOKHA HATHUCKATH Ha
KHOTIKY 3acmocysamu, 1 3HaliIeH1 3HAYSHHS TIEPEHECYThCSI HA CXEMY.
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Jlonatoxk B
Iuranus Ha icnuT
IuTaHHs NepIOro piBHA CKIATHOCTI
(BiAMOBIIb Ha IBa MUTaHHSI MaKCUMaJIbHO — 60 OatiB)
Etamu Ta piBHI IPOEKTYBaHHI MIPUCTPOIB EIEKTPOHIKH.
Crpykrypa Ta po3sutok ECAD.
Ckiap i ctpykrypa 6i6miorexu mozeneit B ECAD.
®ynkii moctuporiecopis B ECAD B 3anexHOCTI Bi BUAY aHATI3Y.
TomomnorivHi Ta KOMIIOHEHTHI PIBHSHHS (U TACHBHUX JBOIOIOCHHUKIB).
Teopemu xomyTarii. KOMIOHEHTHI piBHSAHHS B ONIEPaTOPHOMY BHII.
Kitacudikariss Mosieneit MikpoeJIeKTpOHHUX PUCTPOIB.
Kitacudikarist Mosieneii HaHOEJIEKTPOHHUX IPUCTPOIB.
Oco0IBOCTI MOACIIOBaHHS HAHOCTPYKTYP.
10 Oco6auBocTi MosieNeit HAHOETEKTPOHHKX MIPHIIA/IB Ta IPUCTPOIB.
11 ®yukuionyBaHHs Ta CTPYKTYpH GilIOJIAPHUX MPUIAIIB MIKPOEIEKTPOHIKH.
12 ®OyukuionyBaHHs Ta CTPYKTYpH MOJLOBUX TPAH3UCTOPIB.
13 Oco6auBoCTI MOZIETIOBAHHS HAHOETIEKTPOHHUX MPUCTPOIB.
14 TIpunuunu no0yI0BM MAKPOMOIENIEH aHaTOroBrX iHTerpanbHux cxem (OIT).
15 Knacudikawis uudgpoBux NpucTpoiB Ta ixHix Mogeel.
16 Ocob6muBocTi Monenel UQPOBUX MPUIALIB Ta AITOPHTMY MOJETIOBAHHS aHa-
JIOTOBO-LIM(POBUX TMPUCTPOIB.
17 TIpuHumnM MOAENIOBAHHS HA CHCTEMHOMY PiBHI.
18 KaysanbHuii Ta akay3aubHi MiIX0AU B MOJENIOBAHHI HA CTPYKTYPHOMY PiBHi.
19 MopenoBanHs eNEKTPOHHUX IPUCTPOIB HA CUCTEMHOMY PiBHi.
20 Mogeni mem-eeMeHTiB.

O©CoOoO~NOoO O~ WwWwN P

IutaHHs APYroro piBHs CKJAAIHOCTI

Jnst oTpuMaHHs OIiHOK 3 75 OauiiB 1 Buile, Tpeda JoAaTH 10 JBOX IHUTaHb 3
MONEPEeTHHOTO CIMCKY BIAMOBI/Ib HA MUTAHHS 3 HOTO MEPEIiKy
Anroput™u cumysisuii Ta ontumizauii B ECAD.
Yum rporpamMu MOJICTFOBAHHS BIZIPi3HSIOTHCS BiJ] TPOTPaM IPOEKTYBAHHS.
[TouaTkoBi yMOBH, BUKOpUCTaHHs 3aKoHIB komyTauii B ECAD.
[osicHUTH BiIMIHHOCTI B MOZIEIISIX HA PIBHI CXEM 1 Ha piBHI TBEpAOTO Tia.
Metoau miaBHIIEHHS SKOCTI MOAEITIOBAHHS.
CripormieHHs MaTeMaTHYHOT MO ITPH aHaJli3i Ha BUCOKUX PIBHAX aOCTpaKIIii.
[IprHIMIHM MyJTETHIOMEHHOTO MOJETIOBAHHS.
Mertou yripaBiIiHHS SKICTIO MOJICITIOBaHHSI.
Oco0a1BOCTI MOJICITIOBaHHS aHAJIOTOBO-IIM(POBUX IIPHUCTPOIB.
IpuHIMnM (HyHKITIOHAIEHOTO MOJETIOBAHHS.
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