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KpuBopi3bkuii HalllOHAIBHUNA YHIBEPCUTET
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1. Tema: JocihijpkeHHs CYYacHMX NPOTPaMHHX METOJIB BJIOCKOHAJEHHS Ta MO-
nudikaiii kinacuaHoro I11J[-peryasatopa 3atBepakeHo HakazoM mo KHY Ne
BIl «_ » 20 p.

2. Tepmin momaHHs CTYIEHTOM 3aKiHYEHOT podoT: «  » 20 p.

3. Buxigni gani mo po6oTi: po3p0o6JiroBaHa MPOTpaMHa MOJIeTb CUCTEMHU aBTOMATH-
YHOTO PErYJIIOBAHHSA NOBUHHA MaTH KOPEKTHE BIATBOPEHHS BCIX (PI3UMYHHUX HPO-
1IECIB IIPOTSATOM KOMII FOTEpHOTO MOJICIIOBAaHHS Ta MaTH BINOBIIHI aBTOMAaTHU30-
BaHl HAJAIITOBYBAYl PETYISITOPA SIK €JIEMEHTA CUCTEMHM.

4. 3MiCT MOSACHIOBAJIBHOI 3alMCKHU (MEpesiK MUTaHb, 10 iX Tpeba po3poOUTH): BH-
KOHATH aHaja13 ICHYIOYHMX Ta IOTEHLIAJIbHO MOJKJIMBHUX METOJIB PO3B’sA3aHHS 3a-
Jladl, pO3pOOUTH MaTeEMAaTHYHY MOJEIbh CUCTEMH aBTOMATHYHOTO PEryarOBaHHS,
CIIPOEKTYBAaTH IIPOTrPaMHY peaji3aliio MaTeMaTHYHOI MOJEai, po3poOuTH Haja-
IITOBYBAa4l pEryaITOPa CACTEMH PI3HU3 38 METOJAMH, IOCTABUTH €KCIIEPUMEHTH,
IIPOBECTH OIUHKY DPE3YJbTaTIB €KCIIEPMMEHTIB, BUKOHATH aHAII3 €KOHOMIYHOI
e EeKTUBHOCTI METOIB BUKOPUCTOBYBAHUX HAJANITOBYBauYaMHU PETYJSITOPA, 3pO-
OWTH BUCHOBKH.

5. Ilepemnik UTFOCTPATUBHOTO MaTeplany: CTPYKTYPHI CXeMH CUCTEM aBTOMATHUYHOIO
peryiroBandsa Ta peryistopa, UML-cxemu po3poOieHux iepapxii KiaciB Ta iX
B3a€EMO/1H, TAOJIUIN PE3YJILTATIB OIIHKHA €KCIIEPUMEHTAILHUX JaHHUX Ta PEWTHUH-
r'yBaHHS METOIB HAJIAIITOBYBAYIB 3a €)EKTUBHICTIO 3aCTOCYBAaHb.
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1 | OrmuspgnitepaTypH 3a TEMAaTUKOKO poOOTH 24.02.2024 —

01.03.2024

2 | TlpoBeaeHHS aHA3y ICHYIOUHX TEOpPETUIHHX MeTofiB g0- 02.03.2024 —
CITDKCHHS 1 BUPIIICHHS MTPOOJIeMU 05.03.2024

3 | IlpoBeneHHs KpUTUUHOTO MOPIBHAIBLHOTO aHami3y icHyro- | 06.03.2024 —
YUX aHAJIOTIB MPOTPAMHUX METOMIB Ta nmouryk nogatkoBux| 10.04.2024
METO/IIB.

4 | dopmMyJIIOBaHHS aKTYaJbHOCTI 1 3aBIaHbh poOOTH 11.04.2024 —

15.05.2024

5 | OdopmueHHs MarepialliB MEPIIOTO PO3ALTY pOOOTH 16.05.2024 -
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6 | Po3poOka maremaTuaHOi Mojeni cucteMu apTomatuaHoro| 21.05.2024 —
peryioBaHHs Ha 06a3i eeKTPONPUBOTY. 16.06.2024

7 | Po3poOka nmporpamMHoi MOJiei, IO BiATBOPsi€ Bxke po3po- | 17.06.2024 —
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CHUCTEMHU Ta aJITOPUTMIB (piKcallii pe3ybTaTiB MOJEIIO-

BaHHS.

9 | Po3poOka mrabaoHUX KIIaciB JIJIs peajizaiii TeHe- 06.08.2024 —
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JUTSl TIOLTYKKY BIAMOBIAL Oy/b SIKOT pO3MIPHOCTI.

10 | Po3poOxka kiaca-afganrepa HaJalITOByBaua peryisitopa, 11.09.2024 —
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peaHbo Oyau BU3HAYECHI B 11a0JIOHHUX Kilacax.
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JIMBaHb PETYJIbOBAHOT BEIWYUHH Ta po3mupeHHs Hamam- | 29.09.2024

TOBYBAaUiB PErysiTOpa Ha I11€ OJUH THII, III0 BUKOPUCTO-
BY€ aJITOPUTM aHaJi3y KOJWBAHb aHATI30BaHO1 BEIMUYUHU
npoTsrom 3actocyBanHs merona [{urnepa-Hikosca.
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Ta po3poOKa MIIXOY 0 OIIHIOBAHHS YHUCEIBHO OTpUMa-

HUX €KCIIEPUMEHTAThHUX JaHUX Yepe3 TIeBHI METPUKHU.

14 | TlpoBeneHHs €KCIIEPUMEHTIB, OTpuUMaHHs ekcriepumenTa- | 02.11.2024 —
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3a €(DEKTUBHICTIO TIPOBEACHHS HAJAIITyBaHHS PETYJIs-

TOpaA.

17 | OdopmienHs MarepialliB TPETbOTO PO3ALLY pO- 18.11.2024 —
ooTH. 21.11.2024

18 | TligBemeHHs BUCHOBKIB IO BUKOHAHIM POOOTI. 22.11.2024 —

24.11.2024

19 | Ocraroune opopMIIEHHS MOSCHIOBAIIBHOI 3aITUCKU 24.11.2024 —

03.12.2024




PEDEPAT

[TPOITIOPLIIMHO-IHTEI PAJIBHO-IN®EPEHIIIAJIBHUIN PETYJIATOP,
CUCTEMA ABTOMATU30OBAHOI'O PEI'YJIKOBAHHSA, HAJTAIITYBAHHA,
HAJIAIITOBYBAY  PEI'VIIATOPA, AJITOPUTM HAJIAIITOBYBAYA,

METO/ HAJIAIITYBAHHA, EKCITEPMMEHT, [TPOT'PAMHE
MOJIEJIFOBAHHA
[TosicHroBasibHa 3ammcka: 75 ctp., 27 tabmn., 7 puc., 3 noxn., 15 mxepen.
O06’exTOM JOCHIJKEHHS 1€l poOOTH — aBTOMAaTH3allisl HaJallTyBaHHS
NPOMOPIIHHO-THTErpaIbHO- AU (PEPEHIIIATBHOTO peryastopa (mami I /I-

perymsaTopa). [IpeaMer nocaiaKeHHs: — MOXJIMBI IPOTPaMHI METOAH BIIOCKOHAJICHHS
[III-perynsTopa.

B xoni BukoHaHHs KBamidikamiiHOT poOOTH 3aaJisi JOCATHEHHS BHUEPITHUX
pe3yapTaTiB  JOCHDKEHHS Oyno MOIMOJIEHO BHBUCHO  PETYIIOBaHHS — 3a
QITOPUTMAMH  TIPOTIOPIIHHO-1HTETpaIbHO-AudepeHiagbHoro  perymsitopa ITI-
perymsitopa, CUCTeMHM aBTomaru3oBaHOTo perymoBaHHs (nam CAP) 3a yuactio
IIOTO pEryasiTopa, OyJ0 BHUBYCHO TOHKOII, IO BHUHUKAIOTH IIJI Yac HOTO
eKCIUTyaTallii He TUIbKH 3 TEOPETUYHOT TOYKHU 30PY a i 3 MPaKTUIHOTO CTOPOHH, OYyII0
BUBYEHO MpOOIeMH HOro eKcIiulyaralii Ta BCe BHINE 3a3HAY€HE JETaabHO Oyio
3BITOBAHO B MOSCHIOBAJILHINA 3aITHCIIL.

B npotieci nonryky pimieHHs OyJ10 pO3IISSHYTO YU Majl0 MOXJIMBHUX PIllI€Hb B
IPOCTOP1 MOXJIMBOCTEN MporpaMHoOro 3abesneueHHs. [lomyk nmounHaBcs nocepen
TPaIUIIAHAX METOMIB 3aCTOCOBYBAaHMX B peallisiX eKCIUIyaTallli s 3MEHIICHHS
BIUIMBY HETATUBHUX BJIACTUBOCTEH pEryasTopa Ta 3aKiHYMUBCS TOIIYKOM Y TIPOCTOPI
HNOMYJIIPHUX METOAIB BUKOPUCTOBYBAaHMX JJI BHUPILIEHHS MPOOJIEM MAIIUHHOTO
HABYaHHS SIK TIOTEHIIIMHE pileHHsI a00 K KOHKYPEHTOCTIPOMOKHA allbTepHATUBA 3
omIsIAy i1 BiIHOCHOI HOBITHHOCTI. [loTeHmiiiHe pilIeHHS MOIVIO MaTH Oyab SKY
OCHOBY JJ1s1 cebe, 4u OyTh TO UMCTO TpaAMIliiHE, YU METOAM 3aCTOCOBYBaHI B

MAallIMHHOMY HaB‘IaHHi, MOXKE 1X IIO€JHAaHHA, YU X peﬁTI/IHFYBaHHSI, abo BHUBCACHHAA



3aKOHOMIPHOCTEH BUTIJHOCTI X 3aCTOCYBaHHs Y MOPIBHSAHHI OfHE 1HIIMM. ToOTO
1oJie JiJisl MOIIYKY pillleHb OyJI0 MIMCHO HIUPOKUM.

B mnpomneci moGymoBu matematnuHoi Mozaemi CAP na 0a3i aOcrtpakiiiit
peanbHOro oOnagHaHHs, OyJ10 BHUBYEHO SIKMM YWMHOM BHKOHATH MOJIEITIOBAHHS
CJICKTPOJIBUTYHA TIOCTIHHOTO CTPYMY 3 OOMOTKOIO HE3aJeKHOTO 30Y/KEHHsS Ta
peaizoBaHO JiBa PI3HUX 3a CTYNEHEM TOYHOCTI PO3paxyHKIB UHCEIHHUX METOIB
BUPIIICHHS] CUCTEMHU IHU(PEPEHINATbHUX PIBHSAHD JIJI1 KOPEKTHOTO MOJICTIOBaHHS
MOBEIIHKU TIpoliecy Bu3HaueHoro B kKoHTeKCTI CAP sk perymsoBaHoro. Po3pobieHa
matematuyHa Mmojenb CAP koM Oyna 3a70BUIbHEHA B CBOiX moTpedax 3a
JIOTIOMOTO10 a0CTPAKIIii IBUTYHA Y posti 00’ €KTa KEpyBaHHS.

BukoHaHo mpOEKTyBaHHA NPOTPAMHOTO 3a0€3MEUEHHS 3a MapaJurMolo
00’ €EKTHO-OPIEHTOBHOTO MIPOTpaMyBaHHs Ha MOB1 C++, 110 peasizyBajio MpOorpaMHy
peanizaiiio MaTeMaTUYHO1 MOozeNl, 3aco0u ikcarlli pe3yabTaTiB MOJICTIOBaHHS.

Sk nomaTkoBI TporpamMHi  MOAyNl Oylo po3poOJieHO HaNalITOBYBadi
peryastopa, 1[0 BUKOPUCTOBYBAJIM MPHUHIIUIIIAIBHO Pi3HI METOIU HAJIAIITOBYBaHH I
peryasTopa B aBTOMAaTUYHOMY pEXKHMI TpH3HA4YEH! [JIs1 pilleHHs mpobieMu
BU3HAYEHOI B I1ill pOOOTI.

Omuinka npoBoauiacs MUITXOM 0araTopa3oBOTO MPOBEJACHHS €KCIEPUMEHTIB 3
pPI3HMMHM yMOBaMHU ITyCKiB, Ta OTPUMaHI pPe3yJIbTaTH HAJAIITyBaHb IMEPEBIPSIIUCH
TaKOXK 3a JOMOMOTOI0 0araropa3oBHX IyCKiB B pi3HHX yMoBax mojeni CAP 3
BIJINOBIIHUMH HAJIAIITYBAHHSAMM Ta BU3HAYEHHSIM (iTHEC-(PYHKIIT KOXKHOTO IMYCKY,
110 CIyTyBaja K NEBHA METPHUKA SIKOCTI HaJalllTyBaHHS.

B pe3ynbrari npoBeACHHX JOCHIIXEHb OYyJI0 BHUBEACHO IIUTy HHU3KY
CTBEP/I’)KEHb TPO MOTEHINAl KOXKHOTO 3 JOCHIIKYBaHUX HAMpPSMKIB BHUPIIICHHS
npoOieMH, TPO MOXJIMBOCTI MOJANBIINX JOCIHKEHb Ta 3pOO0JicHE BHUYEPITHE

3aKJTFOYEHHS 100 CIOCO0y BUPIMICHHS PO3IVISAyBaHOT IPOOIeMH.



ABSTRACT

PROPORTIONAL-INTEGRAL-DERIVATIVE CONTROLLER, AUTOMATIC
CONTROL SYSTEM, ADJUSTMENT, REGULATOR ADJUSTER, ADJUSTER
ALGORITHM, ADJUSTMENT METHOD, EXPERIMENT, SOFTWARE
SIMULATION

Explanatory note: 80 pages, 27 tables, 7 figures, 3 appendices, 15 sources.

The object of research of this work is the automation of the setting of the
proportional-integral-differential controller (hereinafter PID controller). The subject
of research is possible software methods for improving the PID controller.

In the course of the qualification work, in order to achieve comprehensive
research results, the regulation according to the algorithms of the proportional-
integral-differential regulator of the PID controller, the automatic control system
(hereinafter ACS) with the participation of this regulator was studied in depth, the
subtleties that arise during its operation were studied not only from a theoretical
point of view and from a practical point of view, the problems of its operation were
studied and all of the above was reported in detail in the explanatory note.

In the process of finding a solution, it was considered whether there were few
possible solutions in the space of software capabilities. The search began in the midst
of traditional methods used in the realities of operation to reduce the influence of the
negative properties of the regulator and ended with a search in the space of popular
methods used to solve machine learning problems as a potential solution or as a
competitive alternative in view of its relative novelty. A potential solution could have
any basis for itself, be it purely traditional, or methods used in machine learning, or
a combination of them, or their ranking, or derivation of laws of the benefit of their
application in comparison with each other. That is, the field for finding solutions was
really wide.

In the process of building a mathematical model of the ACS based on
abstractions of real equipment, it was studied how to model a direct current electric

motor with an independent excitation winding, and two different numerical methods



of solving the system of differential equations with different degrees of accuracy
were implemented for the correct modeling of the behavior of the process defined in
the context ofthe ACS as regulated . The developed mathematical model of the ACS
was fully satisfied in its needs by abstracting the engine as a control object.

The software was designed according to the paradigm of object-oriented
programming in the C++ language, which implemented the software implementation
of the mathematical model, the means of fixing the modeling results.

Regulator adjusters were developed as additional software modules that used
fundamentally different methods of adjusting the regulator in automatic mode,
designed to solve the problem defined in this work.

The evaluation was carried out by repeatedly conducting experiments with
different start-up conditions, and the obtained settings results were also checked
using multiple starts in different conditions of the ACS model with appropriate
settings and determination of the fitness function of each start-up, which served as a
certain metric of the setting quality.

As aresult of the conducted research, a number of statements were made about
the potential of each of the researched directions for solving the problem, about the
possibilities of further research, and an exhaustive conclusion was made about the

way to solve the problem under consideration
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BCTYII

[IponopuiitHo-iHTerpanbHO-nudepeniiansiuil  perynsitop  (mam  ITI-
perynsaTop) OyB BUHaWIGHUN e 3a YaciB mepiroi nojgoBuHu 20 CTOMITTS, a came y
1910. Haiinepiuit Meron Horo HamamtyBaHHs y 1942 poui xoHoMm 3irepoM i
Haranienem Hikoncom Ta orpumaB Ha3zBy ‘“‘meton llimepa-Hikonsca”. Yacrora
nyOmiKaIiii HayKOBUX POOIT MPO PETYISATOP SCKPABO JIEMOHCTPYE HaM 3pIiCT HOTO
HNOMYJISIPHOCTI:

— 14 ny6nikamii — 1973-1982 pp. (9 pokiB);

— 111 ny6nikamiit — 1983-1992 pp. (9 pokiB);

— 225 nyGmnikarii — 1992-2002 pp. (umie 4 pokw).

HeBennka BapTiCTh MIKpPOIPOIECOPIB Ta JICMICBUX aHAIOTO-IU(POBUX
neperBoptoBadiB B [II/[-perynsitopax cnpocTwim BOPOBAIKEHHS IEH THUII
pEryisiTopa, 110 y CBOIO YEpry CHOPUYMHWIA CTPUOOK Yy po3poOill pi3HOMAHITHUX
QITOPUTMIB HAJAIITYBaHHA MWOTO MapaMeTpiB BiJ aJaNTUBHUX aJTOPUTMIB,
HEMPOHHHUX MEPEX, METO/IIB HEUITKOI JOTIKH A0 TEHETHYHUX aJrOPUTMIB, a TAKOXK
CIPUYUHHUIIO TIOSIBY PI3HOMAHITHUX YCKIQJHEHb CAMOTO PEryjisTopa, 3’ SBUIMCA
MOHSATTS PETYISATOP1 ABOX CTYNEHIB CBOOOJ, MPUHIUIIB PO3IMKHEHOTO KEPYBaHHS
ta B pe3ynbrati [1IJ[-perynsartopiB GaraTokoHTYpHUX Ha choroaHi 34%, Ta 64%
OJIHOKOHTYpuX [1].

CtpiMKu#l 3pICT YCKIaJHEHb K QITOPUTMIB HANANITYBAHHS Ta AJITOPUTMIB
BJIACHE CaMOI0 pEryiIaTopa BHUMaraloTh IEBHOI KBamiikamii Bifg poOodoro
nepcoHany, I1HKEHEpIB aBTOMAaTH3aIlii CHCTEM KEpyBaHHS TEXHOJOTIUHUMH
npotecamu (nam ACKTII), ta un Manoi ix KUTbKOCTI 3a[Jisl 330BOJICHHS TIOTIUTY B
NEPCOHANI, IO Ma€ BIAMOBIIHI HABUYKHU i1 BUKOHAHHS HAJAIITYyBaHb TOTO YU
iHmoro [IIJ[-perymaropa abo cucremu IIIJI-perynsTopiB y OararoducenbHHUX
OKpEMHX BHUIAJAKaX OCOOIMBHX YMOB CHCTEMHM KepyBaHHA Ta JUHAMIYHUX
XapaKTepUCTUKAX KEpPOBAaHOTO Ipolecy abo o00’ekty perymoBaHHs. [logione
MOJIOKEHHS CIIPaB HAIITOBXYE HAa MPUITYLIEHHS, 10 MO/10HI MOTpedu 30UIbIIYIOTH

CeKOHOMIYHE HaBaHTa)KEHHSA Ha Oynb Ky 0coOy, 10 IUIaHy€ SKICHE BUKOPHUCTAHHS
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miei Ta i CYMDKHHUX  TEXHOJOTIM  3amius  Toro 100  3ajMinaTvcs
KOHKYPEHTOCIIPOMOKHUM y ChOTOJICHHUX peanisix. [Ipote TUISE
KOHKYPEHTOCTIPOMOKHOCTI OyIb KUl BUPOOHUK Ma€ HE TUIBKH JOCATATH BUCOKOTO
PIBHSI SIKOCTI, ajie ¥ HU3BKOI COOIBAPTOCTI CTBOPIOBAHOTO MPOAYKTY. OTXKe, Mmicis
BIIPOBAJPKEHHSI PETYIATOPIB ISl MIJABUIIEHHS SIKOCTI TEXHOJIOTIYHOTO MPOIIECY Ta
YTBOPIOBAHOTO TMPOAYKTY Oyia0 O JOIIBHUM 3HAWTH PIMICHHS [Ji1 BUPIMICHHS
npoOsieMu 30UTBIIICHHS] BUTPAT HA MEPCOHAJ, Ta B HACTI0K 3MEHIIIUTH COOIBapTICTh
npoaykuii. IcHye Bke TpaauiiHUI BapiaHT BHPILMIEHHS Takoi MpoOiIeMu uepes
BIPOBAKEHHSI aBTOMATH3allli B MEBHI chepu mpaill JIOAUHA. Y JAHOMY BUITAJIKY
el METO/I € TaKoXK opedHuM. OTHKe, TOIIOBHE TIUTAHHS TMOJISITA€ Y BUPIIICHHI OLIbII
dbyHIaMeHTaTBHOT TPOoOIeMH Ha PiBHI caMOi TEXHOJIOTI1, IO MOJIATAE Y CKIIATHOIIAX
HQJIAUITYBaHHS MPOCTOrO 32 KOHCTPYKIIEI pEryasitopa Ta y CKJIaJHOIIAX
ABTOMAaTU3yBAaHHA 1IbOTO MPOLIECY.

Bupimenns 1iei npoOieMu HajaBaTUME MOXIIUBICTh BUPIIIUTH MPOOIEMY
3pOCTaHHsl €KOHOMIYHOTO HaBaHTaxkeHHs. OTxe, 111 poOoTa Oyne HampaBieHa Ha
BUpIIIEHHS (YyHIaMEHTAJIBbHOI NpoOJieMHU Ha PiBHI TEXHOJOTI], 10 MOTEHLINHO
MOJXKE MPUHECTH MOKJIMBICTD 3a01aJ[KyBaTH.

OG’exkTOM JIOCHIDKEHHSI 1l€1 pOOOTH — aBTOMATH3allisl HaJalllTyBaHHS
perymsitopa, a TOpeaMeT JOCHKEHHS — MOXIUBI MPOrpaMHi  METOIH
BrockoHainenHs [II/[-perymaropa.

[onoBHMM  METOOM  JOCHIKEHHS CYYacHUX NPOTPaAMHHX  METOIIB
BIOCKOHaJeHHs Ta wmonaudikamiii kmacuunoro IIIJ[-perynsitopa BucTynarume
NpoBeACHHS 0araropa3oBUX EKCIEPUMEHTIB Ha [MOMNEPEAHbO  PO3pOOIEHIN
MaTeMaTU4YHINA MOJE.

[MI/I-perynsiTop € peryisiTopoM, KOTPUU 3aBIASKH CBOIM YyHIBEpCAIbHUM
0OYHMCITIOBAJIbHUM alrOpUTMaM MoOKe OyTH BUKOPHUCTOBYBAaHUM y Oydb SIKOMY
TEXHOJIOTIYHOMY TPOIIeCl, IO MNOoTpedye aBToMarH3allli peryioBaHHsA. ToOTO
PETYISITOP € YHIBEpPCAIbHUM Ta MPOCTHUM 3a CBOEIO peali3allilo Ta BIPOBAIKEHHSM,
no € Oe33anepedyHor0 ioro mepeBaroto. I[lpore Takox icHye (QyHaameHTalbHA

npoOiema, 110 MOB'sI3aHa 3 eKCIUTyaTalli€l0, Ta MOJArae y CKIaJHOMY IpoIieci Horo
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HQJIAIITYBaHHS, a caMe€ B Mma0opi Koe]ilieHTIB I KOXKHOI CKJIaJ0BO1
00YHNCITIOBATIBHOTO ITOPUTMY Il ONTUMAIBHOTO CHIBBIIHOIIEHHS iX BIUIMBY Ha
KEepYIouy BEIMYMHY JJI1 OTPUMaHHS ONTUMAIBHOTO MEPEX1AHOTO MPOIECY 32 YACOM,
TOYHICTIO Ta cTidkicTio. L{sg mpolmema 1 mopoxkye morpedy y J10AaTKOBOMY
nepcoHaii KBami(iKOBaHUX JJisi BUKOHAHHS MOAIOHUX HaJallTyBaHb, TOMY BOHA SIK
NEepIIONPUYMHA 1 BUMAarae yBaru J0 CBOTO pO3B’ sI3aHHSI.

[IpoGnema BHHMKAE 3 TMPOTUPIYYS 1€aTLHUX YMOB, 3a SKUX Majo O
BUKOHYBATUCSl HAJIAIITYBaHHS pPEryasiTopa Ta YMOB, IO MEPEBAKHO € 3aHAJTO
JNAJIeKUMU Bl 17€albHOTO BUMAAKY. B igeanbHOMYy BHIaAKy HaJlalITyBaHHS
perymsiTopa  Mae BHUKOHYBAaTHUCS 32 YMOBH KOJMM € BIJOMUMH JIMHAMIYHI
XapaKTepUCTUKH 00'€KTa KepyBaHHS a00 KEPOBAHOTO IPOIIECY YU KOJHU € BiJOMHM
Jiama3oH iX 3MiH, IPOTE B PEATbHOMY BHIAKy HOTO 3aCTOCYBAHHS 1€ HEMOKJIMBO
yepe3 Te, 1[0 HaBITh Yy BUMAJKY SKIIO JWHAMIUHI XapaKTEPUCTUKU KEPOBAHOTO
o0'ekta ab0 MpoIeCy BU3HAYUTH, TO BOHHU HE OyIyTh 3QJMINATUCS MOCTIMHUMHU
NPOTATOM 4Yacy 1 HaBiTh Jllana3oH 3MIHU JMHAMIYHUX XapaKTePUCTHK 00'ekTa abo
nporiecy Moke OyTu 3MiHHMM Yy 4aci. Taka BiacTuBicTh OO'€KTIB Ta MPOIIECIB
KEepPYBaHHS COPUYMHSE CKIATHOIII B MIATPUMII KepyBaHHS Ha 33J0BUILHOMY pPIBHI
3TiAHO TIEBHUX XapaKTEPUCTHK.

To6TO "epe3 mpoTUpivUsl YMOB iiealbHUX 1 peanbHUX (HE 11eaTbHUX) YMOB
eKCIUTyaTalllii BHUHUKAae MpobieMa eKcIulyartalii, [0 [OoJisira€ B HaJAIITyBaHHI
perynsrtopal13].

[010BHUM METOIOM JOCHIJKEHHSI — Oaratopa3oBi €KCHEPUMEHTH I 4ac
KOMIT FOTEPHOTO MOJIEIIOBaHHsI Ha 0a3l MporpamMHoi peanizamii MaTeMaTu4HOl
MOJIeNll Ta 3acTOCOBYBaHUX 10 Hei perymastopiB. [lomepennro Oyna mpoBeneHa
po3poOKa MaTeMaTUYHOT MOJIEJIl CUCTEMH aBTOMaTUYHOTO perymoBanHs (nam CAP)
Ta po3po0JICHO KapJAWHAIBHO PI3HI 32 CBOIMH aJIrOPUTMaMM Ta BIACTUBOCTIMHU
HAJAIITOBYBadl PEryasTOpa, KOTPUA BUCTYNMAaTUME YACTUHOIO Ti€l caMoi
po3pobienoi MatemarnuHoi Mopeni CAP. TlopiBHAHHA pe3ynbTaTiB PI3HUX
QITOPUTMIB HAJAIITOBYBAYIB JO3BOJSIIOTh HAM MOPIBHITH MEPCHEKTUBHICTh PI3HUX

HAMpsSIMKIB  MOXJIMBOTO PO3BUTKY HAJAIITOBYBa4yiB Ta B I[JIOMY OIIHUTH
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NEPCIEKTUBHICTh BIACHE IbOTO HAMpPSIMY JOCHIIKEHb 4Yepe3 BU3HAYCHHS YU €
MOXJIMBUM B3arajli 3aMIHUTH CHEIlaJlicTa B Li{ CIpaBl BIANOBIAHUM IMPOTPaMHUM

320€3ICYEHHSM.



PO3/ILJI 1 PETYJISITOP SIK YACTUHA MATEMATHYHOT
MOJIEJII CAP

1.1 lIpyHuun podoTH mig-peryasaTopa

Bummsig cTpyKTypHOI CXEMH MPOCTOI CUCTEMU ABTOMAaTUYHOTO PETYIIOBAHHS

(mam CAP) 31 3B0pOTHIM 3B’s13K0M 300pakeHa Ha puc 1.1.

. R S P I -

Pucynok 1.1 — CtpykrypHa cxema CAP 31 3B0poTHIM 3B’ s13K0M [ 1]

R — perymarop;

P — xepoBanwmii nporiec / 00’ €KT peryroBaHHs;

¥ — CUTHAJI 3aBAaHHs (TIOTPiOHE 3HAYEHHS PEryJbOBaHOI BEIUYWHU);
€ — CUTHAJI «IIOMUWJIKA KEpyBaHHS»;

U — CUTHAJ KEepyBaHHS;

y — 3HaYEHHS Peryjab0BaHO1 BeaudyuHu [1].

BusnauenHsi curHaimy kepyBaHHSA Mae€ Taki GOpMHU:

u(t) = K - e(t) +%f0te(t)dt+Td d‘;(tt) (1.1)
u(t) = Ko (e(t) + Ti [y e(tde + 7, %2) (1.2)
u(t) = Kye(t) + K; f e(t)dt + Kz =2 (1.3)

3HaiineHa niTeparypa 3a3BUYail BUKOPHUCTOBYE yci Tpu (OpMU 3amucy K B
Bupazax 1.1,1.2, ta 1.3,10yno 6 BaXXJIMBO NPOAEMOHCTPYBATH X yCl Ta 3a3HAYUTH,

o B 1iii po0OOTIi, B MporpamMi, BUKOPUCTOBYBATUMEThCS caMe OCTaHHs ¢dopma 3a
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HoMepoM 1.3 wyepe3 ii 3pyuHICTh peamizauii B mporpamuiil ¢opmi. Pizuumi mix
BUOOpPOM MPUHIMIOBOI Hemae. HamamTyBaHHsS MNPOXOAUTH 3aBXKAU Yepe3 TpU
koedinienta. Bing oOpanoi ¢opMu 3anexaTUMyTh JIMIIE YUCIOBI 3HAYEHHS MpPU
OJTHOMY 1 TOMYy 3 CTaHI HaJallTyBaHb peryasTopa. ToOTo ko mnepexiaHa
XapaKTepUCTHUKA OJHAKOBAa, TO oOpaHa (hopMa pO3paxyHKIB BIUIMBATHME JIMIIE Ha
YHCJIOBI1 3HAUCHHS KOoe(DIileHTIB[2].

3rigHo A0 00paHoi ¢popMHu (parMeHT MOB’s3aHM 3 OJMOKOM peryiasitopa R
NOTEPEIHbOT CTPYKTYPHOT CXEMHU MOKHA JIETAI3yBAaTH HACTYITHUM YHHOM SIK HA PHC

1.2.

| |
! 1 /[-pecynamop !
| |
| —> Kye(t) :
| |
| |
| |
r(0) e(O)1 |
+ t
> K; t)dt ;
P =
vy | |
- | |
(t) : :
Yy
o e i
| |
| |
| |

Pucynok 1.2 — CtpykrypHa cxema I1I/I-perymaropa neranbho [3]

O0’ekT TIOCIIIKEHHS BHU3HAYAETHCS HOHSITTIM «HamamryBanas
pErymsITopa», KOTpe iMeHye mporec nijdopy onrtuMaibHux Koediuientis K, K;, Ky
JUIsL 33JJ0BUIBHOTO XapakTepy MepPexiAHUX XapaKTepUCTUK IIiJ Yac BUKOHAHHS

HiATPUMaHHS 3HAYE€Hb PEryJibOBAaHOT BEJIMYMHH HA PIBHI 31 3HAYEHHSM CHUTHAIY
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3aBnanHs. KokeH BHITQOK HAJAIITYyBaHHA € 1HAMBIAYalbHUM, 0O BHU3HAYAETHCS
JUHAMIYHUMU XapakTEpUCTHKaMU 00’ €KTy KepyBaHHA (KepOBaHOIO mpoiiecy) abo
J1ara30HOM iX 3MiH, BJIACTHBOCTEH Ta OCOOJMBOCTEM BUKOHYIOUMX MEXaHI3MIB Ta
BJIACHE 1 CaMUM CEHCOpPOM, Xapaktep ikcallli 3Ha4eHb KEpOBAHOI BEJIMUMHU Ma€
3HaUHWI BIUIUB HA MPOIEC PETyJIIOBaHHSA, TOMY SK came BiJ HOT0 TOYHOCTI,
JMCKPETHOCTI Ta TMOAIOHMM  XapaKTEepUCTHUK (QIKcalliil 3aJleUTh poO3paxoBaHa
MOMUJIKA PEryJIOBaHHSA 1 YTBOPIOETHCS PI3HOIO 3a 3HAYEHHSM Ta IHIIUMHU
napaMeTpamu, 110 y CBOIO Yepry BUMAara€e IHAWBIAyaJlbHUX HalamTyBaHb. OTXe,
CKJIQIHICTh I[LOTO TMPOLECY BHU3HAYAETHCA camMe LUMH JeTalIMu 1 Mae OyTH
3HAWJIEHHSM PIIICHHS SK MWOro aBTOMATH3YBaTH HACKUIBKM 116 MOXJIMBO Ta

HACKUIbKM SIKICHO B 1utomy [9][10].

1.2 IIpoexkTyBaHHSI MATEMATHYHO1 MO EJIi

[IpoBoauTHCh BOHM OYayTh i YaCc KOMIT FOTEPHOTO MOJIETIOBAHHS Ha 0a3i
IpOTrpaMHOi pearizalii MaTeMaTUYHOI MOJIETII.

Tomy six ITI[-perymstop € wactunoro CAP, To Oymp siki fioro mporpamMHi
Moaudikalii MOXyTh OyTH TMpOaHATI30BaHI JIMIIE 32 YMOBH CTBOPCHHS
MaTEMaTUYHOT MOJIEI, 110 BIATBOPIOBATUME YCIO CUCTEMY IILIKOM.

Cucrema Mae CKIIQAATUCS K MIHIMYM 3 TPhOX OCHOBHUX €JI€MEHTIB:

— JDKepemo eHeprii;
— PErylsTop;
— KepoBaHUHU 00’€KT / perylnbOBaHUN MPOIIEC.

3aana Outbll HAOMMKEHOTO N0 pEeajbHOTO BUMAJKy CHCTEMHM Ta 3aJist
YHUKaHHS 3aHAJATO BHCOKOTO a0cTparyBaHHs Oyjo BHpIIIEHO OOpaT MEBHUN THUII
Mo/1I0HOTO POy CUCTEMHU.

Otxe, Oyno oOpano peanizoByBatd CAP [IBUTYyHOM MOCTIHHOTO CTPyMY
HE3aJIeXKHOTO 30Yy/PKEHHS OOMOTOK 3a 3HAUeHHSIM IIBHUJKOCTI 00epTiB abo

PE3YIBTYIOUUM KYyTOM (TIOJIOKEHHSIM) HOTO Baly.
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Takwuif TUN BUMarae HasBHICTh B HaIIli MaTeMaTHUUHIA MOJEII CiM €JIEMEHTIB:

— JKepeno MOCTIMHOI HanpyTu (K JKepeno eHeprii aist QyHKIiFoBaHHS
CUCTEMH);

— TIepEeTBOPIOBAY €JEKTPOEHEPrii (SIK BAKOHABYMN MEXaHI3M);

— JBUTYH TIOCTIMHOTO CTpyMy TM€BHOro TuIy (00epTH SKOro €
pPEeryiIbOBaHUM TMPOIECOM), IO € TMEePETBOPIOBAYEM EIEKTPUUHOI
dbopmMu eHeprii A0 MeXaHIUYHOI. (TEXHIYHI XapaKTEPUCTUKH SIKOTO
3aBlaBaTUMYTh JUHAMIYHI XapaKTEPUCTUKU CHCTEMH €JICKTPUYHOTO Ta
MEXaHIYHOTO TIOXOKCHHS );

— MEXaHIYHE HABAaHTAXCHHS Ha Bally JBUTyHA (TUM SKOTO 3aBIaBaTHME
JUHAMIYHI XapaKTePUCTUKU CUCTEMU MEXaHIYHOTO MOXOKEHHS);

— BIUIMB 30BHIIIHBOTO CEPEOBUINA HA CUCTEMY (3aBlla€ MEBHUI BILUIMB
HA MEXaHIYHY CKJIQJIOBYy JTMHAMIKU CHUCTEMH);

— TaxoreHepartop abo eHkozaep (aHamoroBHit ab6o 1MUGPOBUN CEHCOP IS
¢ikcallii 3Ha4eHb PEryJbOBaHOT BEMUMUHU BIAMOBIHOTO MPOIIECY, 110
B KOHKPETHOMY BHITQJIKy € MIBHJIKICTIO);

— TII-perynstop (sik KoHTponep a00 MIKPOKOHTpOJEp VY SKOCTi
perymaTopa, mo BiaTBoproe aimroputmu IIIJ[-perymoBanHs Ha 0a3i
OTpUMYBaHOi iHGOpMaIli 3a JOTOMOTOI CEHCOPIB Ta BUKOHYIOUHM
PEryIIOBaHHS 3a JIOMOMOTOI0 BUKOHABYOTO MEXaHI3MY).

3amyid MPaKTUYHOCTI TMPOEKTOBAHOI MATEeMaTHUYHOI MOJENi, LEHTPAILHUM
CJIEMEHTOM JUI1 JIOCHDKEHHS KOTPOi € PEryasTop, MOXXHAa BHUKOHATH JAEsKi
COpOILEHHS 4Yepe3 IMPUBEICHHS JEeSKUX EJIEMEHTIB JI0 OJHOTO OO0’€KTy, IO
BIITBOPIOBATUME Tl K caml OOuMCIIeHHS Oe3 HEXTyBaHHS BIUIMBY KOXKHOTO 3 CEMU
€JIEMEHTIB ajie¢ 3 OCHOBHUM aKIIEHTOM Ha caM PEryJsiTop.
[IpuBeneHHs ceMH €IEeMEHTIB OOpaHOro THUIYy CHUCTEMH JO iX MEHIIOi
KUJTBKOCTI MOKHA BUKOHATH 32 HACTYTHUM aJTOPUTMOM:
1) Bu3HauuTH CyMDKHI €JIEMEHTH 10 FOJIOBHOTO — PEryIsATOpAa.
2) Yci CyMiXKHI €IEMEHTH JIO BU3HAYCHUX BHIIE HABEICHUM ITYHKTOM, IO

HampsiMy He BIUIMBAIOTh HAa PEryasiTop, 00 €qHATH B OAUH 00’ €KT-
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eneMeHT CAP mim Ha3BOIO BIMOBIIHOTO CYMDKHOTO JO PEryasTopa
€JIEMEHTA.

ANTOPUTM MNPUBENCHHSA €JIEMEHTIB OyB YCHIIIHO 3aCTOCOBAaHUU TOMY SIK
pPEryisiTOp B HAIIOMY KOHKPETHOMY BHIIQJKy B3a€MOJIE 3 KOXKHOIO TPYIOI0
CJIEMEHTIB 4epe3 JIMIIE J[Ba €JIEMEHTHU: CEHCOP Ta BUKOHABUMM MEXaHi3M, SIKi JIETKO
00’ennatu

Tomi MU OTpUMAEMO HACTYITHE PO3IMOAUICHHS €JIEMEHTIB IO TaKUM TpyTaMm:

a) JKepesio eHeprii:

1) mxepeno TOCTIHHOT Hanpyrd (K JDKEpeNno CeHeprii i
(yHKIIIFOBaHHSI CHCTEMU)

2) NMepeTBOPIOBAY EIEKTPOCHEPTii (K BUKOHABYMIA MEXaHI3M )

0) xepoBaHuil 00’ €KT / peryiboBaHUI MPOIIEC:

1) ABUTYH TOCTIMHOTO CTpyMy TMeBHOro tumy (o0eptu abo
PE3YIABTYIOUMI KYT TOJIOKEHHS MOTO BaTy SIKOTO € PeryJIbOBAaHUM
BUXIJTHUM 3HAYEHHSIM 3a3HAYEHOTO TMPOIIECY K PEryabOBaHOTO),
M0 € TepeTBOPIOBaYEeM eJIEeKTPUYHOi (popmMu eHeprii 10
MEXaHIYHOI. (TEeXHIYHI XapaKTePUCTUKHU SIKOTO 3aBlaBATUMYThb
JTUHAMIYHI ~ XapaKTepUCTUKU  CHCTEMH  CIIEKTPUYHOTO  Ta
MEXaHIYHOTO TTOXOKEHHSI)

2) MexaHIYHE HABaHTAXCHHS HA Baly JBUIYHA (THI SIKOTO
3aBJlaBaTUME JUHAMIYHI XapaKTEPUCTUKH CUCTEMHU MEXaHIYHOTO
TTOXOJI>KCHHS ).

3) BIUIMB 30BHIIIHROTO CEPEIOBUINA HA CHUCTEMY (3aBIa€e TICBHUUN
BIUIMB HAa MEXaHIYHY CKJIQJIOBY JUHAMIKHA CUCTEMHU)

4) TaxoreHepaTop abo eHkomep (CeHcop)

B) PEryasiTop:

1) ITIA-perymsatop.

OO6pana cTpyKTypa MaTeMaTHYHOI MOJZEII Ma€ TaKy BiJ3HAYHY MepeBary sk
MOXJIUBICTh BpPaxOBYBAaTH BIUIMB 30BHILIHBOTO CEPEIOBUINA 33 JOTIOMOIOI0 OJJHOTO

3 MMPUBEJICHUX €JIeMEeHTIB cuctemu[11].
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1.2.1 I:xepeJio eHeprii ik eJ1eMeHT MAaTeMATUYHOI MO eJIi

[IpocTimuii s MareMaTUYHOTO OMHCY €JIEMEHT TOMY SIK €JIUHa Horo
GYHKIIS — 1€ BUCTABUTHU JIMITH (MIHIMQJIbHI Ta MaKCUMalbHI 3HAYEHHS) ISl
BXIJTHOTO CHUTHAJy Ha KEpPOBaHUU Mpolec SK MPOIYKT 0OpoOKU (3a JOMOMOTOIO
[[LOTO €JIEMEHTY) BUXIJHOTO CUTHAIy PETYJISTOpa, 110 HE Mae 0OMEXEeHb sl CBOIX

MOKJIMBHUX 3HA4YCHb.
1.2.2 PeryibOBaHMM IPOLIEC IK €JIEMEHT MAaTEeMATHYHOI MO eJIi

HaiicknanHimuii en1eMeHT MJii MaTeMaTUYHOrO OIKCY 4Yepe3 TPOMI3JIKi
cucTeMH IUQEpPEeHIIHHNX PIBHSAHb Ta HEOOX1IHICTh 3BECTH JICKIIbKa €JIEMEHTIB 0e3
HEXTYBaHHS J0 IOTO €IUHOTO.

JIBUTyH TOCTIMHOTO CTPyMy  HE3QJICKHOTO 30yIKEHHS  OIHUCYETHCS

HACTYITHOIO CUCTEMOIO MudepeHiiHNX piBHIHB (IUB. Bupa3 1.4):

Uy =KF - @ + IR, + L, 5
M=kF-I, (1.4)
dw
M—Mc=]s;

ne U, — nHanpyra Ha SKOpi ABUTYHa,;

kF — xoedieHT BIIHOIIEHHS YTBOPIOBAHOIO MOMEHTY Ha BaJly JIBUTYHa 0
CTpyMY SIKOPS;

@ — KyTOBa MIBUJKICTh 00EpPTIB Baly JIBUTYHA,

I, — cTtpym siKOpS;

R, — akTUBHMI OTip SIKOPS ABUTYHA,;

L, — IHIYKTUBHICTH OOMOTKH SIKOPSI IBUTYHA;

M — yTBOpIOBaHMI MOMEHT Ha BaJly JIBUTYHA;
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M ¢ — MOMCHT HaBAHTAKCHHA HpI/IKJ'IaI[eHI/Iﬁ 0 BAJly ABUT'YHA,

Js — cyMmma eHepiii poTopa Ta HaBaHTaKEHHS.

JIBa o€ JHAaHUX B OJMH €JIEMEHT 3a BIICYTHOCTI PI3HMIN OJTHOTO MDK 1HIITUM
y BHUMAJKy MaT€MaTUYHOTO OIKUCY MOXYTh JIETKO OyTH OMNHCaHI HACTYIHUM
PIBHSIHHSM, 1110 ¥ Oy/io 0OpaHo JJ1sl OJAJIbIIOTO IHTETPYBaHHS B CHUIbHY CHUCTEMY

piBHSHB (AuB. BuUpasu 1.5 ta 1.6):

ko + kiw + kjj (1 — e~ @Keurv) 9 > 0

Mc(w) = . (L.5)
ko + kiw + k(=1 + e@Keurw) o <0
0 1 lim
TOMI:
dt ki + Keurv Kiim * e@keurv, @ <0 .
ne ko — He3aleXHa BIiJ IIBUIKOCTI, KOHCTAHTHA CKJIQJ0Ba 3HAYCHHS
MOMEHTA HAaBAaHTAKCHHs Ha Bally JBHUTYyHA.
kiw — nOpaMoOmpomopIiiHa IIBUIKOCTI CKJIaJ0Ba 3HAYEHHSI MOMEHTa
1

HABaHTAXXEHHS Ha Bajly JBUTYHA 3TiAHO 0 BEHTWIATOPHOTO THUITy HABAHTAKECHHS.

kiim T Ky — KOCDILIEHTH 32 TOMIOMOTOIO SIKUX CUMYJTIOETBCSI CHJIA TEPTA
3a BUKOPHUCTAaHHSIM €KCIHOHEHTHOI (DyHKIIIT 3311 YHUKaHHS PO3pUBY QYHKIIII yepe3
ocobmBocTi Pynre-KyTa merona, 1mo He mpaitoe 3a HassBHOCTI PO3PUBIB (PyHKIIT.
[lepumnit koedilieHT 3aBHae MakcUMajbHE 3HAYEHHS OIOPY, a JPYTUd BU3HAYAE
IIBHJIKICTh 3pOCTaHHS IIi€1 CKJIaA0BOI JO CBOTO JIIMITa B 3aJICKHOCT1 BIJ IIBUIKOCTI
00epTiB Bally BUTyHA.

Tun mexaHiyHOT XapaKTEepPUCTUKM HABAHTAKEHHS MepeadadyaeTsCsi TUIY
HABaHTAXEHHS BEHTWIATOPA, [0 BUKOPHUCTOBYETHCS y BHUIAJIKY 3aCTOCYBaHHS

CJICKTPOTIPUBOIY B CUCTEMaX BEHTWIAIIMHUX, HACOCAX, KOMIpecopax, TypOiHax.
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Taxoreneparop abo eHkonep (CeHCOp) MOXKE BUKOHYBATH JICSIKI TIEPETBOPEHHS
BUXIJTHOT BEJIMYMHU, TaKl SIK JUCKPETyBaHHA (IJs1 IMITallii BUKOPHUCTOBYBAHHS
eHKoziepa) a00 CINOTBOPEHHSI CUTHANY (AJis iMITalii 3aBaji aHAaJOTOBOIO CHUTHAIY )
JUISL IETAIBHOTO JOCHIKEHHS iX BIUIMBY Ha SIKICTh PEryJIIOBAHHSA, ajle 1€ HE €
OJTHIE}0 3 3ada4d Iiel poOOTH, a TOMY HEXTYBaTUMEMO IUMHU MOAPOOULIIMU
BBAKAIOUM, IO B HAC BCTAHOBJCHO AaHAJOTOBHHA mpwiaj (TaxoreHeparop) 3
MIHIMAJIbLHUMH CIIOTBOPEHHSIM CUTHAITY, 1110 HAOJMKAIOTHCS 10 HECKIHYEHHO MaTuX
3HA4Y€Hb, 10 JO3BOISITUME HaM iX BBaKaTH HYJbOBUMHU. A TOMY IIeM IMYHKT He
MPUBHOCUTHME HIYOTO JO CIUJILHOT CUCTEMU PIBHSIHB[S].

OTxe, B pe3yibTaTi MaeMO HACTYyIHY CHCTEMY IU(PEpEHLINHUX pPIBHSIHD
(muB. BUpa3 1.7), 10 ONMUCYIOTh JaHWHA €JIEMEHT 13 33JJOBUILHOIO HAIIUM TOTpedam

TOYHICTIO:

( Uy =KF - @ + I,Ry + Ly
M=kF-I,
d
3 M—Mczjzd—(: (1.7)
ko + kiw + k(1 — e @Feurv) @ >0
Mc(a)) — 0 1 lim ok
\ ko+ ko + kjj (=1 + e ewrv), 0 <0

1.2.3 PeryasiTop ik eJieMeHT MAaTeMATHYHOI MO eJTi

Sx ®ke Oyno BUINE 3a3HAYEHO CHUTHAN PETyIIOBaHHA (BUXIIHMNA CHUTHAI

eJIEMEHTY) BU3HAYaTHUMEThCS HACTYNHOIO0 (GOopMOIo BHpasy (auB. Bupas 1.8):

de(t)
dt (1.8)

{u(t) = Kye(t) + K; [ e(t)dt + K,
e(t) = r(t) —y(t)

, ¢ u(t) — BUXiIHUI CHTHAII PEry/IIOBaHHS;

e(t) — CUrHaI MOMUJIKK PETyTIOBaHHS;
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r(t) — 3aBmaHHs perynsATopy (3HAYEHHS BEIMYHMHH, SKOMY Ma€ HAOIMKATUCS
CAP);
y(t)— curHanm peaqbHOTO 3HAYCHHS PETYIHOBAHOT BEIMYMHH 3 CEHCOpa

(BUXITHUN CHUTHAJI MPOLIECY PETyIbOBAHOTO);

K, — xoediuieHT mpONOpIiiHOi CKIALOBOI peryinsTopa (HajlalToByBaHUMI
napameTp);

K; — xoedillieHT i1HTErpaJibHOT CKJIaJ0BOi peryiastopa (HalamToBYBaHUI
napamerp);

K,; — xoedimieHT audepeHIiiiHoi CKIaaoBo1 peryniaTopa (HalalmToByBaHUI

napamerp);



PO3/1J1 2 MIPOT'PAMHA PEAJIBALIISI MATEMATUYHOI

MOJIEJII

2.1 Apanrauis MaTeMaTH4YHOI MO/ eJIi 10 MPOrPaMHOI peaJizauil

[lepm 3a Bce MOTPIOHO BU3HAYUTH YHUCEIbHI METOAU IJII PO3B’sI3yBaHHS

CUCTEMH THUQPEPEHIINHUX PIBHSAHb HE aHATITUIYHUM METOIOM.

Bbyno Bupimeno nepenbauntu iMiuieMeHrauito merony Einepa (Bupasu 1.9-

15) ta merona Pynre-Kytu uerBeproro nopsaky (Bupasu 1.16-47) nia enementa

perynboBaHoOTO mnpouecy[4].

Merop Einepa:

dM
d_tc = MC(tn) — Mc(tp—1)

dl, _ kF-w+I,R,~U,

dt L

A

dw _ kF-l,—Mc
dt Is
d
Mc(t, +1) = Mc(t,) + % - At

dl,
L(t,+ 1) =L,(t,) + - At
w(t,+1) = w(t,) +C;—(:-At

O(t, +1) =0(t,) + w(t,) At

ne O — pe3yabTyounil KyT 00epTaHHs Baly JBUTYHA.

Meron PyHnre-KyTu yerBeproro nopsaky:

Klaw, = 2% (w) =

0 dw

kl + kcu'rv b klim - e_w.kcurv, w > 0
kl + kcum b klim - ew.kcurv, w S 0
dl, _ kF-w+I,R,~U,

Kla, =—>
T dt L,

dw _ KFI,—M
Klaw = — = - a 7C

dt t ]Z'

(1.9)

(1.10)
(1.11)

(1.12)
(1.13)

(1.14)

(1.15)

(1.16)

(1.17)

(1.18)



Kly, = %€ = Klawg - Klao - At

dat do di

K1, = I,(ty) = I;(tn—1) + Klay, - At

dt

K1, =w(ty) = w(ty_1) + Klaw - At

dt

Kl =0(t,) = 0(t,—1) + K1, At

ki+ keury  kum - €

am
KZ% = d—a)c (a)) = Kig

dw kl + kcurv . klim . e(w"'T)'kcurv' w<0

K1
KF-(0+52) 4 (I, +— )R, Uy

al

K1
—(w+ Zw)'kcurv
)

K2a1, = —~
o dt L,

K1 K1MC

)

do _ kF-(I;+—2)—(Mc+

e at Is

K2y = 2 = K2auq - K2a0 - At

dt dw dt

K2, = 1;(ty) = I;(tn—1) + K2a1, - At

dt

K2, =w(ty) = w(ty_1) + K240 - At

dt

K25 = 0(t,) = 0(t,_1) + K2, - At

K3am, =%(w) _ ki + Keyrv * Kiim " €

K2¢
+—*2)k
dw kl + kcurv . klim . e(w 2 ) curv} w S 0
K2 K2y
K3us — al, _ kF-(0+=2)+Ia+—")Ra— Uy
- adt L,
K2 KZMC
dw  kF-(Ig+=)—(Mc+ )
K3dw = — = 2 2
ac dt Iz
dM
KBMC ES d_tc == K3dMC b K3d_a) - At

dw dt

K3, = 1,(ty) = I;(tn—1) + K3a, - At

dt

K3, = w(ty) = w(ty_1) + K340 - At

dt

K3 = 0(t,) = 0(t,_1) + K3, - At

K2
_(w"'Tw)'kcurv

25
(1.19)
(1.20)
(1.21)

(1.22)

(1.23)

(1.24)

(1.25)

(1.26)
(1.27)
(1.28)

(1.29)

(1.30)

(1.31)

(1.32)

(1.33)
(1.34)
(1.35)

(1.36)
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am, ky + Keyry - kypm - €@K Keury gy > 0
K4 = 27cw) = 1 curv "lim ’ 1.37
% dw () { ky + kcyry - Kiim - e(w+K3w).kcurv; w=<0 ( )
Kdar, = daly _ kF:(w+K34,)+(I;+K31 )Rs—Uy (1.38)
qt dat Ly
Kgo = 42 = KO UntKS1,) = (MctK3uc) (1.39)
E dt ]2
K4y, = —* = K4am¢ * K4ao * At (1.40)
dt —- -
dw dt
K4; = I,(ty) = I;(tn—1) + K4ai, - At (1.41)
dt
K4, = w(ty) = w(ty_1) + K4aw - At (1.42)
dt
K4y = 0(t,) = 0(t,_1) + K4, - At (1.43)
I,(t) = (K1, +2-K2;, +2-K3, +K4;)/6 (1.44)
w(ty) = (K1,+2-K2,+2-K3, + K4,)/6 (1.45)
O(t,) = (Klg+2-K2y+2-K35+K4g)/6 (1.46)
Mc(ty) = (K1y +2 K2y +2-K3y +K4y)/6 (1.47)

[To-npyre, 11 IporpaMHOi peamizallii BUTIAHO Oyno O BBECTH €JIEMEHT, IO
BUKOHYBaB OW (D)yHKIIIO 3aBIaHHS 3HAYEHHS BEIUYMHH, KOTPY Ma€ MIATPUMYBaTH
peryiapoBaHuii mporiec. Takuii €JIeMEeHT € BIATBOPEHHSM OMepaTopa-ITIOAUHH, IO
BUCTABJISIE HEOOXIHE 3aBIAHHS JJI BETMYUHU TEBHOTO TEXHOJOTIYHOTO IMPOIIECY,
SKUM BIH Kepye€, Ta BOJHOYAC 1 CIyryBaTUME€ IHCTPYMEHTOM JJii MpOrpaMHUX
HAJIAIITOBYBAYiB PETYIATOPa, 3a JOMOMOTOI0 SKOTO HAJIANITOBYBaui MaTHUMYTh
MOJIMBICTb BUKOHYBAaTH MAHIMYJSIIi HaJ CHUCTEMOIO MJisi OLIHIOBAHHS YCHIXY

BUKOHAHOTO HAJAIITYBaHHs a00 BU3HAUCHHA (iTHEC-()yHKIIII.

2.2 OOpaHi TexHOJIOTII /151 MPOrpaMHoOI peaJi3amii MaTeMaTH4YHOI

Mo/ieJTi Ta PoBeIeHHsI eKCTIePUMEHTIB
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Po3poOka mporpamHoro 3a0e3nedeHHS MPOBOAMTHCI Ha MoBi C++ B
nporpamHomy cepenopuiii QT6 3a nonomororo rexHonorid Cmake ta Git (+Github)
3 BUKOPHUCTaHHSIM (DpEeVMBOPKY Il HAMKUCAHHS IOHIT-TECTIB Ha 0asi 0101i0TeKH
BOOST (boost/test/unit_test.hpp).

B pesynbrari 30ipku mporpaMu B pe3yibTaTi OTPUMYETHCS JBa BUKOHABUMX
daiina:

— acs_model for experiments;
— unit_test.

[Ilo BUKOPHUCTOBYIOTH TaKOX YTBOpIOBaHI AMHaMiuHi 0i0mi0oTekH (Tak 3BaH1
“shared objects”) Taki sK:

— libControlled process.so (0i0moTeka KepoBaHUX MPOIIECIB);

— 1ibDC source.so (0i0mioTeka Jxepen eHeprii);

libRegulator.so (0i0mioTeka peryasiTopis);

libRegulator tunner.so (umst ocrtanHs O0107Ji0TEKa HE € YaCTUHOIO
marematnyHoi mozeni CAP ta Oyzne 3ragana Ta po3iOpana mi3Hiie).

[TpoekTyBaHHS MPOTPAMHOTO 3a0€3MEYCHHS 3IMCHIOETHCS 3T1THO MapaUrM K
nporpamyBanns OOII 3i 3actocyBannsim npuniumnis SOLID.

ToMy kokeH Kjac, 110 PO3poOINSBCS AJisl IMIUIEMEHTallli TPhOX BUAUICHUX
CJIEMCHTIB CHCTeMH OylIM YCHaJKOBaHI BiJ CILILHOTO 0a30BOT0 aOCTPAKTHOTO
KJIacy, POJib SIKOTO BU3HAUYUTH CHUILHUM 1HTEpQEiC /i MeBHUX METO/IB, CIUTbHUX
IUIS1 KOYKHOTO €JIEMEHTa CHUCTEMHU.

Takox 11 3amycKy KOMIT FOTEPHOTO MOJICITIOBAHHSI HA TIEBHUX YMOBAaX, JIJISI
dikcarii Ta 3anucy pe3yabTaTiB y pi3HUX pexuMax Oylno YyTBOPEHO BIAMOBITHO IIIE

TpU JA0JATKOBI iepapxii knaciB[14][15].

2.3 CTpyKTypa po3p00JIeHOT0 NPOrPaMHOIo0 3a0e31e4eHHA

2.3.1 Crpykrypa nporpamuoi mogeJai CAP
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Knac Automated control system cnpoekToBaHUi BiIMOBIIHO /10 TAaTepHY
«bacag» (nuB. puc 2.1) sBusie co0oro0 abCTpakililo aBTOMAaTU30BAHOI CHCTEMHU
pETYMIOBaHHS 3TiIHO JO0 MaTeMaTHYHOI Mofem, 110 Oylo po3pobieHo vy
MoTIEPEAHLOMY PO3/IUII, Ta IHKANCYIIOE BUKOHAHHS OJIHIET iTepallii MOoJeTOBaHHS 3a
JIOTTIOMOTOO TIPOTPaMHOI peastizarii MaTeMaTHIHO1 Mojieii. BUKOHY€ BiH 11e Marodu
BKa31BHUKHU Ha BIIIIOBIIHI MAKIJIaCHh a0CTPaKTHOTO KJIacy
Automated control system_ element interface, mo abcTparyroTh MEBHI €JIeMEHTH
mozmeni CAP Ta 1HKancymomOTh ITEpalilo pPO3pPaxXyHKIB HEOOXITHUX IS
MOJICJIIOBAaHHS. B MEXaX BIAMOBIAHOTO €JIEMEHTY, 1€ OOOB’SI30K 3yMOBHUTH iX
KOMYHIKaIll OJlHe MK OJTHAM TMOKJIaeHl Ha cam Kiac-daca.

[IpoekryBanns iHTepdeiicy Ta iepapxXii KIaciB, 10 € aOCTPAKINIEI0 €JIeMEHTIB
CAP, ne wmacy Automated control system element interface — aGcrpakTHuU
KJIac, 1110 BU3HAYa€ 1HTepPEHC TaKUMHU MiJKIacaMH SK:

Reference signal definder static — 3agaTuWk cWrHaJly  KepyBaHHS
(omeparop abo 30BHINIHIA CHUTHAJT 3 HAJICUCTEMH) JOJATKOBO BBEICHUN HOBUU
€JIEMEHT CHCTEMHU JIJISI 3PYUYHOCTI MOJICITIOBAHHS T4 BUKOPHUCTAHHI ITi€] MiICUCTEMH
dacany mpu Ttomy daktuuHo He € yactuHoro CAP, a gmume mnporpamHa
IMIIEMEHTAIlls 30BHIIIHBOTO BIUIMBY Ha ii poOOTY SIK BXIJIHUW CHUTHAN, Ta Je
BUXIJTHUM 1i CUTHAJIOM BHCTYTA€ BHUXIJHUN CUTHAI PEryabOBaHOTO TMpolecy ado
KEPOBAHOIO 00’ EKTY.

PID_regulator — perynsTop.

DC source — mxepeno NOCTIMHOI Hampyru (IKEpeso eleKTpOoeHepTii
CUCTEMH).
DC engine — kepoBaHuUN 00’€KT, 10 abCTparye peryabOBaHH MpOIEC,

BIIZIMB HAa HBOT'O BXi,Z[HI/IX BEJIMYUH CUCTEMM Ta BKJIIOYAE TAKOXK 1 BIUIMB 30BHIIIHLEOI'O

CepenoBHINa, TOOTO 1 BIUTMB 330BHI CHCTEMHI.
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3a gomomoroio po3pobineHoi mporpamuoi Moxaeni CAP y cTpykTrypHOMY
BUIIIAI TakoMy sk (acam Ta #Horo miacucteMu OyJI0 3YMOBIJIEHO HACTYIHI
MOXJIUBOCTI JJIsl KJIIE€HTA!
— 3a CHOpomeHnM 1HTepdelicoM KIIEHT MOXE IPOBECTH ITEeparliro
MOJICJIIOBaHHs 3a JIOMOMOTOK Kiacy automated control system 6e3
MpsIMOT B3a€MOIIT 13 arperoBaHUMU HUM KJIacaMu;
— KIIEHTY 3aJMIIAETHCS JOCTYI 0 YCiX €eMEHTIB migcucteMu Qacagy
y BUINIAJKy HEOOX1THOCTI.
Otxe, camMa MOJIENb CIOPOEKTOBaHA 1 Temep MOTPeOyeThCs TEMOHCTpaIlis
NPOEKTYBaHHS  KJAaciB  BIAMNOBIAAJBHUX 32 TPOBEACHHS BJACHE  CamMoro
MOJICJIIOBAaHHS. 32 BCTAHOBJIEHMMH yMOBaMHM Ta (pikcaili€ero  pe3yibTariB

MOACIIFOBAHHA.

2.3.2 CTpyKTypa Ciay:k00BUX MOIYJIB MPOrPAMHOI0 3a0e3MeuyeHHs

AJIA IIPOBEACHHA EKCIICPUMECHTY

Koxken miakmac abcTtpakTHOoro kiacy Experiment executor, mo Oyno
CIIPOEKTOBAHO BIAMOBIIHO JO TNAaTEpHY «MICT», YCHaJAKOBYIOTb pPOJb CBOIO
0aThKIBCBKOTO KJIACy Ta SIBJIIAIOTH COOOI0 YACTHHY-aOCTPaKIlil0 aBTOMATH30BAHOI
CHUCTEMH PEryJIIOBaHHS, KOTpa BUKOPUCTOBYE YaCTUHY-peamizaliio, ne (QyHKIii
OCTaHHbOI YAaCTHMHM TIOKJIAJEHI Ha BXKE€ PO3KPUTUM paHile Kkiac-acan
Automated control system.

AOcTpakiiss MocTa, Tiakmac aOCTpakTHOro kiacy Experiment executor,
BUKOPHCTOBY€ pealli3allifo iTepailii po3paxyHKiB MOJEIIOBAHHS 1HKArCyJIbOBaHY B
Automated control system Taky KUIBKICTH pasiB, IO BIAMOBiJaTHUME BKa3aHIM
TPUBAJIOCTI ekcriepuMeHTy B Experiment executor Ta KpoKy iTeparii 3a 4acoMm.

Takok Ha makmacu aOCTpakilii MocTa MOKJIaJACHI T0AaTKOBI HEOOXimHI
¢yHkuii B (ikcawii pe3ynbTaTiB MOAEIIOBAHHS 3 MapajieIbHUM JIEMOHCTPYBaHHIM
Horo pe3ynpTaTiB 3a HEOOXITHOCTI, Ta 3aBKIU BIIKPHUTI JJIsI YTBOPEHHS HOBHUX

MiKIaciB JyIst 30UIBIIEHHS JIMCTY 000B’SI3KiB MPU HEOOX1THOCTI.
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Tenep neranpHile npo po3pobineni migkiaacu Experiment executor interface
Ta MOKJIa/IcHI Ha HUX 000B’sI3KHU (1IUB. pucC 2.2):

Experiment executor — 3amyck Mojeli Ta 3anuc y Qaiin ycix mapaMmerpiB
KokHOTO eniemMeHTa CAP Ta BUBOASITHCS Y KOHCOJIb.

Experiment executor short report — Te came, mpore Juiie oOpaHi

napaMeTpy y HEBEJUKIM KUTbKOCTI.
Experiment executor for fitness function — 3amyck Momeni Ta dikcaris
BEJIMUMHUA 34 SKOIO BIAOYBAa€TbCA pErylOBaHHS Yy TUO JaHux ‘‘std::vector”.
(CtBOpeHuit st 0OCIyroByBaHHs MOTpeO HaNAIITOBYyBauya PEryisiTopa, 1o Oyne
PO3IISAIATUMETHCS TTI3HIIIIE).

Experiment executor for fitness function with varied reference signal —
T€ caMe MPOTE 3a YMOBHU 3MIHHOTO CHTHAJy 3aBJaHHS 32 OOpaHWMU MapameTpaMu
BEJIMYMHU Yacy Ta NoBTOopeHb. (Takok CTBOpeHU jIsi 0OCIyroByBaHHs MOTPEO
HAJIAIITOBYBaua PEryIsiTopa, M0 PO3MISAIaTUMEThCS TTI3HIIIE)

[Tinkmacu Experiment executor sK KIIEHTH BHKOPUCTOBYIOTH MOXJIMBOCTI
KJIaciB HacTymHOI iepapxii, ne Registrator — aOcTpakTHU Kjac, IO BHU3HA4Ya€
iHTepdenc A MOXITHUX KIJIACIB TaKuX fK:

Registrator to txt file — o6ciyroBye kmac-kimieHT Experiment executor
(BUKOHYE 3amuc A0 txt-daitry).

Registrator to_txt file short — Te  came, ase o0cyroBye
Experiment executor short report.

Registrator to std vector — o0ciyroBye KJ1ac
Experiment executor for fitness function (BukoHye 3amWc y THUI JIlaHUX
“std::vector” 3HaYEHb PETYINHOBAHOI BEJIUYWHHU).

Registrator to std vector difference — Te came, ane oOCIyroBye Kjaac mif

Ha3Boro Experiment executor for fitness function with varied reference signal.
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Experiment_executor_interface

-acs_model: Automated_control_system *
-dt: double

-t_length: double

-time_to_show: double

-interval: double

-amount_of_show: _double

[#Teset_interval(): void

#to_run(Registrator *): void

[#to_get_t_length(): double

#to_get_interval(): double

[#to_get_model(): Automated_control_system *
+Experiment_executor_interface(Automated_control_system *=nullptr)
+~Experiment_executor_interface()

+to_run(): void
+to_get_model_to_run(Automated_control_system *): void
+to_get_model(): Automated_control system *
+to_set_dt(double): void

+to_set_t_length(double): void
+to_set_time_to_registrate(double): void

+to_set_amount_of registrations(double): void

Experiment_executor

#results_title: std::string

+Experiment_executor(Automated_control_system *=nullptr) Registrator
+to_run(): void -acs_model_status: const Automated_control_system *
+to_set_result_title(const char *): void -name_of_file: std::string

-first_record _commited: bool

-to_record(): void

Experiment_executor_for fitness_function #to_actulize_the_fist_record_commited_status(): bool
#to_check_acs_model_status(): const Automated_control_system *
+Registrator()

#Tecords: std::vector<double> *

+Experiment_executor_for_fitness_function(Automated_control system *=nullptr) +~Registrator()
+to_set_vector(std: :vector<double>*): void |*-Reglstra
+to_set_vector(std::vector<double>&): void A

+to_set_vector(std: : shared_ptr<std: :vector<double>>): void

+to_run(): void

Experiment _executor _for fitness function_with_varied_reference _signal

-reference_signal_max: double
-reference_signal_min: double

Registrator_to_txt file

-to_record(): void
#to_actulize_the_fist_record_commited_status(): bool
+Registrator_to_txt_file()
+~Registrator_to_txt_file()

+is_open(}: bool

+Experiment_executor_for_fitness_function_with_varied_reference_signal (Automated_control_system *=nullptr)
+to_set_varied_diapasone_min_nax(double,

double): void
+to_run(): void

Registrator_to_std_vector
#1ecords: std::vector<double> *
to_record(): void
+Registrator_to_std_vector()
+~Registrator_to_std_vector()
+to_set_vector(std: :vector<double>&): void
+to_set_vector(std: :vector<double>*): void
+to_set_vector(std: :shared_ptr<std::vector<double>>): void

Registrator_to_txt file_short
-to_record(): void
+Registrator_to_txt_file_short()
+~Registrator_to_txt_file_short()
+is_open(): bool

| Registrator_to_std vector difference |

[ to_record() - void ]

Pucynoxk 2.2 — UML-cxema iepapxiil K1aciB CIIy>k00BHX MOJyJei

Binrenmep, xomu yce TOTOBO [JIi  aBTOMAaTH30BAaHOTO  BUKOHAHHS
Oararopa3oBUX eKCIIepUMEHTIB 13 3amyckom Mojaeini CAP Ta HamaromkeHo
OTPUMAaHHS €KCIICPUMEHTAIIBHUX JaHUX, 3ATUIIAECTHCS JIMIIE PO3POOUTH AIITOPUTM U
JUIS BUKOHAHHS OIIIHKM CKCICPUMEHTALHUX JaHWX 110 MOXYTh MOTpPeOyBaTH
KOXXEH 3 PI3HOBUIIB HAJIAIITOBYBauyiB. Ale crepiry Oylo BHPIIIEHO BU3HAYUTH
eAMHM  1HTepdelCc He3aJNekHO  BiJ  peami3alii  alropuTMy OIIHKH  Ta
HAJIAIITOBYBAHHS 1 MOro Mana BU3HAYUTH l€papxis KJaciB, 10 abCTparyBaTUMe

HaJIallITOBYBa4.

2.3.3 CTpykTypa KJIaciB peryasitopa
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AOctpakTHuii kiac Regulator tuner interface cripoexToBaHMid BiAIOBITHO 10
naTepHy «agantep» (auB. puc 2.3) apantye iHTepdelcH 3acTOCOBYBaHUX
PI3HOMAHITHUX aJTOPUTMIB OMNTHUMI3allli J0 BUKOPUCTAHHS KIIEHTOM 3a OJHUM
CTaHJApTHUM 1HTepdeiicoM, 110 BHU3HAYEHO IIMM KJIacoM Ta pealisailii KOTpOoro
IMILJIEMEHTOBAH1 HOTO MiIKJIaCaMH.

Moro migkmac [ YCIIIIHOTO IOYATKY HANAIITOBYBAHHS OOOB’SI3KOBO
MaloTh OTPUMATH MOCUJIAHHSI Ha CTPYKTYpy parameters for optimizer, 1o BU3Ha4ae
HeoOX1AH1 KOoHGIrypauii s ONTHUMI3aTOPiB BUKOPHUCTOBYBAHUX B aITOPUTMAX
HAJIAIITYBaHHS, BHU3HAYa€ yMOBU TMPOBEACHHS EKCIEPHUMEHTIB 3a JOMOMOTOIO
KOTPHUX OMNTUMI3aTOpH OaraTropa3oBO BU3HAYATHUMYTh 3HaueHHS (iTHec-QyHKIIIN
OPOTSTOM TPOILIECY HANAINTYBaHHA, BU3HAYAIOTh TMapamMeTpu 3a KOTPUMU
(GYHKIIOHYBaTUMYTh CaMl aJITOPUTMH HAJIAIITYBaHHS Ta B PEIITI PEIIT TEperae
HeoOX1/HI BKa3iBHMKM Ha Mojaenb CAP, perymstop korpoi mnorpeOyeThes
HAJIAIITYBaTH Ta sIKy Tpeba BUKOPHCTOBYBATU JJISi MPOBEJEHHS EKCIEPUMEHTIB
HEOOX1JHUX MPOTATOM MPOILIECY HAJAIITyBaHHS.

[Tinkmacamu Regulator tuner interface € Taki 3’k abCTpakTHI KJacH
Regulator tuner my optimizer interface Ta
Regulator tuner my generative algorithm nns BigaiieHHS oOJHE BiJ OIHOTO
QITOPUTMIB, IO BUKOPUCTOBYIOTh (piTHEC-(PYHKIIIO Ta THUX, 10 BUKOPUCTOBYIOTH
1HIIII METOJIH OLIHKH.

Regulator tuner my optimizer interface mMae 1Ba KOHKPETHUX MIKIACH TaKi
SIK Regulator tuner my gradient algorithm,
Regulator tuner my generative algorithm, 1 BiacHe BiANOBiae MaTTEPHY
“amantep” TOMY, 10 y OUTBIIINA CBOIM YaCTUHI BIH BUKOHY€E MPUBEIEHHS 1HTEpdeicy
BUKOPUCTOBYBAaHMX HHMH ONTHUMI3aTOpiB Ta B MEHIIM YacTHHI alrOPUTM
BUKOHYIOUMA EKCIIEPUMEHTH Ta TOM, IO BHOCHUTH BIiATOBIAHI KOEQIIIEHTH HO
perynsTopa OTpUMaHI y pe3ylbTaTi BUPIIMICHHS NpobiaeMu omntumizaiii (piTHec

GyHKIIII OTPUMYBaHOT €KCIIEPUMEHTATBHUM IILIIXOM.
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Regulator tuner my gradient algorithm BukopucroBye ek3emIusip madnona
kimacy Regulator tuner my gradient algorithm mnapameTrpu3oBaHOro KuIbKICTIO
KOE(IIIEHTIB MOTPIOHOTO JUTS pO3paxyHKYy, 1
Regulator tuner my generative algorithm 3 generative algorithm BigmoBiIHO
TaKOX.

Regulator tuner my gradient algorithm BuUKOpHUCTOBY€ 4YHCENBLHUN METOM
3HaXO/KEHHS MIHIMYyMY (hiTHEC-(PYHKIIT 3a JOMOMOTOI0 PyXY B3AOBXK IPaJIEHTY i
HA3BOIO “TpajiieHTHUM cnyck’ (muB. puc 2.4).

Regulator tuner my generative algorithm BHUKOPUCTOBY€ €BPUCTHYHUN Ta
CTOXaCTUYHUN METOJ MOUIYKY MIHIMyMY (QYHKIIi, II0 Ma€ Ha3By ‘TEHETUYHUM
anroput™M” (auB. puc 2.4).

VYenankoBanuii Bijg Regulator tuner automated manual algorithm interface
migkmac  Regulator tuner my ziegler nichols method  peanizye  amroputm
NPU3HAYCHUN [IJIs1 HAJAMITYBAaHHS PEryasToOpa BJIACHOPYY EMIIPUYHUM IUIIXOM
OJHUM 3 YHCJIa METOMAIB NapaMeTPUYHOi ONTHUMi3alii Ta po3poOneHuil s
HanamryBanHs came [1IJI-perymsitopa, mo Mae Ha3By “meron [luriepa-Hikomnca”.

OcTtanHiil perynsiTop He BUKOPUCTOBYE (iTHEeC-(DYHKIIIH, TPOTE Ma€e Ha/laBaTH
OIIIHKY KOJIMBAHHSIM 3 XapakTepy CTaOUIbHOCTI KOJMBAHb Ta BU3HAYCHHS MEPiOAy
KOJIMBAHb JJIS1 pO3paxyHKy HaOMDKEHUX 0 HalKpammx KOeQIIiEHTIB peryisTopa.
Taky QyHKUIOHATBHICTL HOMY Haga€e €K3eMIUIp Kiacy Ml  Ha3BOIO
container_analyzer.

Otmxe, perymaTop OyB peam3oBaHMid Ha 0a3l pI3HUX AITOPUTMIB
HaJAIITYBaHHS, 110 BIIPI3HAJUCSA HE JIMIIE MOOYAOBOIO Ta MOPSJAKOM OpTraHizalii
00YHnCIIeHb, a MPUHIMIIOBO Pi3HI B caMHX HOro BUAax. PeanizoBaHi alrOpuTMU
HAJIEKAIU TaKUM MPUHIUIIOBO PI3HUM METOaM HAXOJXKEHHS JIOKaJbHOTO MIHIMyMa
GyHKIIi TakuM SIK YUCETBHOTO, €BPUCTUYHOIO Ta CTOXAaCTHYHOTO, a TaKOX 1 JI0
METO/IB MapaMeTPUYHOT ONMTUMI3ZAIll PO3POOICHUX CHEHMIALHO [IJI1 MaHyaJIbHOTO

HanamryBanus [1IJI-perymsatopis.



- - 7 POLYNOM:Ent 3 BOLYNOKL: int
generative _algorithm gradient method _step based
-MUTATION_PROBABILITY: double -fitness_function: double (*) (double* void*) = nullptr
-MUTATION_STEP: double -gradient_function: std::array<double, POLYNOM> (*) (double*,void*) = nullptr;
-MAX_INIT: double -h: double = @
-MIN_INIT: double -learn_coefficient: double = @
-AGENTS: double -ITERATION: double = @
-NEW_AGENTS: double #answer: std::array<double,POLYNOM>

-ITERATIONS: double
-fitnes_function: double (*) (double * answer, void *)
-fitness_function_parameters: void *

-to_initiate_answer(double*): void
+gradient_method_step_based()

+to_solve(void*): std::pair<std::array<double,
-add_answer(_rating:std: :multimap<double, POLYNOM>, std::array<double,POLYNOM>>

std::array<double, POLYNOM>> &, +to_solve_and_record(void*): std::pair<std::array<double,
_answer:const std::array<double, POLYNOM>, std::array<double,
POLYNOM> &) : void POLYNOM> >
-to_initialize(_answer_rating:std::multimap<double, +to_solve_array_out(void*): std::array<double,
std::array<double, POLYNOM>> &): void POLYNOM>
-to_mutate(_answex:std::array<double, POLYNOM> &): void +to_gradient(std: :array<double, POLYNOM>,
-to_pair(new_agent:std::array<double,3> &, void*): std::array<double, POLYNOM>
arr_l:const std::array<double, POLYNOM> &, +to_set_step(double): void
arr_2:const std::array<double, POLYNOM> &): void +to_set_iteration(double): void
-to_make_new_generation(_new_generation:std::vector<std::array<double, +to_set_fitness_function(double(*) (double*,
POLYNOM>> &,0ld_generation:const std::multimap<double, void*)=nullptr): void
std: :array<double, +to_set_gradient_function(std: :array<double,
POLYNOM>> &): void POLYNOM>(*) (double*,
-to_mutate_new_generation(_new_generation:std::vector<std::array<double, void*)=nullptr): void
POLYNOM>> &) : void +to_get_fitness_function_value(void*): double
-to_rate(_answer_rating:std::multimap<double, +to_set_learn_coefficient(double): veid

std: :array<double, POLYNOM>> & ,
_new_generation:const std::vector<std::array<double,
POLYNOM>> &): void

-to_cut(_answer_rating:std: :multimap<double,
std: :array<double,POLYNOM>> & ): void
-to_show(_answer_to_show:const std::pair<double,
std::array<double, POLYNOM>> & ): void
-to_show(_answer_to_show:const std::array<double,
POLYNOM> & ): void
-to_show_iteration_status(_best_answer:const std::pair<double,
std: :array<double,
POLYNOM>> &, _new_answer:const std::pair<double,
std: :array<double,
POLYNOM>> &,iteration:int): void
+generative_algorithm()
+to_solve(): std::pair<double, std::array<double,
POLYNOM>>
+to_solve_array_out(): std::array<double,
POLYNOM>
+to_set_min_init(double): void
+to_set_max_init(double): void
+to_set_mutation_step(double): void
+to_set_mutatien_propability(double): veoid
+to_set_agents(double): void
+to_set_new_agents(double): void
+to_set_iterations(double): void
+to_set_fitnes_function(f:double (*) (double*,
void*)): void
+to_set_fitness function_parameters(void*): void

Pucynoxk 2.4 — UML-cxema po3po06ieHux mabJoHHUX KIIACiB BUKOPUCTOBYBAHUX
TIOHEpPAMHU PETYIIATOPa, 10 1HKAMCYIIOTh PI3HI TUIIH YHUCICIBbHUX aJTOPUTMIB
HOIIYKY MIHIMYMY (QyHKIIT

Merton Lurnepa-Hikosnca pi3ko BIPI3HAETHCS BiJl TEHETUYHOTO aITOPUTMY Ta
rpajieHTHOTO Merony. OCTaHHI BUKOPUCTOBYIOTH (PiTHEC-(DYyHKIIIO 7SI OLIHKH
MIOTOYHOI SIKOCTI HajamTyBaHHs. BoHa B il po6oTi BU3HaYasacs ik cyma KBaJipaTiB
3HaU€Hb, 110 JIOPIBHIOIOTH PI3HHII MDK BHUXIJIHAM 3HAY€HHSIM CHCTEMH
(pe3yabTytounii KyT oOepTaHHS JBHUTyHa) Ta MOr0 TMOTOYHHMM 3aBIaHHSAM Ha
MPOMDKKY Yacy 110 MiANaJ0 Ha MOMEHT (pikcalli mpoTAroM ekcrnepuMenty. OyHKIs
BH3HAUCHHS TPajJl€HTa BUKOPUCTOBYBaJA I CaMUil alrTOPUTM PO3paxyHKy (iTHEC -
GyHKINT 71 BU3HAUEHHA HOTO 3MIHM MPH YacTKOBOMY Ju(EpEHIIOBaHHI 3a
KO’KHUM 3 TPHOX KoeireHTiB[7].

['eneTuHUl anropuT™M B LiM IMIUIEMEHTAllli MiJ 4ac yTBOPEHHS HAIAIKY
TpaAUIIMHUM YHUHOM HOrO CKJajae 3 Koe(ilieHTIB OaThbKIBCBKUX OCOOMH,

o0uparwdu JOBUTLHUM YHWHOM B SIKOTO 3 HUX OTPUMATHU 3HAYEHHS IS 1HIIHam3aiii
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BIJITIOBITHOTO Y HAIAJKY, a MPOIEC MYyTallli BU3HAUYUBCS BUIAJKOBUMH 3MiHAMU
OJTHOTO YM OUIbIE KOEQIIEHTIB 1HIIIATI30BAaHOI MIOMHO OCOOMHU Ha BUMIAIKOBY
BEJIMYMHY CBOIM MOJyJIeM He OUIbIIE 3a/laHOTo 3Ha4eHHA[6][12].

['papieHTHHN chycK TpaguIiiHUM YHHOM HaOJMKae HAC y 3BOPOTHINA BiJl
rpajlieHTa HAMPSIMKY Ha 3HAYEHHS 1[0 BIAMOBiAAa€ NOOYTKY KOe(II[iEHTy HaBYaAHHS
Ta TpajieHTa.

Merton [urnepa-Hikonca monsdrae y HaCTyITHOMY MOPSIKY KPOKIB:

a) OOHYIUTH ycC1 KOe(IlieHTH;

0) po3moyaru NOCTYINOBE 30UIbIICHHS] MPOMOPLINHOTO Koe(illleHTa JOKU HE
Oyze oTpuMaHO CTa0iIbHI KOJMBAHHS,

B) OTpHMaHE 3Ha4eHHA Koe(illieHTa TpW TEepIIMX NposBax CTaAOUILHUX
KOJIUBaHb (DIKCYETHCS Pa30M 13 NIEP10JIOM KOJMBAHb;

r) 3aikcoBaHI 3HAUCHHS BUKOPHUCTOBYIOTHCS Y PO3paxyHKax Koe(illeHTIB
perymsitopa 3a OIHUM HaOOpoM (opMyn 3 mepeniky, Je KOXKEH 3 HUX BIIANOBIIA€
MIEBHUM pPEKHMaM HOTO poOOTH.

AJITOPUTM OLIIHKA KOJIMBaHb OYyB peajli30BaHU OIIHKOIO TOTO YW BUXOIUTH
xo4a O OJIMH TMepioj KOJMBAHHS 3a TMEBHI JIMITH BiJl CEpEIHIX 3HAYEHb IMPOTATOM
yChOTO MPOMDKKY BUMIPIOBaHHS 3a TAKUMH BEJIMUMHAMHU SK aMIUTITY[a KOJMBaHb Ta
ix mepiof.

HaGip dopmyn st po3paxyHky OyB oOpaHMIl 3a MNPHUHIMIIOM, IO HaM
NOTPIOCH 3arajJibHUN BUMAJIOK, M0 Oy/le CUMETPUYHUM IS PEKUMIB pOOOTH IS

KOTPUX 3HAXOJUTH BIAMOBIIb MAIOTh 1HIII anropuTMu|8].

2.3.4 YVY3arajbHeHa CTPYKTypa mnepeadadyeHUX B3AEMOMIM MiK

niagcucreMaMu

Bapro  mposicHUTH =~ BIAHOIIEHHS  MDK  TaKUMH  KJacaMH  SIK
Automated control system, Experiment executor interface,
Regulator tuner interface, crpykTypa B3aeMopii sIKMX BigoOpaxkae po3pobieHe

nporpamMHe 3a0e3MeueHHsl B y3arajJbHeHOMY BUIVISIAL (IUB. puc 2.5).
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Perynsitopm  sik  aOcTpakuii  yTBOpIOBaHI  MiIKJIAcaMU  BU3HAUCHUX
iHTepdeiicom abctpakTHOTO Kiacy Regulator tuner interface maroTh acouiaTuBHUMA
3B’S130K 3 MiJKJIacaMu abcTpakTHOTo kiacy Experiment executor interface, nme sik
KIIEHT OCTaHHBOMY HAJCWJIA€ 3allUT Ha TMPOBEICHHA EKCIepUMEHTY Ta 3a
JOTIOMOTOK0 HAJaHWX BKAa3IBHUKIB Ta TI€BHUX KOHQITYpaImiii CTPYKTYypOIO
parameters for optimizer BHKOHY€ OIIIHIOBAHHS SIKOCTI TOTOYHOTO CTaHY
HAJAIITYBAaHHS PETYISATOpPA CHCTEMHU Ta MPHUMMAE PIIEHHS MPO HACTYMHHUN KpPOK
BIJITIOBIJTHO /10 BUKOPUCTOBYBAHOTO AJITOPUTMY Ta KOH(Irypaliil HaiamToByBaya.

Experiment executor interface Ta #oro migkjiacu y CBifi yac arperyoThb
Automated control system, kmac i  BUKOHAHHS  iTepallii  OOYHCICHB
MaTeEMaTHYHOT MOJENI.

Regulator tuner interface micnsi OTpUMaHHA OCTATOYHUX PE3YIbTaTIB
00UYMCIIEHb BJIACHOPYY BBOJUTH iX 110 perynaTopa CAP, TakuM 4YMHOM 3aKIHYYIOUHU

Horo HAJIaIITYBAHHA.



PO3/11J1 3 EKCIEPUMEHTAJIBHE JOCJ/IIKEHHSA
PO3POBJIEHUX TIPOI'PAMHUX METO/IB
HAJIALITYBAHHSA PETI'YJIATOPA

Sk 1 Oyno mpuragaHo y BCTYIl NPOTSATOM JOCIHIIKEHHSI BUKOPHUCTOBYBABCS
METOJ JOCIIIKEeHb Yy XOJI KOTPOro TMOCTaBleHO Oyiao Oarato pi3HOMaHITHUX
EKCIIEPUMEHTIB TIiJ] 9ac KOMIT I0TEPHOTO MOJIEIIIOBaHHSI 3a JIOTIOMOTO0 MPOTPaMHUX
MOJYJIB, SIKUM OyB HaJaHUM NETATbHUIA OIUC Y PO3ALIL IPYTOMY.

Byno mpoBeseHo HanaTyBaHH KOKHUM 3 PO3pOOJICHUX HANAIITOBYBAYiB 3a
3MIHHUMHU KOHQITypalisiMi iX aJropuTMiB HAJAIITYBaHb IS JOCIII)KEHHS BIUTUBY
ix 3MiH Oe3nmocepe/IHbO Ha SIKICTh HAJAIITYBaHHs, 3MIHIOBAJIUCS JIMIIe KOH(Iryparii
3MiHa KOTpPHUX Iepeadadac Yu MaJUid BIUIUB Ha SKICTh.

TakoX HamamTyBaHHS 3 PI3HUMHU KOHPITypalisiMHU MependaqyaroTh MOIIYK
KpalllMX BUITAJIKIB HAJTAIITYBaHHS KOKHUM THIIOM TIOHEpa JJIs OUIBII JOPEYHOTO
NOPIBHSIHHS PE3ylbTaTIB MK KOXKHOTO 3 THIIIB Ta 3HWKEHHSI BIUIMBY (pakTopa
BUMAJKY MiJ 4yac mia0opy KoH(Irypaiid Ha pe3yJabTaTH MOPIBHSIHb.

[TopiBHsIHHS HanamToByBadiB Oyne BinOyBaTHucCs 3a TMEBHUMH METPUKAMH,

noipoOuIll KOTpuUx Oyze po3’ICHEHO Mi3HIIIE.

3.1 ExciepuMeHTH 3 OTPUMAHHS HAJALITYBAaHb Peryjasitropa s

MOAAJIBIIOI0 AHAJI3Y AJITOPUTMIB

Bci ekcriepuMeHTH B 11ii poOOTi CTaBWIIMCS 3 YMOBaMH iHiIliamizamii 00’ exra
CJICKTPOJIBUTYHA 3TITHO JI0 TEXHIYHMX XapaKTEPUCTUK pPEaJIbHOIO 3pa3Ka MOoJel
4ITO100L1 3 motyxHicTio 2500 BT, HOMiHa)IbHOIO Harpyroro 220 B, HoMiHaIbHUM
ctpymoM 14.2 A, HOMIHaJIBbHOIO IIBUAKICTIO oOepranb 1300 00/XB, aKTMBHUM
omopoM B 1.33 B ta Momenrom idepuii 0.05 kr-mM?> Ta HOMiHAJIBHUM
CJIEKTPOMATHITHUM  MOMEHTOM  BHUpPAXOBYBaHMM 3  HaJaHUX  TEXHIYHHUX

XapaKTEPUCTUK.
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BinOyBanocs peryiroBaHHSI €IEKTPOIPUBOIOM 3a 3HAUCHHSM PE3YIILTYIOUOTrO
KyTa IMOJIOKEHHS Bally JBUTyHa, a TOOTO 3a 3HAQYEHHSIM CyMapHOTO KyTa Ha SIKUU
Oyn10 0O0EpHEHO ABUTYH 3 MOYATKY MYyCKY MOJIEII.

VYci ekcniepumentu 3 HajamtyBanHs [IIJ[-perynsitopa BinOyBaiucs 3a yMOBU
3apnaHHs 3HaueHHs 20 B pajiaHax SK BEIMYMHU PE3YJAbTYIOUOTO KyTa IO Mae
MiATPUMYBATH CUCTEMA.

Ouinka pe3ynabrariB BinOyBanacd 3a YMOBH SIK CTaTUYHOTO MOMEHTY

MEXaHIYHOTO HaBAaHTAXKCHHS Ha JABUI'YH!

arr [DC_engine::LOAD K 0] = 1 * load;

Tak 1 3MIHHOTO:

arr[DC_engine::LOAD K 0] = 0.5 * load;
arr [DC_engine::LOAD K 1] = 0.2 * load;

SIK 13 CUTHAJIOM 3aBIaHHS JJIsi KOTPOTO BiAOYBANOCS HaJIAIITyBaHHS:

definder->to set signal (20);

Taxk 1 IS IHIIUX:

definder->to set signal (50);

definder->to set signal (100);
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I B TOMy 4mchi 1 3MIHHMM y 4acl CUTHAJIOM 3aBJaHHS MDK OCTaHHIMHM JBOMa

3raiyBaHnMMH 3HAYCHHAMMU.

3.1.1 IlocTaHOBKA €KCNIEPUMEHTY 3 MAPAMETPUYHOK ONITHUMI3aLI€I0

MetoaoM Ilurnepa-Hikosca

Aunroputm  [urnepa-Hikonca 3 pi3HOBHIY MapaMeTpPUYHOT ONTUMI3AIl]
TpaAUIIfHO BHUKOpPUCTOBYBaHMM B HamamtyBanHi [IIJ[-perymaropiB  Oyno
aBTOMATH30BaHO 3a JOTOMOTOI0 BIJIOBIIHOTO KJ1acy OyJ0 MPOTECTOBAHO 3a PI3HUX
TUMAaxX KOHQIryparii, Takux siK:

— 3a pI3HUX YMOB POOOTH HUM BHKOPHCTOBYBAHOTO KJIaCy aHaiizaTopa
BUX1IHMX 3HAU€Hb MiJl Yac MyCKIB MOJI€JIl TAKUMH SIK 3MIHA CTYTICHS
CYBOPOCTI B OIIHIOBaHH1 CTa0LILHOCTI KOJIMBAaHb;

— 32 pI3HOIO MIBHJIKICTIO MIIBUIIIEHHS MPOMOPIIMHOTO KOEPIIIEHTY;

— 32 PI3HOI0 CTapTOBOIO BEJIMUYMHOIO TMPOMOPIINHO KOEPIIeHTY Micis
HYJIOBOTO 3HAYCHHS.

[lepmum BapiaHTOM HaJAIITYyBaHHS BHCTYINATUME JOCTIDKCHHS BIUIMBY
CTYIIEHSI CYBOPOCTI B OIIIHIOBaHH1 CTaOUIBHOCTI KOJMBAHb:

a)  HaKOPCTOKIIIMA — HAJAIITYBAHHS HIKOJIM HE 3aBEPIIYyBaOCs

M1]] 9ac eKCIMIEPUMEHTAIbHUX IYCKIB, TOMY BUKPECJICHO 32 HEMOKJIUBICTIO

OTpUMATH  pe3ylIbTaTh SK  HEXKHUTTECIIPOMOXKHIA  METOJ  OIIHKH

CTaOLIBHOCT] KOJIMBAaHb MiJl Yac HaJAIITyBaHHS:

bool
container analyzer::1is stable the oscilations (const
std::vector<int>& seconds)

{

for (auto i : amplitudes)
ans *= (double (average amplitude) * 0.9 < 1
&& 1 < double (average amplitude) * 1.1) ;
}
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bool

container analyzer::is stable the amplitude (const
std: :vector<double>& extremums)
{

.. // Te cawme

[NEENEEN

0) cepemHid CTymiHb — HaJaBaB CTaOUIbHI  peE3ylIbTaTH

HanamryBanusa { 0.175,0.0190217,1.0626 } :

bool

container analyzer::1is stable the oscilations(const
std::vector<int>& seconds)

{

for (auto i1 : amplitudes)
ans *= (double (average amplitude) * 0.5 < 1 &&
1 < double (average amplitude) * 2)

}

bool container analyzer::is stable the amplitude (const
std::vector<double>& extremums)

{

.. // Te cawme

[NEENEEN

B) JyXKe BUIBHMM CTYHiHb — HajJaBaB CTa0UIbHI pe3yIbTaTh
HanamtyBanus  { 0.175, 0.0190217, 1.0626 }, mo imeHTUYHI 10

nonepeaAHbOTO CTYIICHIO!

bool
container analyzer::is stable the oscilations (const
std: :vector<int>& seconds)

{

for (auto i1 : amplitudes)
ans *= (double (average amplitude) * 0.33 < 1 &&
i < double (average amplitude) * 3)

}

.
14

bool container analyzer::is stable the amplitude (const
std: :vector<double>& extremums)

{

.. // Te cawme
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OT1xe, B pe3ylbTaTi TPhOX €KCIIEPUMEHTIB 3JIUIIIIOCH JIMIIIE JBOE BapiaHTIB
KOH(}ITypalliii 3a CTyIieHeM CyBOPOCTI OIIHKH CTabUTLHOCT] KOJIMBAaHb Ta i T1 MAIOTh
OJTHAKOB1 pe3yJbTaTH a TOMY OTpHMaHi HaNAMITYBaHHS B pPeE3ylbTaTl PI3HUX
EKCIIEpUMEHTIB MaTUMYTh OJIHE HaltMeHyBaHHs “Zeingler-Nichols method ‘x0.5 and
x2°+’x0.33 and x3” at ‘0.5 step k_crit’ to avrg pass”, ne yactuna “0.5 step k crit”
BIJITIOBiJla€ 0OpaHOMY OJHOTO BUAY KOH(Irypailiifi 3 HACTYMHOI HU3KU iX Bapiallii,
110 BiJIMOBIIal0Th HACTYITHOMY €TaIly €KCIIEPUMEHTIB.

JpyruM BapiaHTOM HaNAMITYBaHHS BUCTYIATUME JOCHTIUKCHHS BIUIUBY
CTapTOBOi BEJIMYMHU Ta IIBUAKOCTI 3MIHM MPONOPLIAHOTO KOe(DIllieHTy st
JMOCHIJKEHHSI Ha MpeAMEeT BIUIMBY Ha SKICTh HanamTyBaHHS. [lokasHuk OyB
3MIHIOBAaHUM BeJNMYUHOIO 31 3HaueHHs 0,1 mo 1 i y ToMy uMcial BpaxOByBaJIUCS
nomepeHl pe3yapTaTd, Je no3Hadka “0.5 step k crit” e 1 nemoncrpyBaia. Hosi
eKCIEPUMEHTH MPOBOIMUIIMCS 13 CEPEAHIM CTYINIEHEM OLIIHKH KOJIMBAaHb 1 pe3yJIbTaTH
Oy/1 HACTyITHUMU:

HamamryBanns 31 3HadeHHsMm 0.1 Bumarano 33 iTeparii 3 MABUIICHHS
NPOTIOPLIKHOTO KOEQIIIEHTY Ta OIIHKK KOJMBaHb TMEpII HDK BU3HAUUTHU
KoediIieHTH Ta aano HactymHui pesynbrar { 0.595,0.111215,2.10095 } orpumaio

HaliMmeHyBaHHs ‘“‘Zeingler-Nichols method 0.1 step k_crit™:

optimizer->to set start k(0.1);

HanamryBannsa 31 3Ha4eHHAM | Bumaramo 5 itepallii Ta Jajo HACTYMHHUM
pesymetar { 0.8, 0.137339, 3.0756 } orpumano HaiiMmenyBanHsa “Zeingler-Nichols
method 1 step k_crit™:

optimizer->to set start k(1l);
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A pesynpTaT 3 MONEpeaHhOro eramy 31 3HaueHHaAM (,5 BumaraB Jmmie 3
iTepaiii Mae BXe€ BIIOMHN pe3yabTaT mia HaiimeHyBaHHsSM “Zeingler-Nichols

method ‘x0.5 and x2°+’x0.33 and x3” at ‘0.5 step k crit’ to avrg pass™:

optimizer->to set start k(0.5);

3.1.2 [locTaHOBKA eKCIIEPUMEHTY 3 eBPUCTHYHHUM TA CTOXACTHYHUM

IT'CHCETUIHUM AJITOPUTMOM

['eHeTMUHUN aNTOPUTM OJUH 3 PIZHOBHU]LY €BPUCTUYHOTO Ta CTOXACTHYHOIO
METONy TMOIIYKYy MIiHIMyMYy (YHKIIi TIHOTETUYHO HE HaWKpamuil MeToj
HAJIAIITYBaHHS Ye€pe3 CBOKO BJIACTUBICTh TaKy SIK CTOXACTUYHICTh, TOMY IO MOIITYK
ONTUMAJIBHOTO PIIIEHHS MOKIAJAETHCSA HA BUITAIOK 301IBIIYIOUH KUTbKICTh BUKJIUKY
ditHec-dyKii, 3HAYEHHS KOTPOT1 BUZHAYAETHCA €KCIIEPUMEHTAIBHUM IILIIXOM, 1110 B
CBOIO 4epry BUMarae OUIbII JJOBroro 4acy poOOoTH OOJaJHaHHS Yy pexuMi
HaJIAIITOBYBAHHS, 1110 BIAMOBIIA€ MOTEHIIHHAM 30UTKaM ToMy siK oOnagHanas CAP
HE Ma€ MOXJIMBOCTI FApaHTOBAHO BUKOHYBATH POOOTY MPOTE CHOXKHUBAE E€HEPTIIO
3apnarodu ¢iHaHCOBUX 30WMTKIB. ToOTO Il MeTon HalamTyBaHHS MOXKE HECTH
3a0araTo HaKJIQJHUX PO3XOIB Ta MATH 3aBEJMKY BapTICTh Y MOPIBHSIHHI 3 IHIIUMHU.

[eit anroput™M Oys0 MPOTECTOBAHO OAraTropa3zoBoO MPH ABOX PI3HUX THUITAX
KOH(Iryparii airopuTmy:

— TOHW)XEHA CXHWJIBHICTh JI0 MYTalliil y areHTIB;
— TIJBUIICHA CXWJIBHICTh JO MYyTallli areHTiB.

HanamTyBaHHs BiATIOBITHO:

a) g HaliMeHyBaHHSAMH odopmiieHHX y cTiii “Generative method
non mutationable a lot #1”°, ge “i” — mNoOpPsAAKOBUI HOMEp MPOBEACHOTO

EKCIIEPUMEHTY 3 OTPUMAHUM PE3YJbTaTIB:

void
Default configuration setter::to set configurations in parameter
s for optimizer (parameters for optimizer& arg) const



46

_arg.parameters configurations for optimizer obj.mutation step =
0.1 * scale;

_arg.parameters configurations for optimizer obj.mutation propab
ility = 0.5;

0)  mig HaliMeHyBaHHsAMHM oopmiieHuX y ctuii “Generative method
mutationable #1”, ge “i° — NOPSAKOBUI HOMEpP MPOBEACHOTO

eKCIIEPUMEHTY 3 OTPUMAaHUM pPEe3YJIbTaTiB:

void
Default configuration setter::to set configurations in parameter
s for optimizer (parameters for optimizer& _arg) const

{

_arg.parameters configurations for optimizer obj.mutation step =
1.0 * scale;

_arg.parameters configurations for optimizer obj.mutation propab
ility = 0.9;

Y pesynbrari OaraTtopa3oBUX EKCIIEPUMEHTIB Yepe3 CBOI MPHUHIUIIOBY
BJIACTUBICTh HEAETEPMIHOBAHOCTI y HACTIJIOK CBO€I CTOXaCTUYHOI MPUPOIU
TEHETUYHUN alNTOPUTM 3aBKIM BHMIABaB PI3HI PE3yIbTaTH HABITh MPU HE3MIHHUX
kOH(DIrypalisx Ha BiMiHy BiJl TOHEpeaHLOTO ANTOPUTMY HANAIITYBAHHA. IX yci
pe3yiabTaTH 3TiHO OOYMOBJICHOMY CTHJIIO IMEHYBaHHS Oyno 3adikcoBaHo y

KUIBKOCTI I SITH IITYK Ha KOXXCH BUA HaJlalllITyBaHHA:

«Generative method non mutationable a lot #1» { 3.9,3.5,5.3 }
«Generative method non mutationable a lot #2» { 5.1,2.2,6.7 }
«Generative method non mutationable a lot #3» {5.2,1.2,2.8 }

«Generative method non mutationable a lot #4» { 5.8, 6.4,7.2 }
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«Generative method non mutationable a lot #5» { 4, 4.3,0.1 }

«Generative method mutationable #1» { 9.4,7,3.5 }
«Generative method mutationable #2» { 9.1,5,0 }
«Generative method mutationable #3» { 8.8,2.5,5.2 }
«Generative method mutationable #4» { 1.7,0.8,0.3 }
«Generative method mutationable #5» { 0.5,6.7,1.3 }

3.1.3 IlocTaHOBKA eKCIIEPUMEHTY 3 €BPUCTHYHHUM TAa YHMCEJIbHUM

METOAOM Fpa)_'[iCHTHOFO CIIYCKY

I’'panieHTHUI CITyCK OJMH 3 PI3HOBUJY €BPUCTUYHUX Ta YHUCEITHLHUX METO/IIB
3HAXOJKEHHS MIHIMyMYy (QiTHec-pyHKuli. [imorerndyHo wmae OyTH OIHUM 3
HAMKpamuX METOJIB HAJAIITYBaHHS PEryasITOpa 3aBASKH TOIIYKY YHUCEIFHOTO
pimieHHs  0a3yruuCh Ha  3QJEXKHOCTSIX, 1[0 MalTh HUM  OTPUMYBaHi
eKCTIEpUMEHTANIbHI J1aHl, 110 OLIHIOIOTHCS uepe3 (iTHec-PyHKIII0, THM CaMUM
3HIKYIOYM YacTOTy 1 BUKIMKIB 1 TPOTHIEKHO IO BHIAIKy 13 TE€HETMYHUM
QITOPUTMOM BIANOBITHO MAaTHUME MEHIIY BapTICTh HaJalITYBaHHA 3 €KOHOMIUHOT
TOYKH 30py Ha TMPOIEC HANAIITyBaHHS 3 OISy BHUTPAT C€HEPTii 10 BUKOHAHHS
KopucHOi poOoTu oOnagnanHsM CAP.

ANTOpUTM TeCTyBaBcsi 0araropa3oBO 3a IIJIOI0 HHU3KOIO CTapTOBUX YMOB, a
caMme iHiliami3amnii MmoyaTkoBOI BIAMOBIAI BiJl KOTPOI 3HAUYHO 3aJIeKaTh PE3yIbTaTH
TPAIIEHTHOTO CIyCKY, IIPOTE cCaM ajJrOpUTM Ma€ JIETEpPMIHOBaHY MOBEAIHKY 4Yepes
CBOi BIIACTHBOCTI 1 TOMY Ha KOXXHY KOHQIrypaiil0 Mae JHIle OJHYy ¥ Ty camy
BIJITIOBI/Ib.

Ix HaiiMmeHyBaHHS BHMKOHY€ThCA 3a HacTynHuM cruiem: “Gradient method
‘kp,ki,kd’ nit”:

«Gradient method “1,0,0”nit» { 1.06758,0.317347,0.579046 }
«Gradient method ‘2,0,0”init» { 8.38471,-29403.1,-341273 }
«Gradient method °5,0,0”init» { 6.13157,1.49139,1.30597 }
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«Gradient method “7,0,0” init» { 7.69889,0.876194,0.881272 }

«Gradient method “10,0,0”init» { 10.474,0.568234,0.571808 }
He kp, ki, kd € xoedimientamu nouyatkoBux HanamryBaHb [1I/[-perymsitoa
BIJIMOBIAHO, SIKUMU IHIIIATI3YETHCA HA MOYATKy KOKHOTO €KCIIEPUMEHTY CTapTOBa

BIJITIOBI/Ib, SIK CTAPTOBA TOYKA MOIITYKIB BIAMOBII IPAJIEHTHUM QJITOPUTMOM .

3.1.4 ITocTaHOBKA eKCIIEPUMEHTY 3 METOAOM I'PAJAIEHTHOIO CIIYCKY 3

iHimiagizamiero moyarkoBoi Bianmosini meronom Llurnepa-Hikosica

byno 3po0neHO mpuUMyIIeHHs, [0 MO CYyTl sIBIsi€e COOOI0 TIMOTE3y, IO
1HIIIami3aIlis MoYaTKoBO1 BimoBiaAl MeToaoM I{urmepa-Hikoica moxke OyTH Kparum
KPOKOM 32 BUIAJIKOBE 3HAYEHHs SIK CTApTOBE JJII METO/a TPAli€HTHOTO CITYyCKY
Yepe3 MOXKIIMBICTh BUKOHATH MOYATKOBE HAOMMKEHHSI 10 TEOPETUIHO HAWKPAIIOTO
Jlana3oHy 3Ha4eHb KOE(QIIIEHTIB, a TPaII€EHTHUNA METOJ JIMIIE 3HAKIE JIOKATbHUM
MIHIMYM Ti€i TOTIEPEIHFO HAOIMKEHOT 00JacTi, 0 YHACTIIOK MATUME TIIOTETUYHO
Halkpamuii 3 WIOO0AIPHUX MIHIMYMIB, OCOOJMBO y TIOPIBHAHHI 3 TPaliEHTHUM
METOJIOM 0e3 MONepeTHBOTO HAOIMKEHHS.

[{s1 rimoTe3a Oyne mepeBipeHa MPOTITOM IOCTAHOBKU EKCIIEPUMEHTIB Ta
aHai3y JaHuX.

A JIOKM MaeEMO pe3yabTaTh EKCIIEPUMEHTIB Tl BIAMOBIIHUM CTHUJIEM
HalMEHYBaHb!

«Gradient method with init by the Zeingler-Nichols method 0.5 step k_krit «
{5.7759,5.34597,7.63554 }

«Gradient method with init by the Zeingler-Nichols method 0.1 step k_krit «
{4.70099,4.2221,6.21183 }

«Gradient method with init by the Zeingler-Nichols method 1 step k krit «
{2.49195,1.82929,4.76755 }

e B “Gradient method with init by the Zeingler-Nichols method 1 step
k krit” mo3Hayae oOpaHy IIBUIKICTb MiJIBUIIEHHA KOe(]ILiIEHTYy Ta HOro cTapToBY

BenuuuHy Mertoza [{urmepa-Hikosca BiamoBigHo m0 onwmcy y maparpadi 3.1.1.
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3.2 Po3poOka MeToay 4YHCEJILHOI0 OIIHIOBAHHA OTPUMAHMX

CeKCIIEPMMEHTAJbHMX JaHUX TAa BJIAaCHE I pe3yjbTarTH Y IOBHOMY

00ca3i

byno po3poOieHo HACTyMmHI METPUKH I OLIHKA aJrOpPUTMIB 3a SIKICTIO

HAJIaIITYBAHHA !

a)

6)

KUIbKICTh BUKIHKIB (iTHEC-(QYHKINT K JEAKUM MOKaXYMK BUTPAT HA
HAJIAIITYBaHHS
3HaueHHsI (PiTHeC-QYHKIIT MPOTATOM TPHhOX PI3HUX 32 TPUBAIICTIO
MPOMIKKIB Yacy BUKOHAHHSI €KCIIEPUMEHTAJIbHUX ITyCKIB 32 YMOBaMU:
1) He3MIHHOTO CHTHANy 3aBJaHHS JUISI KOTPOTO IPOBOJMIUCS
HaJIAIITYBaHHS;
2) IBOX PI3HMX HE3MIHHHMX CHTHAIIB 3aBIaHHS HE I KOTPHUX
IPOBOAWIOCS HANAIITYBAaHHS Ta CEPEAHE 3HAYECHHS MIK HUMU;
3) 3MiHHMI CHrHaI 31 3HAYCHHSAMHU 3aBIaHHS HE IS KOTPHUX
BiZIOyBajoCs HaJalITyBaHHS;
T1 caM1 YMOBH IyCKIB aJie BXKE€ 31 3MIHHUM HAaBAHTAKCHHSIM HA CUCTEMY,
a TOOTO BCE T€ K cCaMe ajie 3 IMITAIIEI0 30BHIIIHLOTO BIUIMBY Ta OUIBII
HAOMIKEHOTO IO PEATbHOTO BUIMAJKY THITy HABAHTAXCHHS
CTaOUIBbHICTh HANAIITYBaHb SIK PI3HUI 3Ha4€Hb (iTHEC-(DYHKIH MK
HAMOBIIUM MPOMDKKOM 4acy BUMIPIOBaHb Ta JAPYTUM 32 TPUBAIICTIO

IPOMDKKOM 4acy.

3a OTpUMaHUMH METPHUKaMHU MOKHA BUKOHATH OILIIHKY KOXXHOTO 3 METOIB

3.2.1 PeliTHHI 32 eKOHOMIYHICTIO B eKBiBAJICHTI KIJIbKOCTI BUKJIMKIB

¢iTHec-pyHKIII 32 AJTOPUTMAMH AK €KBiBAJIEHT BUTPA4Y€HOI0 4Yacy

Ta piHAHCIB
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EXOHOMIUHICTP MOXHa TOpPIBHIOBATH 3a JOMOMOTOI0 KUIBKOCTI BHKIIMKIB
dbitHec-QyHKIIT 3a aNropuTMamMud TOMY, IO ISl KUIBKICTh € €KBIBaJCHTOM
BUTPAUCHOI0 yacy Ta (piHAaHCIB HAa BUTpATH €HEprii Ta 30UTKIB MPOTATOM pOOOTU
oOnmagHaHHSA y PEXKUMI HajamTyBaHHA. [0 TOTro X 30MTKH MOXYTh HOCHTH SIK
XapakTep NPOCTOI, KOJM TPOMHCIOBUN TPOIEC HE BUPOOJSE€ MPOAYKTY, TaK 1
XapakTep Opaky MPOAYKIIii, KOJM PErylsaTop 1€ HE BCTUT HAJAIITyBAaTHUCS.

['eHeTHyHUN 1 TPami€HTHUM METOJM BHUKOHAIM I1'SITh IT€pAIlii MPOTITroM
NpOIIeCy HaNAIITYyBaHHS, /€ TEHETUYHUIA METOJ BUKIMKAB (iTHEC-QYHKIIN AecATb
paziB AJs CBOIX JIECATHU arcHTIB-HAIIAJKIB, a TPaI€HTHUN Ha KOXKHY ITE€pAIliio IO
YOTUPY BUKJIMKY Ha ITEpariifo il BU3HAUCHHS IIOTOYHOTO 3HAUYCHHA Ta 3a
JONIOMOT0I0 HbOTO BU3HAUUTH YaCTKOBE AU(EPEHUIIOBAHHA 32 KOXKHOIO 3 TPhOX
KOOPJIMHAT BiAMOBITHO.

Otxe, KUTbKICTh BUKJIMKIB (iTHeC QyHKIIT ckianana 50 i reHeTUYHOTO Ta
20 aJis TpalEHTHOTO METO.Y.

A nns [urnepa-Hikonca motpebyBanocst Bif 33 BUKIHKIB 31 CTapTOBUM
Koe(ilieHTOM Ta HIBUAKICTIO HOTO HapocTaHHd B 3HadeHHS 0,1 70 5 BUKIMKIB —
3Ha4eHHs 1, Ta 3 BUKIMKIB — 3HadeHHSA 0,5. A xomOiHallisi HOTO 3 rpaJieHTHUM

metoaom 53, 25 Ta 23 BiamoBigHO (quB. Tabm. 3.1).

Tabmuns 3.1 — PeliTUHTyBaHHS 32 METO/IIB HAJIAIITYBAHHSI 3 KUIbKICTIO BUKJIMKIB
ditHec PyHKIIT (32 BUTpaTaMH Ha HAJIAIITYBAHHS)

KinbKICTh BUKITUKIB
Pelitunr IleBHUI BUIIQJOK HAJAIITYBAaHb _ -
dbiTHeCc-pyHKIIi1
| Meton Iurnepa-Hikonca k start = 0,5 3
2 Meton [urmepa-Hikonca k start = 1 5
3 I'pagienTHU# cryck 20
4 Meton Iurnepa-Hikonca k start = 0,1 33
5 I'eHeTMUHUN AITOPUTM 50
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3.2.2 PeiiTuHI 32 3HAYeHHAM (piTHeC-QyHKUII MPOTATOM TPbOX Pi3HHUX
3a TPUBAJICTIO MPOMIKKIB 4aCy BUKOHAHHS €KCIEPUMEHTAJIbHUX

IYCKIB
3a YMOBaMH HE3MIHHOTO CUT'HAJTy 3aBAaHHs TJII KOTPOT'O HPOBOAMIIMCAA

HAJIaIIITYBAHHA !

— 360 cexynn (nuB. Tabmn. 3.2);

Tabmuns 3.2 — Ominka npu 7(¢) =const, t,=360 ¢, HamamroBano s 7(¢)=20

3HauYEeHHSI
PetiTunr [IeBHUIA BUTIAIOK HAJIAIITYBaHb
dbiTHec-pyHKIIIT
1 Generative method mutationable #3 7933.8
2 Generative method non mutationable a lot #3 12125.3
3 Generative method non mutationable a lot #2 12462.2
4 Gradient method “10,0,0’ init 14415.8
5 Gradient method ‘7,0,0’ init 17432.9
6 Zeingler-Nichols method 1 step k_crit 166038
7 Zeingler-Nichols method 0.1 step k_crit 395448
Zeingler-Nichols method ‘x0.5 and x2°+’x0.33 and
8 7.14289¢+06
x3’at ‘0.5 step k_crit’ to avrg pass
9 Gradient method °5,0,0’ init 5.9584e+09
10 Gradient method “1,0,0’ init 1.803e+10
11 Generative method non mutationable a lot #1 3.57176e+10
12 Generative method non mutationable a lot #4 3.86145e+10
13 Generative method mutationable #4 3.88705e+10
Gradient method with init by the Zeingler-Nichols
14 3.92763e+10
method 1 step k_krit
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3HaueHHI
Peiitunr [IeBHMI1 BUIIAOK HaJAIITyBaHb
dbitHec-pyHKIii
Gradient method with init by the Zeingler-Nichols
15 4.18367e+10
method 0.1 step k_krit
16 Generative method mutationable #2 4.50287e+10
Gradient method with init by the Zeingler-Nichols
17 4.98165e+10
method 0.5 step k_krit
18 Generative method mutationable #1 5.31742e+10
19 Generative method non mutationable a lot #5 5.38634¢e+10
20 Generative method mutationable #5 6.63403e+10
21 Gradient method 2,0,0’ init 6.17963e+12

— 720 cexynp (nuB. Tabmn. 3.3);

Tabmuus 3.3 — Ominka npu r(¢) =const, t,=720 ¢, HanamToBaHo s r(¢)=20

3HauCHHS
Pevitunr [IeBHMI1 BUTIAOK HaJAIITyBaHb ¢iTHEC-
byHKIIIi
1 Generative method mutationable #3 7933.8
2 Generative method non mutationable a lot #3 12125.3
3 Generative method non mutationable a lot #2 12462.2
4 Gradient method ‘10,0,0’ init 14415.8
5 Gradient method 7,0,0’ init 17432.9
6 Zeingler-Nichols method 1 step k_crit 166038
7 Zeingler-Nichols method 0.1 step k_crit 395448
Zeingler-Nichols method ‘x0.5 and x2°+°x0.33 and x3’ at
° ‘0.5 step k_crit’ to avrg pass 7.14284e+06
9 Gradient method “5,0,0° init 5.63513e+11
10 Gradient method “1,0,0’ init 7.06777e+11




53

3Ha4YCHHS
Peiitunr [leBHMI1 BUIIAAOK HANAIITyBaHb diTHEC-
byHKIIT
Gradient method with init by the Zeingler-Nichols
' method 1 step k_krit 1.02779e+12
12 Generative method mutationable #1 1.07954e+12
13 Generative method mutationable #2 1.0857e+12
14 Generative method mutationable #4 1.09695e+12
15 Generative method non mutationable a lot #1 1.09814e+12
6 Gradient method with init by the Zeingler-Nichols
method 0.1 step k_krit 1.09879¢+12
Gradient method with init by the Zeingler-Nichols
v method 0.5 step k_krit 1.15468e+12
18 Generative method non mutationable a lot #5 1.1689e+12
19 Generative method non mutationable a lot #4 1.33388e+12
20 Generative method mutationable #5 1.5439¢e+12
21 Gradient method ‘2,0,0’ init 4.18962¢e+14

— 1140 cexynn (qus. Tadm. 3.4);

Tabmuugs 3.4 — Ouinka 1ipu r(t)=const, t,=1140 c, HanamrroBaHo ais r(¢) =20

3HaYCHHS
Pelitunr [leBHUI BUNIQJOK HAJAIITYBAHb ¢iTHEC-
byHKIIii
1 Generative method mutationable #3 7933.8
2 Generative method non mutationable a lot #3 12125.3
3 Generative method non mutationable a lot #2 12462.2
4 Gradient method “10,0,0’ init 14415.8
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3Ha4YCHHS
Peiitunr [leBHMI1 BUIIAAOK HANAIITyBaHb diTHEC-
byHKIIT
5 Gradient method “7,0,0’ init 17432.9
6 Zeingler-Nichols method 1 step k_crit 166038
7 Zeingler-Nichols method 0.1 step k_crit 395448
Zeingler-Nichols method ‘x0.5 and x2°+°x0.33 and x3’ at
’ ‘0.5 step k_crit’ to avrg pass 7.14284e+06
9 Gradient method ‘5,0,0’ init 5.63513e+11
10 Gradient method “1,0,0’ init 7.06777e+11
Gradient method with init by the Zeingler-Nichols
! method 1 step k_krit 1.02779e+12
12 Generative method mutationable #1 1.07954e+12
13 Generative method mutationable #2 1.0857e+12
14 Generative method mutationable #4 1.09695e+12
15 Generative method non mutationable a lot #1 1.09814e+12
Gradient method with init by the Zeingler-Nichols
o method 0.1 step k_krit 1.09879¢+12
Gradient method with init by the Zeingler-Nichols
v method 0.5 step k_krit 1.15468e+12
18 Generative method non mutationable a lot #5 1.1689¢e+12
19 Generative method non mutationable a lot #4 1.33388e+12
20 Generative method mutationable #5 1.5439¢e+12
21 Gradient method ‘2,0,0’ init 4.18962¢e+14

JIBOX pi3HMX HE3MIHHMX CHTHAJIIB 3aBAaHHS HE JI1 KOTPUX IMPOBOIUIOCS

HaJIaITYBaHHA Ta CCPCAHE 3HAYCHHA MDK HAMU.

— 360 cexynp nepiie 3HadeHHs (quB. Tabm. 3.5);
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Tabmuns 3.5 — Ouinka npu r(t)=const, t,=360 c, HanamroBano s 0.4r(1)=20

3HaYeHHA
PetiTunr [IeBHMI BUTIAIOK HANAIITYBAaHb
dbitHec-pyHKIIi
1 Generative method mutationable #3 78484.9
2 Gradient method “10,0,0’ init 97479.7
3 Generative method non mutationable a lot #2 99333.1
4 Generative method non mutationable a lot #3 114749
5 Gradient method ‘7,0,0’ init 150177
6 Zeingler-Nichols method 1 step k_crit 236840
7 Zeingler-Nichols method 0.1 step k_crit 431264
Zeingler-Nichols method ‘x0.5 and x2°+’x0.33 and x3°
° at ‘0.5 step k_crit’ to avrg pass 6.6484¢+06
9 Gradient method ‘5,0,0 init 1.85535e+10
10 Gradient method “1,0,0’ init 2.46394e+10
" Gradient method with init by the Zeingler-Nichols
method 1 step k_krit 3.36734e+10
Gradient method with init by the Zeingler-Nichols
12 method 0.5 step k_krit 3.97422e+10
Gradient method with init by the Zeingler-Nichols
b method 0.1 step k_krit 4.15997e+10
14 Generative method mutationable #4 4.17452e+10
15 Generative method non mutationable a lot #1 4.18692e+10
16 Generative method mutationable #2 4.42951e+10
17 Generative method non mutationable a lot #5 4.68945e+10
18 Generative method mutationable #5 5.02991e+10
19 Generative method mutationable #1 5.63382¢+10
20 Generative method non mutationable a lot #4 6.13424e+10
21 Gradient method ‘2,0,0° init 6.18729¢+12




— 360 cexynn apyre 3HadueHHs1 (auB. TaOm. 3.6);
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Tabmuis 3.6 — Oninka npu r(t) =const, t,=360 c, HamamroBano s 0.2r(1)=20

3HauCHHS
Pevitunr IIeBHMI BUIIAJIOK HAJAIITYBaHb ¢iTHEC-
byHKIIT
1 Gradient method “10,0,0’ init 457724
2 Zeingler-Nichols method 1 step k_crit 666458
3 Gradient method 7,0,0’ init 889542
4 Generative method non mutationable a lot #3 1.00809¢+06
5 Zeingler-Nichols method 0.1 step k_crit 1.03424e+06
Zeingler-Nichols method ‘x0.5 and x2°+°x0.33 and x3’ at
° ‘0.5 step k_crit’ to avrg pass 6.65399e+06
7 Gradient method °5,0,0° init 1.39424e+11
8 Generative method mutationable #3 1.4784e+11
9 Generative method non mutationable a lot #2 1.52826e+11
10 Gradient method “1,0,0’ init 1.65548e+11
11 Generative method mutationable #4 2.15131e+11
Gradient method with init by the Zeingler-Nichols
2 method 1 step k_krit 2.23251e+11
13 Generative method mutationable #1 2.2651e+11
Gradient method with init by the Zeingler-Nichols
14 method 0.1 step k_krit 2.30718e+11
15 Generative method non mutationable a lot #1 2.3131et+11
Gradient method with init by the Zeingler-Nichols
o method 0.5 step k_krit 2.31708e+11
17 Generative method mutationable #2 2.57062e+11
18 Generative method non mutationable a lot #4 2.76725e+11
19 Generative method non mutationable a lot #5 2.7848e+11
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3HaYeHHA
Peiitunr [leBHMI1 BUNIAAOK HANAIITYyBaHb diTHEC-
byHKIIT
20 Generative method mutationable #5 3.19554e+11
21 Gradient method ‘2,0,0° init 5.14633¢+13

— 720 cexyHp niepiie 3HadeHHs (auB. Ta0m. 3.7);

Tabmuns 3.7 — Ouinka nipu r(t)=const, t,=720 ¢, HanamroBano s 0.4r(t)=20

3HaYEHHs
Pevitunr [IeBHMI1 BUTIAJOK HaJAIITyBaHb ¢iTHEC-
byHKIIii

| Generative method mutationable #3 78484.9
2 Gradient method ‘10,0,0’ init 97479.7
3 Generative method non mutationable a lot #2 99333.1
4 Generative method non mutationable a lot #3 114749
5 Gradient method ‘7,0,0 init 150177
6 Zeingler-Nichols method 1 step k_crit 236840
7 Zeingler-Nichols method 0.1 step k_crit 431264

Zeingler-Nichols method ‘x0.5 and x2°+°x0.33 and x3’ at
° ‘0.5 step k_crit’ to avrg pass 6.64835e+06
9 Gradient method “5,0,0° init 1.16601e+11
10 Gradient method “1,0,0’ init 1.53557e+11
11 Generative method mutationable #4 1.93005¢e+11
12 Generative method mutationable #2 2.00711e+11
3 Gradient method with init by the Zeingler-Nichols

method 1 step k_krit 2.20806e+11
14 Generative method non mutationable a lot #5 2.4108e+11
15 Generative method mutationable #1 2.41898e+11




58

3Ha4YCHHS
Peiitunr [leBHMI1 BUIIAAOK HANAIITyBaHb diTHEC-
byHKIIT
Gradient method with init by the Zeingler-Nichols
o method 0.5 step k_krit 2.62017e+11
17 Generative method mutationable #5 2.63236e+11
18 Generative method non mutationable a lot #1 2.69486e+11
Gradient method with init by the Zeingler-Nichols
P method 0.1 step k_krit 2.69576e+11
20 Generative method non mutationable a lot #4 2.73378e+11
21 Gradient method 2,0,0’ init 5.14109e+13

— 720 cexyHnp apyre 3HaueHHs (auB. TaOm. 3.8);

Tabmuus 3.8. — Ouinka npu r(t)=const, t,=720 ¢, HanamroBano s 0.2r(t)=20

3HauCHHS
Peiitunr [leBHMI1 BUNIAJOK HANAIITYyBaHb diTHeC-
byHKIIIT
1 Gradient method “10,0,0’ init 457724
2 Zeingler-Nichols method 1 step k_crit 666458
3 Gradient method ¢7,0,0° init 889542
4 Generative method non mutationable a lot #3 1.00809¢+06
5 Zeingler-Nichols method 0.1 step k_crit 1.03424e+06
Zeingler-Nichols method ‘x0.5 and x2°+’x0.33 and x3’ at
° ‘0.5 step k_crit’ to avrg pass 6.65399¢+06
7 Gradient method 5,0,0’ init 1.39424e+11
8 Generative method mutationable #3 1.4784e+11
9 Generative method non mutationable a lot #2 1.52826e+11
10 Gradient method “1,0,0’ init 1.65548e+11
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3Ha4YCHHS
Peiitunr [leBHMI1 BUNIAJOK HANAIITyBaHb diTHEC-
byHKIIT
11 Generative method mutationable #4 2.15131e+11
Gradient method with init by the Zeingler-Nichols
2 method 1 step k_krit 2.23251e+11
13 Generative method mutationable #1 2.2651e+11
Gradient method with init by the Zeingler-Nichols
14 method 0.1 step k_krit 2.30718e+11
15 Generative method non mutationable a lot #1 2.3131et11
Gradient method with init by the Zeingler-Nichols
o method 0.5 step k_krit 2.31708e+11
17 Generative method mutationable #2 2.57062e+11
18 Generative method non mutationable a lot #4 2.76725e+11
19 Generative method non mutationable a lot #5 2.7848e+11
20 Generative method mutationable #5 3.19554e+11
21 Gradient method ‘2,0,0’ init 5.14633e+13

— 1140 cexynn nepie 3Ha4eHHs (AuB. Tadi. 3.9);

Tabmuus 3.9 — Ouinka 1ipu r(t)=const, t,=1140 c, nanamroBano s 0.4r(1)=20

3HaYCHHS
Pelitunr [leBHUI BUNIQJOK HAJAIITYBAHb ¢iTHEC-
byHKIIii
1 Generative method mutationable #3 78484.9
2 Gradient method “10,0,0’ init 97479.7
3 Generative method non mutationable a lot #2 99333.1
4 Generative method non mutationable a lot #3 114749
5 Gradient method “7,0,0° init 150177
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3Ha4YCHHS
Peiitunr [leBHMI1 BUIIAAOK HANAIITyBaHb diTHEC-
byHKIIT
6 Zeingler-Nichols method 1 step k_crit 236840
7 Zeingler-Nichols method 0.1 step k_crit 431264
Zeingler-Nichols method ‘x0.5 and x2°+’x0.33 and x3’ at
s ‘0.5 step k_crit’ to avrg pass 6.64835e+06
9 Gradient method “5,0,0° init 6.19321e+11
10 Gradient method “1,0,0’ init 6.98053e+11
11 Generative method mutationable #4 9.22533e+11
12 Generative method mutationable #1 1.10969¢+12
13 Generative method mutationable #2 1.13962e+12
14 Generative method non mutationable a lot #5 1.15072e+12
Gradient method with init by the Zeingler-Nichols
b method 1 step k_krit 1.22879¢e+12
16 Generative method non mutationable a lot #4 1.26875e+12
17 Generative method non mutationable a lot #1 1.29641e+12
Gradient method with init by the Zeingler-Nichols
' method 0.1 step k_krit 1.30006e+12
19 Generative method mutationable #5 1.3005e+12
- Gradient method with init by the Zeingler-Nichols
method 0.5 step k_krit 1.31868e+12
21 Gradient method “2,0,0’ init 4.19089¢+14

— 1140 cexynn nepie apyre 3Ha4eHHs (auB. Tadu. 3.10);
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Tabmuns 3.10 — Ouinka npu r(t) =const, t,=1140 ¢, nanamroBano s 0.2r(1)=20

3HauCHHS
Peiitunr [leBHMI1 BUIIAAOK HANAIITYBaHb ¢iTHEC-
byHKIIii
1 Gradient method “10,0,0’ init 457724
2 Zeingler-Nichols method 1 step k_crit 666458
3 Gradient method ¢7,0,0’ init 889542
4 Generative method non mutationable a lot #3 1.00809¢+06
5 Zeingler-Nichols method 0.1 step k_crit 1.03424e+06
Zeingler-Nichols method ‘x0.5 and x2°+’x0.33 and x3’ at
° ‘0.5 step k_crit’ to avrg pass 6.65399¢+06
7 Gradient method “5,0,0’ init 7.15194¢+11
8 Gradient method “1,0,0’ init 7.2562e+11
9 Generative method mutationable #3 8.03985e+11
10 Generative method mutationable #4 9.59222e+11
11 Generative method non mutationable a lot #2 9.97941e+11
Gradient method with init by the Zeingler-Nichols
2 method 1 step k_krit 1.0588e+12
13 Generative method mutationable #1 1.09009¢e+12
14 Generative method non mutationable a lot #1 1.09998e+12
15 Generative method mutationable #2 1.1001e+12
Gradient method with init by the Zeingler-Nichols
o method 0.1 step k_krit 1.10489e+12
Gradient method with init by the Zeingler-Nichols
v method 0.5 step k_krit 1.13114e+12
18 Generative method non mutationable a lot #4 1.32819¢e+12
19 Generative method non mutationable a lot #5 1.368e+12
20 Generative method mutationable #5 1.47221e+12
21 Gradient method ‘2,0,0’ init 4.19301e+14
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3MIHHUN CUTHal 31 3HAYEHHSIMU 3aBIaHHS HE i1 KOTpHX BimOyBaiocs

HaJIaIITYBaHH:A

— 360 CEKyH]T (I[I/IB. TalJI. 311),

Tabmums 3.11 — Ouinka nipu 7(t)#const, t,=360 ¢, HagamTOoBaHO I 3HaYeHHS 20

3HauYCHHS
Pevitunr IleBHuI BUIIaOK HAJIAIITYBaHb ¢iTHEC-
byHKIIT
1 Generative method mutationable #3 390011
2 Generative method non mutationable a lot #2 464792
3 Gradient method “10,0,0’ init 493856
4 Generative method non mutationable a lot #3 578055
5 Gradient method ¢7,0,0’ init 765018
6 Zeingler-Nichols method 1 step k_crit 808379
7 Zeingler-Nichols method 0.1 step k_crit 1.2953e+06
Zeingler-Nichols method ‘x0.5 and x2°+’x0.33 and x3’ at
s ‘0.5 step k_crit’ to avrg pass 9.6949¢+06
9 Gradient method “5,0,0’ init 1.78783¢e+10
10 Gradient method “1,0,0° init 2.35183e+10
Gradient method with init by the Zeingler-Nichols
! method 1 step k_krit 3.37411e+10
. Gradient method with init by the Zeingler-Nichols
method 0.5 step k_krit 3.99902e+10
Gradient method with init by the Zeingler-Nichols
b method 0.1 step k_krit 4.11928e+10
14 Generative method non mutationable a lot #1 4.13851e+10
15 Generative method mutationable #4 4.171e+10
16 Generative method mutationable #2 4.38918e+10
17 Generative method non mutationable a lot #5 4.60766e+10
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3Ha4YCHHS
Peiitunr [leBHMI1 BUIIAAOK HANAIITyBaHb diTHEC-
byHKIIT
18 Generative method mutationable #5 5.11235e+10
19 Generative method mutationable #1 5.55545e+10
20 Generative method non mutationable a lot #4 6.07955e+10
21 Gradient method 2,0,0° init 6.19856¢e+12

— 720 cexynp (nuB. Tabm. 3.12);

Tabmums 3.12 — Ouieka npw r(t)#const, t,=720 ¢, HajgamToBaHO 1 3HaYeHHs 20

3Ha4YCHHS
Pelitunr IleBHuI BUIIaOK HAJIAIITYBaHb ¢iTHeC-
byHKIIT
| Generative method mutationable #3 389988
2 Generative method non mutationable a lot #2 464403
3 Gradient method “10,0,0’ init 498065
4 Generative method non mutationable a lot #3 582379
5 Gradient method ‘7,0,0’ init 804565
6 Zeingler-Nichols method 1 step k_crit 820910
7 Zeingler-Nichols method 0.1 step k_crit 1.45637e+06
Zeingler-Nichols method ‘x0.5 and x2°+°x0.33 and x3’ at
s ‘0.5 step k_crit’ to avrg pass 7.92699e+06
9 Gradient method “5,0,0’ init 1.18716e+11
10 Gradient method “1,0,0 init 1.53943e+11
11 Generative method mutationable #4 1.92876e+11
12 Generative method mutationable #2 2.010Ie+11
3 Gradient method with init by the Zeingler-Nichols

method 1 step k_krit

2.21875e+11




64

3Ha4YCHHS
Peiitunr [leBHMI1 BUIIAAOK HANAIITyBaHb diTHEC-
byHKIIT
14 Generative method non mutationable a lot #5 2.40556e+11
15 Generative method mutationable #1 2.4117e+11
6 Gradient method with init by the Zeingler-Nichols
method 0.5 step k_krit 2.63259e+11
17 Generative method mutationable #5 2.64126e+11
18 Generative method non mutationable a lot #1 2.70369¢e+11
9 Gradient method with init by the Zeingler-Nichols
method 0.1 step k_krit 2.70442¢e+11
20 Generative method non mutationable a lot #4 2.72099e+11
21 Gradient method 2,0,0’ init 5.14572e+13

— 1140 cexynn (auB. Tabm. 3.13);

Tabmuus 3.13 — Ouinka npu r(t)#const, t,=1140 c, HanamToBaHo aJs 3Ha4eHHs 20

3Ha4YCHHS
Pelitunr IleBHuUI BUIIaOK HAJIAIITYBaHb ¢iTHeC-
byHKIIT
| Generative method mutationable #3 389988
2 Generative method non mutationable a lot #2 464403
3 Gradient method “10,0,0’ init 498073
4 Generative method non mutationable a lot #3 582366
5 Gradient method ‘7,0,0’ init 802003
6 Zeingler-Nichols method 1 step k_crit 820988
7 Zeingler-Nichols method 0.1 step k_crit 1.44995e+06
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3Ha4YCHHS
Peiitunr [leBHMI1 BUIIAAOK HANAIITyBaHb diTHEC-
byHKIIT
Zeingler-Nichols method ‘x0.5 and x2°+°x0.33 and x3’ at
s ‘0.5 step k_crit’ to avrg pass 8.21382e+06
9 Gradient method °5,0,0° init 6.17015e+11
10 Gradient method “1,0,0’ init 6.98871et11
11 Generative method mutationable #4 9.19363e+11
12 Generative method mutationable #1 1.11513e+12
13 Generative method mutationable #2 1.13719e+12
14 Generative method non mutationable a lot #5 1.14763e+12
Gradient method with init by the Zeingler-Nichols
P method 1 step k_krit 1.22927e+12
16 Generative method non mutationable a lot #4 1.27492e+12
17 Generative method non mutationable a lot #1 1.29049¢e+12
3 Gradient method with init by the Zeingler-Nichols
method 0.1 step k_krit 1.29464e+12
19 Generative method mutationable #5 1.30054e+12
Gradient method with init by the Zeingler-Nichols
20 method 0.5 step k_krit 1.31692e+12
21 Gradient method 2,0,0’ init 4.19276e+14

3.2.3 AHAJIOTIYHI peiTUHIM BKe 3i 3MIHHMM HABaHTaKEHHAM Ha

CUCTEMY

3a YMOBaMu HE3MIHHOTO CUTrHally 3aBAaHHA [JII KOTPOTO TIIPOBOAWUIINCA

HAJIaIITYBAHHA:

— 360 cexynp (nuB. Tabmn. 3.14);
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Tabmuus 3.14 — OuiHka npu r(t) =const, M(w)#const, t,=360 ¢, HaTaIMTOBAHO JJIs

r(t)=20
3HauCHHS
Peiitunr [leBHuit BUNIa0K HAJAIITyBaHb diTHeC-
byHKIii
1 Generative method mutationable #3 7933.8
2 Generative method non mutationable a lot #3 12125.3
3 Generative method non mutationable a lot #2 12462.2
4 Gradient method ‘10,0,0’ init 14415.8
5 Gradient method 7,0,0’ init 17432.9
6 Zeingler-Nichols method 1 step k_crit 166038
7 Zeingler-Nichols method 0.1 step k_crit 395448
Zeingler-Nichols method ‘x0.5 and x2°+°x0.33 and x3’ at
° ‘0.5 step k_crit’ to avrg pass 7.14289¢+06
9 Gradient method °5,0,0’ init 5.9584e+09
10 Gradient method “1,0,0 init 1.803e+10
11 Generative method non mutationable a lot #1 3.57176e+10
12 Generative method non mutationable a lot #4 3.86145e+10
13 Generative method mutationable #4 3.88705e+10
Gradient method with init by the Zeingler-Nichols
4 method 1 step k_krit 3.92763e+10
s Gradient method with init by the Zeingler-Nichols
method 0.1 step k_krit 4.18367e+10
16 Generative method mutationable #2 4.50287e+10
Gradient method with init by the Zeingler-Nichols
v method 0.5 step k_krit 4.98165e+10
18 Generative method mutationable #1 5.31742e+10
19 Generative method non mutationable a lot #5 5.38634e+10
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3HaYeHHA
Peiitunr [leBHMI1 BUIIAAOK HANAIITyBaHb diTHEC-
byHKIIT
20 Generative method mutationable #5 6.63403e+10
21 Gradient method ‘2,0,0° init 6.17963¢e+12

— 720 cexynn (muB. Ta0m. 3.15);

Tabmuns 3.15 — Ouinka nipu 7(¢) =const, M(w)#const, t,=720 ¢, HaTAMITOBAHO JJIs
r(t)=20

3HaYEHHs
Peiitunr [leBHuit BUNIQJ0K HAJAIITYBaHb diTHeC-
byHKIii
1 Gradient method ‘10,0,0’ init 4745.66
2 Gradient method ¢7,0,0’ init 5726.89
3 Generative method mutationable #3 6380.64
4 Gradient method “5,0,0’ init 7411.42
5 Generative method non mutationable a lot #3 8551.93
6 Generative method mutationable #2 10548.9
7 Generative method non mutationable a lot #2 11346.3
8 Generative method mutationable #1 11699.1
Gradient method with init by the Zeingler-Nichols
’ method 0.5 step k_krit 18292.7
Gradient method with init by the Zeingler-Nichols
10 method 0.1 step k_krit 22057.6
11 Generative method non mutationable a lot #4 26549
12 Generative method non mutationable a lot #1 27236.2
13 Generative method mutationable #4 29190
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3Ha4YCHHS
Peiitunr [leBHMI1 BUIIAAOK HANAIITyBaHb diTHEC-
byHKIIT
Gradient method with init by the Zeingler-Nichols
4 method 1 step k_krit 30417.2
15 Gradient method “1,0,0’ init 39805.4
16 Zeingler-Nichols method 1 step k_crit 67629
17 Zeingler-Nichols method 0.1 step k_crit 98415.7
Zeingler-Nichols method ‘x0.5 and x2°+’x0.33 and x3’ at
® ‘0.5 step k_crit’ to avrg pass 1.08994e+06
19 Generative method non mutationable a lot #5 9.08211e+07
20 Generative method mutationable #5 6.27809¢+08
21 Gradient method 2,0,0’ init 6.2676e+11

I[BOX piBHI/IX HE3MIHHHMX CHTHaJIB 3aBJaHHA HC JII KOTPpUX HPOBOJAHIIOCH

HaJIaITYBaHHA Ta CCPCAHE 3HAYCHHA MK HUMU.

— 360 cexynp nepiie 3HaueHHs (auB. Ta0m. 3.16);

Tabmums 3.16 — Oniaka npwu r(t) =const, M(w)#const, t,=360 ¢, HaTaIMITOBAHO IS

0.4r(1)=20
3HaYCHHS
Pelitunr IleBHUMI BUITaJOK HAJAIITYBAHb ¢iTHEC-
byHKIIIi
1 Generative method mutationable #3 78484.9
2 Gradient method “10,0,0’ init 97479.7
3 Generative method non mutationable a lot #2 99333.1
4 Generative method non mutationable a lot #3 114749
5 Gradient method ‘7,0,0 init 150177
6 Zeingler-Nichols method 1 step k_crit 236840
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3Ha4YCHHS
Peiitunr [leBHMI1 BUIIAAOK HANAIITyBaHb diTHEC-
byHKIIT
7 Zeingler-Nichols method 0.1 step k_crit 431264
Zeingler-Nichols method ‘x0.5 and x2°+°x0.33 and x3’ at
° ‘0.5 step k_crit’ to avrg pass 6.6484¢+06
9 Gradient method ‘5,0,0 init 1.85535e+10
10 Gradient method “1,0,0’ init 2.46394¢e+10
Gradient method with init by the Zeingler-Nichols
! method 1 step k_krit 3.36734e+10
Gradient method with init by the Zeingler-Nichols
2 method 0.5 step k_krit 3.97422e+10
3 Gradient method with init by the Zeingler-Nichols
method 0.1 step k_krit 4.15997e+10
14 Generative method mutationable #4 4.17452e+10
15 Generative method non mutationable a lot #1 4.18692¢+10
16 Generative method mutationable #2 4.42951e+10
17 Generative method non mutationable a lot #5 4.68945¢e+10
18 Generative method mutationable #5 5.02991e+10
19 Generative method mutationable #1 5.63382e+10
20 Generative method non mutationable a lot #4 6.13424¢+10
21 Gradient method ‘2,0,0’ init 6.18729e+12

— 720 cexyHp nepiie 3HaueHHs (auB. Ta0m. 3.17);
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Tabmuus 3.17 — Omuinka npu r(t)=const, M(w)#const, t,=720 c, HAIAIITOBAHO JIs

0.4r(1)=20
3HauCHHS
Peittunr [leBHMI BUIIAAOK HaNAlITyBaHb diTHEC-
byHKIii

1 Gradient method “10,0,0’ init 46803.5

2 Gradient method ¢7,0,0’ init 50753.1

3 Generative method non mutationable a lot #3 59759.2

4 Gradient method °5,0,0’ init 62885.8

5 Generative method mutationable #3 65995

6 Generative method non mutationable a lot #2 79743.6

7 Generative method mutationable #2 117546

8 Generative method mutationable #1 157813
Gradient method with init by the Zeingler-Nichols

’ method 0.5 step k_krit 175293

10 Generative method mutationable #4 182988

. Gradient method with init by the Zeingler-Nichols
method 0.1 step k_krit 183355
Gradient method with init by the Zeingler-Nichols

2 method 1 step k_krit 195203

13 Generative method non mutationable a lot #1 204994

14 Gradient method “1,0,0’ init 209921

15 Zeingler-Nichols method 1 step k_crit 284819

16 Generative method non mutationable a lot #4 320986

17 Zeingler-Nichols method 0.1 step k_crit 374239
Zeingler-Nichols method ‘x0.5 and x2°+°x0.33 and x3’ at

® ‘0.5 step k_crit’ to avrg pass 1.85982e+06

19 Generative method non mutationable a lot #5 1.0386e+08

20 Generative method mutationable #5 6.63794e+08

21 Gradient method ‘2,0,0’ init 6.30257e+11
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Tabmums 3.18 — Oninka npwu r(t) =const, M(w)#const, t,=360 ¢, HaTaIMITOBAHO IJISI

0.2r(1)=20
3HaYCHHS
Peiitunr [leBHuit BUNIQOK HaJAIITyBaHb ditHeC-
byHKIIIi
1 Gradient method “10,0,0’ init 457724
2 Zeingler-Nichols method 1 step k_crit 666458
3 Gradient method 7,0,0’ init 889542
4 Generative method non mutationable a lot #3 1.00809e+06
5 Zeingler-Nichols method 0.1 step k_crit 1.03424e+06
Zeingler-Nichols method ‘x0.5 and x2°+°x0.33 and x3’ at
° ‘0.5 step k_crit’ to avrg pass 6.65404e+06
7 Generative method mutationable #3 2.04577e+10
8 Gradient method “5,0,0’ init 2.26438e+10
9 Gradient method “1,0,0 init 2.59467e+10
10 Generative method non mutationable a lot #2 3.20344e+10
11 Generative method mutationable #2 3.84074e+10
12 Generative method non mutationable a lot #1 4.61027e+10
13 Generative method non mutationable a lot #5 4.62812e+10
Gradient method with init by the Zeingler-Nichols
4 method 0.1 step k_krit 4.67316e+10
Gradient method with init by the Zeingler-Nichols
b method 0.5 step k_krit 4.90011e+10
16 Generative method mutationable #4 4.99198e+10
17 Generative method mutationable #1 5.03485e+10
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3Ha4YCHHS
Peiitunr [leBHMI1 BUIIAAOK HANAIITyBaHb diTHEC-
byHKIIT
Gradient method with init by the Zeingler-Nichols

' method 1 step k_krit 5.15883e+10
19 Generative method non mutationable a lot #4 5.73611e+10
20 Generative method mutationable #5 6.92311e+10
21 Gradient method 2,0,0° init 6.20007e+12

— 720 cexynn npyre 3HadeHHs (quB. TaOm. 3.19);

Tabmums 3.19 — Oniaka npwu r(t) =const, M(w)#const, t,=720 ¢, HaTAIITOBAHO JIsI

0.2r(1)=20
3HaYCHHS
Pelitunr IleBHUMI BUITQJOK HAJAIITYBAHb ¢iTHEC-
byHKIIIi
1 Gradient method ‘10,0,0’ init 316008
2 Gradient method ¢7,0,0’ init 362191
3 Generative method non mutationable a lot #3 460112
4 Gradient method “5,0,0° init 467443
5 Generative method mutationable #3 482973
6 Generative method non mutationable a lot #2 615544
7 Gradient method ‘1,0,0’ init 836975
8 Generative method mutationable #4 881995
9 Generative method mutationable #2 933833
10 Zeingler-Nichols method 1 step k_crit 1.07774e+06
Gradient method with init by the Zeingler-Nichols
! method 1 step k_krit 1.21753e+06
12 Zeingler-Nichols method 0.1 step k_crit 1.38498e+06
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3Ha4YCHHS
Peiitunr [leBHMI1 BUIIAAOK HANAIITyBaHb diTHEC-
byHKIIT
13 Generative method mutationable #1 1.57439e+06
Gradient method with init by the Zeingler-Nichols
14 method 0.1 step k_krit 1.94974e+06
15 Generative method non mutationable a lot #1 2.03124e+06
Gradient method with init by the Zeingler-Nichols
o method 0.5 step k_krit 2.06661e+06
Zeingler-Nichols method ‘x0.5 and x2°+°x0.33 and x3’ at
v ‘0.5 step k_crit’ to avrg pass 4.69737e+06
18 Generative method non mutationable a lot #4 3.55451e+07
19 Generative method non mutationable a lot #5 1.31872e+08
20 Generative method mutationable #5 6.81605¢+08
21 Gradient method 2,0,0’ init 6.36114e+11

3MIHHUN CUTHaJI 31 3HAYEHHSIMU 3aBIaHHS HE i1 KOTpHX BimOyBaiocs

HaJIalITYBaHHA.

— 360 cexynn (xuB. Tabm. 3.20);

Tabmuns 3.20 — Ouinka npu r(t)#const, M(w)#const, t,=360 ¢, HaJIAIITOBAHO JIJIs

3HaueHHs 20

3HaYCHHS
Pelitunr [leBHUI BUNIQJOK HAJAIITYBAHb ¢iTHEC-
byHKIIT
1 Generative method mutationable #3 390011
2 Generative method non mutationable a lot #2 464792
3 Gradient method “10,0,0’ init 493856
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3Ha4YCHHS
Peiitunr [leBHMI1 BUIIAAOK HANAIITyBaHb diTHEC-
byHKIIT
4 Generative method non mutationable a lot #3 578055
5 Gradient method “7,0,0° init 765018
6 Zeingler-Nichols method 1 step k_crit 808379
7 Zeingler-Nichols method 0.1 step k_crit 1.2953e+06
Zeingler-Nichols method ‘x0.5 and x2°+’x0.33 and x3’ at
s ‘0.5 step k_crit’ to avrg pass 9.6949¢+06
9 Gradient method ‘5,0,0’ init 1.78783e+10
10 Gradient method “1,0,0’ init 2.35183e+10
Gradient method with init by the Zeingler-Nichols
! method 1 step k_krit 3.37411e+10
. Gradient method with init by the Zeingler-Nichols
method 0.5 step k_krit 3.99902e+10
Gradient method with init by the Zeingler-Nichols
P method 0.1 step k_krit 4.11928e+10
14 Generative method non mutationable a lot #1 4.13851e+10
15 Generative method mutationable #4 4.171e+10
16 Generative method mutationable #2 4.38918e+10
17 Generative method non mutationable a lot #5 4.60766e+10
18 Generative method mutationable #5 5.11235e+10
19 Generative method mutationable #1 5.55545e+10
20 Generative method non mutationable a lot #4 6.07955e+10
21 Gradient method “2,0,0’ init 6.19856e+12

— 720 cexynp (nuB. Tabmn. 3.21).
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Tabmuus 3.21 — Ouinka nipu r(t)#const, M(w)#const, t,=720 ¢, HaIaITOBAHO IJIs
3HaueHHS 20

3HauCHHS
Peittunr [leBHMI BUIIAAOK HaNAlITyBaHb diTHEC-
byHKIii
1 Generative method mutationable #3 389988
2 Generative method non mutationable a lot #2 464403
3 Gradient method ‘10,0,0’ init 498065
4 Generative method non mutationable a lot #3 582379
5 Gradient method ‘7,0,0’ init 804565
6 Zeingler-Nichols method 1 step k_crit 820910
7 Zeingler-Nichols method 0.1 step k_crit 1.45637e+06
Zeingler-Nichols method ‘x0.5 and x2°+°x0.33 and x3’ at
’ ‘0.5 step k_crit’ to avrg pass 7.92699¢+06
9 Gradient method ‘5,0,0’ init 1.18716e+11
10 Gradient method “1,0,0’ init 1.53943e+11
11 Generative method mutationable #4 1.92876e+11
12 Generative method mutationable #2 2.0101et+11
Gradient method with init by the Zeingler-Nichols
P method 1 step k_krit 2.21875e+11
14 Generative method non mutationable a lot #5 2.40556e+11
15 Generative method mutationable #1 2.4117e+11
Gradient method with init by the Zeingler-Nichols
o method 0.5 step k_krit 2.63259%e+11
17 Generative method mutationable #5 2.64126e+11
18 Generative method non mutationable a lot #1 2.70369¢e+11
Gradient method with init by the Zeingler-Nichols
v method 0.1 step k_krit 2.70442e+11
20 Generative method non mutationable a lot #4 2.72099¢e+11
21 Gradient method ‘2,0,0’ init 5.14572e+13
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3.2.4 Cra0ijJibHiCTh HAJAIUTYBAHb SIK Pi3HULSA 3HA4YeHb (piTHec-
(pyHKUIA Mi2K HAA0OBIIMM IPOMI’KKOM 4aCy BUMIPIOBAHb Ta APYTUM

3a TPUBAJIICTIO POMIiKKOM 4Yacy

CTabuIBHICTD OI_[iHIOBaTI/IMeMO 3a IBOMa BHUIIaAKaMH CKCHCpI/IMCHTiB TaKUMH

SK:
— 3a YMOB HE3MIHHOTO CHUTHAJy 3aBJaHHS JIi KOTPOTO MPOBOIWIUCS
HaJIAITyBaHHS;
— 3 TOCTIMHMM HAaBaHTAXCHHSIM Ha CHUCTeMY 3MIHHMA CHUTHal 31
3HAYEHHSMH 3aBIaHHsS HE JJIsI KOTPHUX Bi0OyBajoCs HANAIITYBaHHS;
— 31 B3MIHHAM HaBaHTaXEHHSM Ha CHUCTEMY 3MIHHUH CHUTHal 3i
3HAYCHHSIMU 3aBJaHHS HE JUIsl KOTPUX BiIOYBalIOCS HANAIITYBaHHS.
CTabUTBbHICTh PETYTIOBAaHHS PO3PaxXOBYBAaTUMETHCS HACTYITHUM YWHOM (UB.
Bupas 3.1):

fi(t2) - fi(t1) = & (r(6) — w(®))® — Xg' (r(e) — u(t))? 3.1

, neX.52(r(t) — u(t))? BenMuMHA BiXUIEHHS POTATOM YCHOTO HaCy;

YEL(r(t) — u(t))? BenMuMHA BiAXHMIEHHA NPOTATOM MOJOBMHM Bifl dacy
MOTIEPETHHOTO BUIAJIKY, IPOTATOM 4Yacy KOJU PeryJbOoBaHa BEJIUYWHA 3 HYJIOBOTO
3HAYCHHsI BUXOAUTH HA 3aBIaHUN PiBEHB;

A iX pi3HUIII JOPIBHIOE BEIMYMHI BIIXWJICHHS KOJHM BXKE MEPEXiqHI NMpoIecu
3aBEPIIIINCS, TICIIA TOJOBUHH YChOTO MPOMDKKY Yacy Ta BpPaxOBYy€ BOHA JIUIIIE
OCTaHHIO YaCTHHY, J€ BUKOHYETHCS MATPUMKA IMEBHOTO 3aJaHOTO 3HAYCHHS W YUM
Kpartie 1e BiI0yBa€eThCsl TUM HIDKYE Oy/ie 1€ 3HAUCHHS.

He3minnuii curHayn 3aBoaHHs AJii KOTPOTO TPOBOIMIIMCS HaJIAIITyBaHHS

(muB. Tabm. 3.22):
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Pi3uanis
Pelitunr IleBHMI BUIIaJOK HAJAIITYBAaHb 3HauEeHIb
dbitHec-pyHKI
1 Generative method mutationable #3 0,00
2 Generative method non mutationable a lot #3 0,00
3 Generative method non mutationable a lot #2 0,00
4 Gradient method “10,0,0’ init 0,00
5 Gradient method ¢7,0,0’ init 0,00
6 Zeingler-Nichols method 1 step k_crit 0,00
7 Zeingler-Nichols method 0.1 step k_crit 0,00
Zeingler-Nichols method ‘x0.5 and x2°+°x0.33 and
° x3’at ‘0.5 step k_crit’ to avrg pass 0,00
9 Gradient method °5,0,0° init 4,73099E+11
10 Gradient method “1,0,0’ init 5,61922E+11
11 Generative method non mutationable a lot #1 8,30663E+11
12 Generative method mutationable #2 8,33753E+11
Gradient method with init by the Zeingler-Nichols
b method 1 step k_krit 8,40693E+11
14 Generative method mutationable #1 8,48259E+11
s Gradient method with init by the Zeingler-Nichols
method 0.1 step k_krit 8,92526E+11
6 Gradient method with init by the Zeingler-Nichols
method 0.5 step k_krit 9,09264E+11
17 Generative method mutationable #4 9,17823E+11
18 Generative method non mutationable a lot #5 9,25918E+11
19 Generative method non mutationable a lot #4 1,07521E+12
20 Generative method mutationable #5 1,22322E+12
21 Gradient method ‘2,0,0’ init 3,67583E+14
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3MIHHUN CHUTHaN 31 3HAYEHHSMH 3aBJaHHS HE MJIsi KOTPUX BinOyBaiocs

HAJIAIITYBaHHS 3 MOCTIMHUM HABAHTAXEHHSIM Ha CHCTEMY (JI€SKl PI3HHUII BUNIIIU

B1JI’€EMHUMH, 110 TOSICHIOETHCS BIPOTIAHOIO MOXMOKOIO PO3paxyHKIB OCOOIMBO 3a

YMOBH, 10 KOXKHI TMOKa3aHHS 1€ HE3aJeKHl OJHE BiJ OJHOIO MYCKU 1 3aMiCTh

BiJl’€MHHUX PE3Y/bTATIB OyAeMO iX CIPUUHATH MPSAMYIOUUMH J10 HYILOBUX 3HAYEHB )

(muB. Tabm. 3.23).

Tabmuus 3.23 — Pi3nung 3HaueHp ¢itHec QyHKIIA MK myckamu Tabmn. 3.13 ta

3.11.
Pi3Huns 3HaueHb
Pelitunr | [leBHMIT BUNIQAOK HANAIITYBaHb
dbiTHEC-PyHKIIIT
| Zeingler-Nichols method 0.1 step k_crit -6420
2 Gradient method 7,0,0° init -2562
3 Generative method non mutationable a lot #3 -13
4 Gradient method “10,0,0’ init 8
5 Generative method mutationable #3 0
6 Generative method non mutationable a lot #2 0
7 Zeingler-Nichols method 1 step k_crit 78
Zeingler-Nichols method ‘x0.5 and x2°’+°x0.33 and
s x3’at ‘0.5 step k_crit’ to avrg pass 286830
9 Gradient method ‘5,0,0 init 4,98299E+11
10 Gradient method “1,0,0’ init 5,44928E+11
11 Generative method mutationable #4 7,26487E+11
12 Generative method mutationable #1 8,7396E+11
13 Generative method non mutationable a lot #5 9,07074E+11
14 Generative method mutationable #2 9,3618E+11
15 Generative method non mutationable a lot #4 1,00282E+12
y Gradient method with init by the Zeingler-Nichols

method 1 step k_krit

1,0074E+12
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Pizaung 3naueHn

Peittunr | [leBHMM BUNIAAOK HAIANITYBAHb
dbiTHEC-PyHKIIIT
17 Generative method non mutationable a lot #1 1,02012E+12
Gradient method with init by the Zeingler-Nichols
® method 0.1 step k_krit 1,0242E+12
19 Generative method mutationable #5 1,03641E+12
Gradient method with init by the Zeingler-Nichols
20 method 0.5 step k_krit 1,05366E+12
21 Gradient method ‘2,0,0’ init 3,67819E+14

3MIHHUM CHUTHaJ 31 3HAYCHHSIMHU 3aBIaHHA HE JJIsI KOTPUX BiAOyBasloCs

HaJIAIITYBaHHS 31 3MIHHUM HaBaHTaXEHHSIM Ha cuctemy (AuB. Tabn. 3.24).

Tabmuus 3.24 — Pi3auus 3HadeHb pitHec QyHKIN Mk myckamu Tadm. 3.20 ta 3.21

Pizauis
3HA4YEHIb
Peiitunr [IeBHMI1 BUIIAOK HaAIITyBaHb

diTHeC-
byHKIIT

| Zeingler-Nichols method ‘x0.5 and x2°+’x0.33 and x3° 1767910

at ‘0.5 step k_crit’ to avrg pass

2 Generative method non mutationable a lot #2 -389

3 Generative method mutationable #3 -23,00

4 Gradient method “10,0,0’ init 4209

5 Generative method non mutationable a lot #3 4324

6 Zeingler-Nichols method 1 step k_crit 12531

7 Gradient method ‘7,0,0’ init 39547

8 Zeingler-Nichols method 0.1 step k_crit 161070

9 Gradient method ‘5,0,0 init 1,0084E+11

10 Gradient method “1,0,0’ init 1,3042E+11
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P13umisg
3HAYCHIb
Peiitunr [IeBHMI1 BUIIAOK HaJAIITyBaHb
diTHeC-
byHKIIT
11 Generative method mutationable #4 1,5117E+11
12 Generative method mutationable #2 1,5712E+11
13 Generative method mutationable #1 1,8562E+11
Gradient method with init by the Zeingler-Nichols
14 1,8813E+11
method 1 step k_krit
15 Generative method non mutationable a lot #5 1,9448E+11
16 Generative method non mutationable a lot #4 2,113E+11
17 Generative method mutationable #5 2,13E+11
Gradient method with init by the Zeingler-Nichols
18 2,2327E+11
method 0.5 step k_krit
19 Generative method non mutationable a lot #1 2,2898E+11
Gradient method with init by the Zeingler-Nichols
20 2,2925E+11
method 0.1 step k_krit
21 Gradient method 2,0,0’ init 4,5259E+13

3.3 ExkoHoMiuHAa

AOCJiIKEHUX PeryJisiTopiB

eq)eKTI/IBHiCTI) BIIPOBA/GKCHHS KOKHOIo 3

3.3.1 3ap0BiJIbHI HAJTAIITYBAHHS 32 IIBUAKICTIO TA CTA0IJIBHICTIO

[IpoTsirom 3acToCyBaHHS yCIX MOKJIMBUX TUIIIB METPUK, 1110 3aCTOCOBYBaJIMCh

JUISlL YUCEJIPHOTO  OILHIOBAaHHS  €KCIEPUMEHTAJbHO OTPUMAHMX pE3yNIbTaTiB

HAJIANITYBaHb PI3HUMH QITOPUTMAMHU 3 PI3HUMH KOHPIryparisiMiu MOXHa 13

BIICBHEHICTIO 3asiBUTH oo MU Majld TICBHY HU3KY HaﬁKpaHlI/IX peBy.HBTaTiB

HaJIAIITYBaHb, IO B/l 1HIIUX BIAPI3HSUIMCH HA ICTOTHUH MOPSIIOK, Ta B YUCIIOBOMY

BUPaXXEHH1 METPUK CKJIAJAJI0 BIAHOIIEHHS OUIbIIE HDK Y TUCSYY B KOXKHIM METpPHIIL.
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HaBiTh fIKIIO MU CKIQIaTUMEMO pPi3HI CHHCKH 3a PI3HUMH TOKAa3HUKAMHU
TaKUMH SK:
— 3a MBUIKICTIO BUXOAY HA 3aJIaHy BEJIMUYHMHY PETYTIOBAHHS;
— 32 CTAOUIBHICTIO MIATPUMKHU 3a/1aHO1 BEJIMYMHY PEryIIOBAHHS MICIS BUXOIY
Ha Hel.
To Mu oTpuMy€eMO 3aBXIU OJUH U TOM )K€ CIIUCOK HAJIAIITYBaHb:

— IIBUAKICTh BUXOJY Ha BeMU4YWHY (AuB. Tabm. 3.25):

Tabmuug 3.25 — [lincyMku 3a yciMa METpUKaMH.

KuipkicTh 11€an1pHUX _
_ HaiimeHnyBaHHSI €KCTIIEPUMEHTIB B PE3YJbTaTI KOTPUX
3aCTOCYBaHb 3TiTHO
HaJIAIITyBaHHsl OyJli OTpUMaHi
METpUKaM
9 Zeingler-Nichols method 0.1 step k_crit
8 Gradient method ‘10,0,0’ init
8 Gradient method ¢7,0,0° init
8 Zeingler-Nichols method 1 step k_crit
8% Zeingler-Nichols method ‘x0.5 and x2°+°x0.33 and x3’ at
‘0.5 step k_crit’ to avrg pass
7 Generative method non mutationable a lot #3
6 Generative method mutationable #3
6 Generative method non mutationable a lot #2

— CTaOUTBHICTh MIATPUMKHU BeIWUMHU (AuB. TaOm. 3.26):

Tabmuus 3.26 — [lincymMKku 3a CTaOUIBHICTIO HAJAIITYBaHb.

KinmpkicTs ineabHuX HaliMeHyBaHHSI €KCIIEPUMEHTIB B PE3YJbTaTI KOTPUX
3aCTOCYBaHb 3T1THO HaJIAIITYBAaHHS OyJaM OTpUMaHi
MEeTpUKaM
3 Zeingler-Nichols method 0.1 step k_crit
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KinbKicTh 1meanbHuX HaliMeHyBaHHS €KCIIEPUMEHTIB B PE3YJAbTATI KOTPUX
3aCTOCYBaHb 3TiTHO HaJIAIITYBAaHHS OyaM OTpUMaHi
METpUKaM

3 Gradient method ¢7,0,0° mnit

3 Generative method non mutationable a lot #3

3 Gradient method ‘10,0,0’ init

3 Generative method mutationable #3

3 Generative method non mutationable a lot #2

3 Zeingler-Nichols method 1 step k_crit

3* Zeingler-Nichols method ‘x0.5 and x2°+°x0.33 and

x37at ‘0.5 step k_crit’ to avrg pass

Jle «*» sk mo3Hauka, 1o el BUJI HAJIAITyBaHb HE OJIMH pa3 3aiiMaB

IMOTPAHUYHE ITOJIOKCHHA.

3.3.2 llopiBHSIHHS TUIIIB PeryjsiTopa 3a eQpeKTHUBHICTIO Ta aHAaJI3

BILIMBY KOH(QIrypamii aaropurmMiB BUKOPHCTOBYBAHUX HUMU

Temep mnpoaHamizyeMO SIKHUH 3 PI3HOBUIIB PEryIaTOpa BHUSBUBCA 3TITHO
MPOBEICHUM JOCIIDKCHHSIM OUIBIIT JOIUIBHAM 3a 1HII, $SKI BHUKOPHCTOBYBaHI
QITOPUTMH PETYISITOPAaMHU POOMIM X HANAIITYyBaHHS OLIbII SKICHUMH Ta SKAM
YUHOM Ha iX SIKICTh BIUTMBAJIM 3MIHH B KOHQITypalisx aJroOpUTMiB.

[eHeTnyHMii adropuT™M Mae JMIIE TPU 3 JECSITH 3aJO0BUIBHUX IS
BUKOPHUCTAaHHS OTPUMAHUX HaJAIITyBaHb PETYISATOPA Ta MPU I[OMY Ma€ HAaHOUIbITY
KUTBKICTh BUKIIUKIB (hiTHEC-(PYHKIIII.

Ile miaTBEpAXKYE HYITBHOBY TIMOTE3Yy NPO HYJIHOBI MEPCHEKTUBU T'€HETUUHOTO
QIropuTMy y BUKOopucTanHi B HanamtyBanHi [1IJ]-perynstopis CAP.

Mertoa rpafileHTHOTO CITyCKY 3 IT'SITW PI3HUMHU HAJIAIITYBAHHSAMHU 32 PI3HUMHU
CTapTOBUMHM TOYKAMHU TOIIYKY BIAMOBIAl 3aJOBUIBHUMHU BUSBUJIOCS JIMIIE JIBa

BUMAJKU 31 cTaproBuMH Toukamu { 10,0,0 } ta { 7,0, 0 }, ToOTO y BUMaakax 3a
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HAOLIBIIUMU TIPONOPIIMHUMU KoedillieHTaMu sK CTapToBi. | 11e 32 yMOB 110 BiH
Tak caMO pOOUB 30BCIM HE Mally KUIBKICTh BHUKJIMKIB (iTHeC-PyHKIII mpoTe i
MEHIIE HIXX TeHETUYHUN aNrOpUTM OUIBII HIXK Yy JIBa pa3u.

Merton Lurnepa-Hikosnca BUSBUBCS €JMHUM 3 YCIX METO/IIB HaJIAIITYBaHb, YHUi
pe3ynbTaTi 3aJ0BUTBHI OUIbIIE HIK B TIOJOBHHI BHUIAAKIB HaJaIITyBaHHSI 3
PI3HOMaHITHUMHU KOH(DITypalisiMu aJropuTMy, a caMe I’ siTh 3 IIECTH HaJAIITyBaHb
3aBEPUIMJIOCS 3 YCHIXOM Ta B pe3yibTaTi Majo 3aJ0BUIBHUMHU YyCl II'SITh 3 IIECTH
YCHIIIHO 3aBEpIICHI HaJallITyBaHHS, /€ ABOE€ HAIAIITYBaHb MPUBEIH IO OJHUX MU
TUX K€ pe3yibTariB. | mpu 1bOMy Mae€ HaWMEHIIUN E€KBIBAJIEHT BHUKJIMKaM (iTHeC-
GyHKLIH y MOPIBHSAHHI 3 IHIIUMHA METOAAMHMU.

A TakoX BapTO 3a3HAUYMUTH, WO JIOBOJI BAXKIUBUM € BHUOIp MIBUAKOCTI
HApOCTaHHSI TPOTMOPIIMHOTO KOePIIEHTY, IO 3HAYHO BIUIMBAE HAa MIBUAKICTH
HaJIAIITYBaHHS Ta HAa WOTO SIKICTh, IPOTE MOr0 HEKOPEKTHUM BUOIp Ma€ Kyau MEHIII
daTtanpHI HACHIOAKM 3a IHIIE METOAM HaJaIITyBaHHS. 3apajll EeKOHOMIYHOCTI
NpoIeCy HaJAIITYBaHHS Oa)XaHO OOUpATH IIBUAKICTH IO-BUIIE TOMY, SIK 3TiAHO
POBEACHUM JIOCIIKEHHSIM SIKICTh HAJIAIITYBaHb 3POCTA€ 30BCIM HECYTTEBO, IIPOTE
3aHIDKEHA IIBHUJIKICTh BUKIMKAE€ BUTPATH (CKBIBAJIEHT KUILKOCTI BHU30BY (hiTHEC-
dyHkIii) 10 aecsatu pasis(!) Ouible 3a HEOOXITHI.

Kom0Oinamis He BumpaBmajia CHofAiBaHb, 3a Ko Oyna chopmynboBaHa
HYJIbOBA TINOTE3a MPO MOXKIIMBY TOYHICTH HANAIITyBaHb, 10 HAapa3l BIAXWJICHA 3a
pe3yJapTaTaMu MPOBEAECHUX JOCHTIKEHb, TOMY IO 3 YOTUPHOX PI3HUX BUMAJKIB
HaJIAITyBaHb MU HE OTPUMAJIM Hi OJHOTO 33J0BLIBHOIO pe3yibTara.

3anuMmuiocs JMIIe BI3yallbHO Ta CXEMaTUYHO BiIOOpa3uTh y BUDIAAL

PEUTHHTY PErysITOPH Ta iX allrOPUTMIB KOHPIrypaiii B Tabn. 3.27.
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Tabmuus 3.27 — KopoTke BimoOpakeHHs IHTepIpeTallii pe3ynbTaTiB J10CHiIKEHb.

Buxmkis . o
_ ' . Pi3HOBHI HanamToByBana YemnHicTh
dbitHec- Kondiryparii
' . perynsitopa 3a 3aCTOCYBaHHS
byHKIii ITOPUTMIB _
BUKOPHUCTOBYBAHUM aJIrOPUTMOM (SxicTp)
(Butpatn)
OnrumansHu
3
KpPOK '
Meron [urepa-Hikosnca 80%
5 3aBeNMKUIl KpOK
33 3amManuii Kpok
20 Metoz rpagleHTHOTO CIyCKY 40%
50 ['eHeTHYHUHN aNTOPUTM 30%
MeTton rpaZleHTHOTO CITyCKYy Ha 0a31 METOIy
23,25,55 0%

urnepa-Hikomnca




BUCHOBKHA

[Ipotsirom pochimkeHb He OyJl0 BHUSIBIEHO MOXJIMBOCTEH €(PEKTUBHO
3aCTOCYBAaTU METOJM BUPIIICHHS MPOOJEM MAIIMHHOTO HABYaHHS Yy BUPIMICHHI
npoOnemu HamamtyBaHHs [IIJ[-perynaropa, sk MiHIMyM udepe3 Te, 10 CKIaJHOII1
HanamtyBanHs  [I[J[-perynsaTopa 3aMiHAIOTBCS CKJIQJHONIAMU  HAJAIITYBaHHS
YUCETBHUX aJTOPUTMIB MOITYKY MIHIMyMY (YHKIII HAMONTUMAJIBHIIINM IUISIXOM,
a SAK MaKCUMyM [OCTYHAarOThCS TPaAMLIMHAM METOJaM HallalTyBaHHS B
e(EeKTUBHOCTI, 10 BU3HAYAETHCA BIJHOIICHHSIM SKOCTI HAJAIITyBaHHS [0 BUTpaT
(Jacy) HanamTyBaHHS HaBiThb SKIIO 3HEXTyBaTH MpOOIeMaMHU HaallTyBaHHS
YHCEJBbHUX aJTOPUTMIB.

[Ipotsarom pocnixeHs OyJI0 3HAWAEHO TMIATBEPIKEHHS TIMOTE31 PO
MOXJIMBICTh 4Y€pe3 aBTOMATH3yBaHHS MAaHyaJlbHUX aJITOPUTMIB HaJalllTyBaHHS
3MEHIINTH €KOHOMIYHE HAaBaHTA)XEHHS Ha MIANPHUEMCTBO, 110 BUKopucToBye [1IJI-
perymarop B konax CAP. Tomy y nopansiinx po6otax BapTo Oyio O MpomoBKYyBaTH
PO3BUTOK caMe 3a ITUM HampsIMOM, a caMme MapaMeTpuyHoi onTumizarii. Came meit
HampsIM JTOCIIKeHb MMOKa3aB ceOe HAWMEepPCHEKTUBHININM, MPOTE TAaKOXK Mae JesKi
MIHYCH Takl SIK HE3[IaTHICTh HAJAIITYBaTH PETYIATOP Y BUIAIKY 3aHAATO JAJCKOi
BiJl mependadyyBaHOi MOBEIIHKM CUCTEMH PEryaroBaHHsA a0o mporecy. Ajne B Taki
BUTAJKA 3aBXKIU CHEIaiCTH MalTh OyTH B 30HI JOCTymy, a00 €(eKTUBHOTO
pearyBaHHsI, IIONIPHU HABITh T€, 110 X BTPy4YaHHs 37aTHE OyTH 3BEJICHO J0 MIHIMYMY.
Bumagkamu BUKITIOUEHHAMU 1€ ¥ MOXYTh OyTH B 4aCc BUHUKHEHHS CHEIU(PIIHUX
noTpeO BiJl pETYTIOBAHHS, aje Il MTUTaHHSA W OMM3BKO HE PO3IISAIATIUCH B 1A poOOTI
yepes3 Te, 10 BOHU BUXOMSTH 33 paMKH il TeMU Ta BupilryBaHoi npobnemu. [Ipote
SIK HAIIPSIMOK € J10C1 OBOJII MEPCIIEKTUBHUM Ha MOV aBTopa i€l poOoTH.

Otrxe, B pe3ylbTari MPOBEICHUX JOCIHIKEHb MOXHA 3 BIIEBHEHICTIO
CTBEPKYBAaTH, 10 ICHY€ TOTEHINAJ 3aMIHUTH POJIb CIEIaliCTa 3 aBTOMAaTU30BAHUX
CUCTEM KepyBaHHs TEXHOJOTIYHMMH MpollecaMu, a00 CIIPOCTUTH 11 K MIHIMYM, 3a
JIOTIOMOTOI0 aBTOMAaTH3allli MaHyallbHUX METOAIB HaJAIITYBaHHS MPU3HAYECHUX

CrieliaibHO JIJI1 HBHOTO, MPHUKIAIOM 3 SKHUX SBJSE€ COOOI OAHUM 3 PI3HOBHUJIB



86

napamMeTpUYHOI onTUMI3alli Ta nepmuM MeTojoM HanmamTyBanHs [11J[-perymsatopis
3 YaciB TepIIOoi IIOJIOBHHHM JBAAISATOTO CTOMITTSA, KOTPHM B IMIUIEMEHTAIll
MIPOTPAMHOTO AJITOPUTMY CHPABIIETBCA CYTTEBO Kpallle 3a €BPUCTUYHI METOJH,
YHUCEJIbHUX a00 CTOXaCTUYHMX METOJIB SK 3a IMMOKa3HMKaMH €KOHOMIYHOCTI TakK 1 3a

IMOKAa3HUKAMU SIKOCTI.
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HomaTox A

3umicrt ¢aiiny Evaluation report.txt miciis mycKy OLIHIOBaHHSI HAJIAIITyBaHb:

Results #1:

1: 7933.8 Generative method mutationable #3 8.8
2.5 5.2

2: 12125.3 Generative method non mutationable a lot #3
5.2 1.2 2.8

3: 12462.2 Generative method non mutationable a lot #2
5.1 2.2 6.7

4: 14415.8 Gradient method '10,0,0" init 10.474
0.568234 0.571808

5: 17432.9 Gradient method '7,0,0' init 7.69889
0.876194 0.881272

6: 166038 Zeingler-Nichols method 1 step k crit
0.8 0.137339 3.0756

7: 395448 Zeingler-Nichols method 0.1 step k crit
0.595 0.111215 2.10095

8: 7.14289%e+06 Zeingler-Nichols method 'x0.5 and x2'+'x0.33 and

x3' at '0.5 step k crit' to avrg pass 0.175 0.0190217
1.0626

9: 5.9584e+09 Gradient method '5,0,0' init 6.13157
1.49139 1.30597

10: 1.803e+10 Gradient method '1,0,0' init 1.06758
0.317347 0.579046

11: 3.57176e+10 Generative method non mutationable a lot #1
3.9 3.5 5.3

12: 3.86145e+10 Generative method non mutationable a lot #4
5.8 6.4 7.2

13: 3.88705e+10 Generative method mutationable #4 1.7
0.8 0.3

14: 3.92763e+10 Gradient method with init by the Zeingler-Nichols

method 1 step k krit 2.49195 1.82929 4.76755

15: 4.18367e+10 Gradient method with init by the Zeingler-Nichols

method 0.1 step k krit 4.70099 4.2221 6.21183

16: 4.50287e+10 Generative method mutationable #2 9.1
5 0

17: 4.98165e+10 Gradient method with init by the Zeingler-Nichols

method 0.5 step k krit 5.7759 5.34597 7.63554

18: 5.31742e+10 Generative method mutationable #1 9.4
7 3.5

19: 5.38634e+10 Generative method non mutationable a lot #5
4 4.3 0.1

20: 6.63403e+10 Generative method mutationable #5 0.5
6.7 1.3

21: 6.17963e+12 Gradient method '2,0,0' init 8.38471
-29403.1 -341273

The end of rating list

Results #2:

1: 78484.9 Generative method mutationable #3 8.8
2.5 5.2

2: 97479.7 Gradient method '10,0,0' init 10.474
0.568234 0.571808

3: 99333.1 Generative method non mutationable a lot #2
5.1 2.2 6.7

4: 114749 Generative method non mutationable a lot #3
5.2 1.2 2.8



init

90

7.69889

'x0.5 and x2'+'x0.33 and
0.0190217

init 6.13157

init 1.06758

5: 150177 Gradient method '7,0,0"
0.876194 0.881272

6: 236840 Zeingler-Nichols method 1 step k crit
0.8 0.137339 3.0756

7: 431264 Zeingler-Nichols method 0.1 step k crit
0.595 0.111215 2.10095

8: 6.6484e+06 Zeingler-Nichols method

x3' at '0.5 step k crit' to avrg pass 0.175
1.0626 B

9: 1.85535e+10 Gradient method '5,0,0"
1.49139 1.30597

10: 2.46394e+10 Gradient method '1,0,0"
0.317347 0.579046

11: 3.36734e+10

Gradient method with init by the Zeingler-Nichols

method 1 step k krit 2.49195 1.82929 4.76755

12: 3.97422e+10 Gradient method with init by the Zeingler-Nichols

method 0.5 step k krit 5.7759 5.34597 7.63554

13: 4.15997e+10 Gradient method with init by the Zeingler-Nichols

method 0.1 step k krit 4.70099 4.2221 6.21183

14: 4.17452e+10 Generative method mutationable #4 1.7
0.8 0.3

15: 4.18692e+10 Generative method non mutationable a lot #1
3.9 3.5 5.3

16: 4.42951e+10 Generative method mutationable #2 9.1
5 0

17: 4.68945e+10 Generative method non mutationable a lot #5
4 4.3 0.1

18: 5.02991e+10 Generative method mutationable #5 0.5
6.7 1.3

19: 5.63382e+10 Generative method mutationable #1 9.4
7 3.5

20: 6.13424e+10 Generative method non mutationable a lot #4
5.8 6.4 7.2

21: 6.18729%e+12 Gradient method '2,0,0' init 8.38471
-29403.1 -341273

The end of rating list

Results #3:

1: 457724 Gradient method '10,0,0' init 10.474
0.568234 0.571808

2: 666458 Zeingler-Nichols method 1 step k crit
0.8 0.137339 3.0756

3: 889542 Gradient method '7,0,0' init 7.69889
0.876194 0.881272

4: 1.00809%e+06 Generative method non mutationable a lot #3
5.2 1.2 2.8

5: 1.03424e+06 Zeingler-Nichols method 0.1 step k crit
0.595 0.111215 2.10095

6: 6.65404e+06 Zeingler-Nichols method 'x0.5 and x2'+'x0.33 and

x3' at '0.5 step k crit' to avrg pass 0.175 0.0190217
1.0626

7: 2.04577e+10 Generative method mutationable #3 8.8
2.5 5.2

8: 2.26438e+10 Gradient method '5,0,0' init 6.13157
1.49139 1.30597

9: 2.59467e+10 Gradient method '1,0,0' init 1.06758
0.317347 0.579046

10: 3.20344e+10 Generative method non mutationable a lot #2
5.1 2.2 6.7

11: 3.84074e+10 Generative method mutationable #2 9.1
5 0

12: 4.61027e+10 Generative method non mutationable a lot #1
3.9 3.5 5.3
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13: 4.62812e+10 Generative method non mutationable a lot #5
4 4.3 0.1
14: 4.67316e+10 Gradient method with init by the Zeingler-Nichols
method 0.1 step k krit 4.70099 4.2221 6.21183
15: 4.90011e+10 Gradient method with init by the Zeingler-Nichols
method 0.5 step k krit 5.7759 5.34597 7.63554
16: 4,99198e+10 Generative method mutationable #4 1.7
0.8 0.3
17: 5.03485e+10 Generative method mutationable #1 9.4
7 3.5
18: 5.15883e+10 Gradient method with init by the Zeingler-Nichols
method 1 step k krit 2.49195 1.82929 4.76755
19: 5.73611le+10 Generative method non mutationable a lot #4
5.8 6.4 7.2
20: 6.92311e+10 Generative method mutationable #5 0.5
6.7 1.3
21: 6.20007e+12 Gradient method '2,0,0' init 8.38471
-29403.1 -341273
The end of rating list
Results #4:
1: 390011 Generative method mutationable #3 8.8
2.5 5.2
2: 464792 Generative method non mutationable a lot #2
5.1 2.2 6.7
3: 493856 Gradient method '10,0,0' init 10.474
0.568234 0.571808
4: 578055 Generative method non mutationable a lot #3
5.2 1.2 2.8
5: 765018 Gradient method '7,0,0' init 7.69889
0.876194 0.881272
6: 808379 Zeingler-Nichols method 1 step k crit
0.8 0.137339 3.0756 B
7 1.2953e+06 Zeingler-Nichols method 0.1 step k crit
0.595 0.111215 2.10095
8: 9.6949e+06 Zeingler-Nichols method 'x0.5 and x2'+'x0.33 and
x3' at '0.5 step k crit' to avrg pass 0.175 0.0190217
1.0626
9: 1.78783e+10 Gradient method '5,0,0' init 6.13157
1.49139 1.30597
10: 2.35183e+10 Gradient method '1,0,0' init 1.06758
0.317347 0.579046
11: 3.37411e+10 Gradient method with init by the Zeingler-Nichols
method 1 step k krit 2.49195 1.82929 4.76755
12: 3.99902e+10 Gradient method with init by the Zeingler-Nichols
method 0.5 step k krit 5.7759 5.34597 7.63554
13: 4.11928e+10 Gradient method with init by the Zeingler-Nichols
method 0.1 step k krit 4.70099 4.2221 6.21183
14: 4.13851e+10 Generative method non mutationable a lot #1
3.9 3.5 5.3
15: 4.171e+10 Generative method mutationable #4 1.7
0.8 0.3
16: 4.38918e+10 Generative method mutationable #2 9.1
5 0
17: 4.60766e+10 Generative method non mutationable a lot #5
4 4.3 0.1
18: 5.11235e+10 Generative method mutationable #5 0.5
6.7 1.3
19: 5.55545e+10 Generative method mutationable #1 9.4
7 3.5
20: 6.07955e+10 Generative method non mutationable a lot #4

5.8 6.4

7.2
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21: 6.19856e+12 Gradient method '2,0,0' init 8.38471
-29403.1 -341273
The end of rating list

Results #5:

1: 7933.8 Generative method mutationable #3 8.8
2.5 5.2

2: 12125.3 Generative method non mutationable a lot #3
5.2 1.2 2.8

3: 12462.2 Generative method non mutationable a lot #2
5.1 2.2 6.7

4: 14415.8 Gradient method '10,0,0' init 10.474
0.568234 0.571808

5: 17432.9 Gradient method '7,0,0' init 7.69889
0.876194 0.881272

6: 166038 Zeingler-Nichols method 1 step k crit
0.8 0.137339 3.0756

7: 395448 Zeingler-Nichols method 0.1 step k crit
0.595 0.111215 2.10095

8: 7.14284e+06 Zeingler-Nichols method 'x0.5 and x2'+'x0.33 and

x3'" at '0.5 step k crit' to avrg pass 0.175 0.0190217
1.0626

9: 9.04144e+10 Gradient method '5,0,0' init 6.13157
1.49139 1.30597

10: 1.44855e+11 Gradient method '1,0,0' init 1.06758
0.317347 0.579046

11: 1.79127e+11 Generative method mutationable #4 1.7
0.8 0.3

12: 1.87097e+11 Gradient method with init by the Zeingler-Nichols

method 1 step k krit 2.49195 1.82929 4.76755

13: 2.06264e+11 Gradient method with init by the Zeingler-Nichols

method 0.1 step k krit 4.70099 4.2221 6.21183

14: 2.31281le+11 Generative method mutationable #1 9.4
7 3.5

15: 2.42982e+11 Generative method non mutationable a lot #5
4 4.3 0.1

16: 2.45416e+11 Gradient method with init by the Zeingler-Nichols

method 0.5 step k krit 5.7759 5.34597 7.63554

17: 2.51947e+11 Generative method mutationable #2 9.1
5 0

18: 2.58673e+11 Generative method non mutationable a lot #4
5.8 6.4 7.2

19: 2.67477e+11 Generative method non mutationable a lot #1
3.9 3.5 5.3

20: 3.20685e+11 Generative method mutationable #5 0.5
6.7 1.3

21: 5.13795e+13 Gradient method '2,0,0' init 8.38471
-29403.1 -341273

The end of rating list

Results #6:

1: 78484.9 Generative method mutationable #3 8.8
2.5 5.2

2 97479.7 Gradient method '10,0,0' init 10.474
0.568234 0.571808

3: 99333.1 Generative method non mutationable a lot #2
5.1 2.2 6.7

4: 114749 Generative method non mutationable a lot #3
5.2 1.2 2.8

5: 150177 Gradient method '7,0,0' init 7.69889

0.876194 0.881272
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6: 236840 Zeingler-Nichols method 1 step k crit
0.8 0.137339 3.0756

7: 431264 Zeingler-Nichols method 0.1 step k crit
0.595 0.111215 2.10095

8: 6.64835e+06 Zeingler-Nichols method 'x0.5 and x2'+'x0.33 and

x3' at '0.5 step k crit' to avrg pass 0.175 0.0190217
1.0626

9: 1.16601le+11 Gradient method '5,0,0' init 6.13157
1.49139 1.30597

10: 1.53557e+11 Gradient method '1,0,0' init 1.06758
0.317347 0.579046

11: 1.93005e+11 Generative method mutationable #4 1.7
0.8 0.3

12: 2.00711e+11 Generative method mutationable #2 9.1
5 0

13: 2.20806e+11 Gradient method with init by the Zeingler-Nichols

method 1 step k krit 2.49195 1.82929 4.76755

14: 2.4108e+11 Generative method non mutationable a lot #5
4 4.3 0.1

15: 2.41898e+11 Generative method mutationable #1 9.4
7 3.5

16: 2.62017e+11 Gradient method with init by the Zeingler-Nichols

method 0.5 step k krit 5.7759 5.34597 7.63554

17: 2.63236e+11 Generative method mutationable #5 0.5
6.7 1.3

18: 2.69486e+11 Generative method non mutationable a lot #1
3.9 3.5 5.3

19: 2.69576e+11 Gradient method with init by the Zeingler-Nichols

method 0.1 step k krit 4.70099 4.2221 6.21183

20: 2.73378e+11 Generative method non mutationable a lot #4
5.8 6.4 7.2

21: 5.14109e+13 Gradient method '2,0,0' init 8.38471
-29403.1 -341273

The end of rating list

Results #7:

1: 457724 Gradient method '10,0,0' init 10.474
0.568234 0.571808

2: 666458 Zeingler-Nichols method 1 step k crit
0.8 0.137339 3.0756

3: 889542 Gradient method '7,0,0' init 7.69889
0.876194 0.881272

4: 1.00809%e+06 Generative method non mutationable a lot #3
5.2 1.2 2.8

5: 1.03424e+06 Zeingler-Nichols method 0.1 step k crit
0.595 0.111215 2.10095

6: 6.65399e+06 Zeingler-Nichols method 'x0.5 and x2'+'x0.33 and

x3'" at '0.5 step k crit' to avrg pass 0.175 0.0190217
1.0626

7: 1.39424e+11 Gradient method '5,0,0' init 6.13157
1.49139 1.30597

8: 1.4784e+11 Generative method mutationable #3 8.8
2.5 5.2

9: 1.52826e+11 Generative method non mutationable a lot #2
5.1 2.2 6.7

10: 1.65548e+11 Gradient method '1,0,0' init 1.06758
0.317347 0.579046

11: 2.15131e+11 Generative method mutationable #4 1.7
0.8 0.3

12: 2.23251e+11 Gradient method with init by the Zeingler-Nichols

method 1 step k krit 2.49195 1.82929 4.76755

13: 2.2651e+11 Generative method mutationable #1 9.4

7 3.5
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14: 2.30718e+11 Gradient method with init by the Zeingler-Nichols

method 0.1 step k krit 4.70099 4.2221 6.21183

15: 2.3131e+11 Generative method non mutationable a lot #1
3.9 3.5 5.3

l6: 2.31708e+11 Gradient method with init by the Zeingler-Nichols

method 0.5 step k krit 5.7759 5.34597 7.63554

17: 2.57062e+11 Generative method mutationable #2 9.1
5 0

18: 2.76725e+11 Generative method non mutationable a lot #4
5.8 6.4 7.2

19: 2.7848e+11 Generative method non mutationable a lot #5
4 4.3 0.1

20: 3.19554e+11 Generative method mutationable #5 0.5
6.7 1.3

21: 5.14633e+13 Gradient method '2,0,0' init 8.38471
-29403.1 -341273

The end of rating list

Results #8:

1: 389988 Generative method mutationable #3 8.8
2.5 5.2

2: 464403 Generative method non mutationable a lot #2
5.1 2.2 6.7

3: 498065 Gradient method '10,0,0'"' init 10.474
0.568234 0.571808

4: 582379 Generative method non mutationable a lot #3
5.2 1.2 2.8

5: 804565 Gradient method '7,0,0' init 7.69889
0.876194 0.881272

6: 820910 Zeingler-Nichols method 1 step k crit
0.8 0.137339 3.0756

7: 1.45637e+06 Zeingler-Nichols method 0.1 step k crit
0.595 0.111215 2.10095 B

8: 7.92699%e+06 Zeingler-Nichols method 'x0.5 and x2'+'x0.33 and

x3' at '0.5 step k crit' to avrg pass 0.175 0.0190217
1.0626

9: 1.18716e+11 Gradient method '5,0,0' init 6.13157
1.49139 1.30597

10: 1.53943e+11 Gradient method '1,0,0' init 1.06758
0.317347 0.579046

11: 1.92876e+11 Generative method mutationable #4 1.7
0.8 0.3

12: 2.0101le+11 Generative method mutationable #2 9.1
5 0

13: 2.21875e+11 Gradient method with init by the Zeingler-Nichols

method 1 step k krit 2.49195 1.82929 4.76755

14: 2.40556e+11 Generative method non mutationable a lot #5
4 4.3 0.1

15: 2.4117e+11 Generative method mutationable #1 9.4
7 3.5

16: 2.6325%e+11 Gradient method with init by the Zeingler-Nichols

method 0.5 step k krit 5.7759 5.34597 7.63554

17: 2.64126e+11 Generative method mutationable #5 0.5
6.7 1.3

18: 2.70369%9e+11 Generative method non mutationable a lot #1
3.9 3.5 5.3

19: 2.70442e+11 Gradient method with init by the Zeingler-Nichols

method 0.1 step k krit 4.70099 4.2221 6.21183

20: 2.72099%9e+11 Generative method non mutationable a lot #4
5.8 6.4 7.2

21: 5.14572e+13 Gradient method '2,0,0' init 8.38471
-29403.1 -341273

The end of rating list
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Results #9:

1: 7933.8 Generative method mutationable #3 8.8
2.5 5.2

2: 12125.3 Generative method non mutationable a lot #3
5.2 1.2 2.8

3: 12462.2 Generative method non mutationable a lot #2
5.1 2.2 6.7

4: 14415.8 Gradient method '10,0,0' init 10.474
0.568234 0.571808

5: 17432.9 Gradient method '7,0,0' init 7.69889
0.876194 0.881272

6: 166038 Zeingler-Nichols method 1 step k crit
0.8 0.137339 3.0756

7: 395448 Zeingler-Nichols method 0.1 step k crit
0.595 0.111215 2.10095 N

8: 7.14284e+06 Zeingler-Nichols method 'x0.5 and x2'+'x0.33 and

x3' at '0.5 step k crit' to avrg pass 0.175 0.0190217
1.0626

9: 5.63513e+11 Gradient method '5,0,0' init 6.13157
1.49139 1.30597

10: 7.06777e+11 Gradient method '1,0,0' init 1.06758
0.317347 0.579046

11: 1.02779%e+12 Gradient method with init by the Zeingler-Nichols

method 1 step k krit 2.49195 1.82929 4.76755

12: 1.07954e+12 Generative method mutationable #1 9.4
7 3.5

13: 1.0857e+12 Generative method mutationable #2 9.1
5 0

14: 1.09695e+12 Generative method mutationable #4 1.7
0.8 0.3

15: 1.09814e+12 Generative method non mutationable a lot #1
3.9 3.5 5.3

16: 1.09879%e+12 Gradient method with init by the Zeingler-Nichols

method 0.1 step k krit 4.70099 4.2221 6.21183

17: 1.15468e+12 Gradient method with init by the Zeingler-Nichols

method 0.5 step k krit 5.7759 5.34597 7.63554

18: 1.1689%e+12 Generative method non mutationable a lot #5
4 4.3 0.1

19: 1.33388e+12 Generative method non mutationable a lot #4
5.8 6.4 7.2

20: 1.5439%e+12 Generative method mutationable #5 0.5
6.7 1.3

21: 4.18962e+14 Gradient method '2,0,0' init 8.38471
-29403.1 -341273

The end of rating list

Results #10:

1: 78484.9 Generative method mutationable #3 8.8
2.5 5.2

2 97479.7 Gradient method '10,0,0'" init 10.474
0.568234 0.571808

3: 99333.1 Generative method non mutationable a lot #2
5.1 2.2 6.7

4: 114749 Generative method non mutationable a lot #3
5.2 1.2 2.8

5: 150177 Gradient method '7,0,0' init 7.69889
0.876194 0.881272

6: 236840 Zeingler-Nichols method 1 step k crit
0.8 0.137339 3.0756

7: 431264 Zeingler-Nichols method 0.1 step k crit
0.595 0.111215 2.10095
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8: 6.64835e+06 Zeingler-Nichols method 'x0.5 and x2'+'x0.33 and

x3' at '0.5 step k crit' to avrg pass 0.175 0.0190217
1.0626

9: 6.19321e+11 Gradient method '5,0,0' init 6.13157
1.49139 1.30597

10: 6.98053e+11 Gradient method '1,0,0' init 1.06758
0.317347 0.579046

11: 9.22533e+11 Generative method mutationable #4 1.7
0.8 0.3

12: 1.1096%e+12 Generative method mutationable #1 9.4
7 3.5

13: 1.13962e+12 Generative method mutationable #2 9.1
5 0

14: 1.15072e+12 Generative method non mutationable a lot #5
4 4.3 0.1

15: 1.22879%e+12 Gradient method with init by the Zeingler-Nichols

method 1 step k krit 2.49195 1.82929 4.76755

16: 1.26875e+12 Generative method non mutationable a lot #4
5.8 6.4 7.2

17: 1.29641e+12 Generative method non mutationable a lot #1
3.9 3.5 5.3

18: 1.30006e+12 Gradient method with init by the Zeingler-Nichols

method 0.1 step k krit 4.70099 4.2221 6.21183

19: 1.3005e+12 Generative method mutationable #5 0.5
6.7 1.3

20: 1.31868e+12 Gradient method with init by the Zeingler-Nichols

method 0.5 step k krit 5.7759 5.34597 7.63554

21: 4.19089%e+14 Gradient method '2,0,0' init 8.38471
-29403.1 -341273

The end of rating list

Results #11:

1: 457724 Gradient method '10,0,0' init 10.474
0.568234 0.571808

2: 666458 Zeingler-Nichols method 1 step k crit
0.8 0.137339 3.0756

3: 889542 Gradient method '7,0,0' init 7.69889
0.876194 0.881272

4: 1.00809e+06 Generative method non mutationable a lot #3
5.2 1.2 2.8

5: 1.03424e+06 Zeingler-Nichols method 0.1 step k crit
0.595 0.111215 2.10095

6: 6.65399e+06 Zeingler-Nichols method 'x0.5 and x2'+'x0.33 and

x3'" at '0.5 step k crit' to avrg pass 0.175 0.0190217
1.0626

7: 7.15194e+11 Gradient method '5,0,0' init 6.13157
1.49139 1.30597

8: 7.2562e+11 Gradient method '1,0,0' init 1.06758
0.317347 0.579046

9: 8.03985e+11 Generative method mutationable #3 8.8
2.5 5.2

10: 9.59222e+11 Generative method mutationable #4 1.7
0.8 0.3

11: 9.97941e+11 Generative method non mutationable a lot #2
5.1 2.2 6.7

12: 1.0588e+12 Gradient method with init by the Zeingler-Nichols

method 1 step k krit 2.49195 1.82929 4.76755

13: 1.09009e+12 Generative method mutationable #1 9.4
7 3.5

14: 1.09998e+12 Generative method non mutationable a lot #1
3.9 3.5 5.3

15: 1.1001e+12 Generative method mutationable #2 9.1

5 0
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16: 1.10489%e+12 Gradient method with init by the Zeingler-Nichols
method 0.1 step k krit 4.70099 4.2221 6.21183
17: 1.13114e+12 Gradient method with init by the Zeingler-Nichols
method 0.5 step k krit 5.7759 5.34597 7.63554
18: 1.32819%e+12 Generative method non mutationable a lot #4
5.8 6.4 7.2
19: 1.368e+12 Generative method non mutationable a lot #5
4 4.3 0.1
20: 1.47221e+12 Generative method mutationable #5 0.5
6.7 1.3
21: 4.19301e+14 Gradient method '2,0,0' init 8.38471
-29403.1 -341273
The end of rating list
Results #12:
1: 389988 Generative method mutationable #3 8.8
2.5 5.2
2 464403 Generative method non mutationable a lot #2
5.1 2.2 6.7
3: 498073 Gradient method '10,0,0' init 10.474
0.568234 0.571808
4: 582366 Generative method non mutationable a lot #3
5.2 1.2 2.8
5: 802003 Gradient method '7,0,0' init 7.69889
0.876194 0.881272
6: 820988 Zeingler-Nichols method 1 step k crit
0.8 0.137339 3.0756
7: 1.44995e+06 Zeingler-Nichols method 0.1 step k crit
0.595 0.111215 2.10095
8: 8.21382e+06 Zeingler-Nichols method 'x0.5 and x2'+'x0.33 and
x3' at '0.5 step k crit' to avrg pass 0.175 0.0190217
1.0626
9: 6.17015e+11 Gradient method '5,0,0' init 6.13157
1.49139 1.30597
10: 6.98871le+11 Gradient method '1,0,0' init 1.06758
0.317347 0.579046
11: 9.19363e+11 Generative method mutationable #4 1.7
0.8 0.3
12: 1.11513e+12 Generative method mutationable #1 9.4
7 3.5
13: 1.13719%e+12 Generative method mutationable #2 9.1
5 0
14: 1.14763e+12 Generative method non mutationable a lot #5
4 4.3 0.1
15: 1.22927e+12 Gradient method with init by the Zeingler-Nichols
method 1 step k krit 2.49195 1.82929 4.76755
16: 1.27492e+12 Generative method non mutationable a lot #4
5.8 6.4 7.2
17: 1.29049%e+12 Generative method non mutationable a lot #1
3.9 3.5 5.3
18: 1.29464e+12 Gradient method with init by the Zeingler-Nichols
method 0.1 step k krit 4.70099 4.2221 6.21183
19: 1.30054e+12 Generative method mutationable #5 0.5
6.7 1.3
20: 1.31692e+12 Gradient method with init by the Zeingler-Nichols
method 0.5 step k krit 5.7759 5.34597 7.63554
21: 4.19276e+14 Gradient method '2,0,0' init 8.38471
-29403.1 -341273

The end of rating list

Results #13:
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1: 4745.66 Gradient method '10,0,0' init 10.474
0.568234 0.571808

2: 5726.89 Gradient method '7,0,0' init 7.69889
0.876194 0.881272

3: 6380.64 Generative method mutationable #3 8.8
2.5 5.2

4: 7411.42 Gradient method '5,0,0' init 6.13157
1.49139 1.30597

5: 8551.93 Generative method non mutationable a lot #3
5.2 1.2 2.8

6: 10548.9 Generative method mutationable #2 9.1
5 0

7 11346.3 Generative method non mutationable a lot #2
5.1 2.2 6.7

8: 11699.1 Generative method mutationable #1 9.4
7 3.5

9: 18292.7 Gradient method with init by the Zeingler-Nichols

method 0.5 step k krit 5.7759 5.34597 7.63554

10: 22057.6 Gradient method with init by the Zeingler-Nichols

method 0.1 step k krit 4.70099 4.2221 6.21183

11: 26549 Generative method non mutationable a lot #4
5.8 6.4 7.2

12: 27236.2 Generative method non mutationable a lot #1
3.9 3.5 5.3

13: 29190 Generative method mutationable #4 1.7
0.8 0.3

14: 30417.2 Gradient method with init by the Zeingler-Nichols

method 1 step k krit 2.49195 1.82929 4.76755

15: 39805.4 Gradient method '1,0,0' init 1.06758
0.317347 0.579046

16: 67629 Zeingler-Nichols method 1 step k crit 0.8
0.137339 3.0756

17: 98415.7 Zeingler-Nichols method 0.1 step k crit
0.595 0.111215 2.10095 B

18: 1.08994e+06 Zeingler-Nichols method 'x0.5 and x2'+'x0.33 and

x3' at '0.5 step k crit' to avrg pass 0.175 0.0190217
1.0626

19: 9.08211e+07 Generative method non mutationable a lot #5
4 4.3 0.1

20: 6.27809e+08 Generative method mutationable #5 0.5
6.7 1.3

21: 6.2676e+11 Gradient method '2,0,0' init 8.38471
-29403.1 -341273

The end of rating list

Results #14:

1: 46803.5 Gradient method '10,0,0'" init 10.474
0.568234 0.571808

2 50753.1 Gradient method '7,0,0' init 7.69889
0.876194 0.881272

3: 59759.2 Generative method non mutationable a lot #3
5.2 1.2 2.8

4: 62885.8 Gradient method '5,0,0' init 6.13157
1.49139 1.30597

5: 65995 Generative method mutationable #3 8.8
2.5 5.2

6: 79743.6 Generative method non mutationable a lot #2
5.1 2.2 6.7

7 117546 Generative method mutationable #2 9.1
5 0

8: 157813 Generative method mutationable #1 9.4

7 3.5
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9: 175293 Gradient method with init by the Zeingler-Nichols
method 0.5 step k krit 5.7759 5.34597 7.63554
10: 182988 Generative method mutationable #4 1.7
0.8 0.3
11: 183355 Gradient method with init by the Zeingler-Nichols
method 0.1 step k krit 4.70099 4.2221 6.21183
12: 195203 Gradient method with init by the Zeingler-Nichols
method 1 step k krit 2.49195 1.82929 4.76755
13: 204994 Generative method non mutationable a lot #1
3.9 3.5 5.3
14: 209921 Gradient method '1,0,0' init 1.06758
0.317347 0.579046
15: 284819 Zeingler-Nichols method 1 step k crit
0.8 0.137339 3.0756
16: 320986 Generative method non mutationable a lot #4
5.8 6.4 7.2
17: 374239 Zeingler-Nichols method 0.1 step k crit
0.595 0.111215 2.10095
18: 1.85982e+06 Zeingler-Nichols method 'x0.5 and x2'+'x0.33 and
x3'" at '0.5 step k crit' to avrg pass 0.175 0.0190217
1.0626
19: 1.0386e+08 Generative method non mutationable a lot #5
4 4.3 0.1
20: 6.63794e+08 Generative method mutationable #5 0.5
6.7 1.3
21: 6.30257e+11 Gradient method '2,0,0' init 8.38471
-29403.1 -341273

The end of rating list

Results #15:

1: 316008 Gradient method '10,0,0' init 10.474
0.568234 0.571808

2 362191 Gradient method '7,0,0' init 7.69889
0.876194 0.881272

3: 460112 Generative method non mutationable a lot #3
5.2 1.2 2.8

4: 467443 Gradient method '5,0,0' init 6.13157
1.49139 1.30597

5: 482973 Generative method mutationable #3 8.8
2.5 5.2

6: 615544 Generative method non mutationable a lot #2
5.1 2.2 6.7

7: 836975 Gradient method '1,0,0' init 1.06758
0.317347 0.579046

8: 881995 Generative method mutationable #4 1.7
0.8 0.3

9: 933833 Generative method mutationable #2 9.1
5 0

10: 1.07774e+06 Zeingler-Nichols method 1 step k crit
0.8 0.137339 3.0756 B

11: 1.21753e+06 Gradient method with init by the Zeingler-Nichols

method 1 step k krit 2.49195 1.82929 4.76755

12: 1.38498e+06 Zeingler-Nichols method 0.1 step k crit
0.595 0.111215 2.10095

13: 1.57439%9e+06 Generative method mutationable #1 9.4
7 3.5

14: 1.94974e+06 Gradient method with init by the Zeingler-Nichols

method 0.1 step k krit 4.70099 4.2221 6.21183

15: 2.03124e+06 Generative method non mutationable a lot #1
3.9 3.5 5.3

l6: 2.06661e+06 Gradient method with init by the Zeingler-Nichols

method 0.5 step k krit 5.7759 5.34597 7.63554
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17: 4.69737e+06 Zeingler-Nichols method 'x0.5 and x2'+'x0.33 and

x3' at '0.5 step k crit' to avrg pass 0.175 0.0190217
1.0626

18: 3.55451e+07 Generative method non mutationable a lot #4
5.8 6.4 7.2

19: 1.31872e+08 Generative method non mutationable a lot #5
4 4.3 0.1

20: 6.81605e+08 Generative method mutationable #5 0.5
6.7 1.3

21: 6.36114e+11 Gradient method '2,0,0' init 8.38471
-29403.1 -341273

The end of rating list

Results #16:

1: 188301 Gradient method '10,0,0' init 10.474
0.568234 0.571808

2 207039 Gradient method '7,0,0' init 7.69889
0.876194 0.881272

3: 248625 Generative method non mutationable a lot #3
5.2 1.2 2.8

4: 258416 Gradient method '5,0,0' init 6.13157
1.49139 1.30597

5: 264193 Generative method mutationable #3 8.8
2.5 5.2

6: 328708 Generative method non mutationable a lot #2
5.1 2.2 6.7

7 485718 Generative method mutationable #2 9.1
5 0

8: 652422 Generative method mutationable #1 9.4
7 3.5

9: 719040 Gradient method with init by the Zeingler-Nichols

method 0.5 step k krit 5.7759 5.34597 7.63554

10: 751088 Gradient method with init by the Zeingler-Nichols

method 0.1 step k krit 4.70099 4.2221 6.21183

11: 764367 Generative method mutationable #4 1.7
0.8 0.3

12: 800822 Gradient method with init by the Zeingler-Nichols

method 1 step k krit 2.49195 1.82929 4.76755

13: 840969 Generative method non mutationable a lot #1
3.9 3.5 5.3

14: 852854 Gradient method '1,0,0' init 1.06758
0.317347 0.579046

15: 1.08727e+06 Zeingler-Nichols method 1 step k crit
0.8 0.137339 3.0756

16: 1.33279%e+06 Generative method non mutationable a lot #4
5.8 6.4 7.2

17: 1.41009e+06 Zeingler-Nichols method 0.1 step k crit
0.595 0.111215 2.10095

18: 4.65041e+06 Zeingler-Nichols method 'x0.5 and x2'+'x0.33 and

x3' at '0.5 step k crit' to avrg pass 0.175 0.0190217
1.0626

19: 8.08954e+07 Generative method non mutationable a lot #5
4 4.3 0.1

20: 7.58259e+08 Generative method mutationable #5 0.5
6.7 1.3

21: 6.34078e+11 Gradient method '2,0,0' init 8.38471
-29403.1 -341273

The end of rating list

Results #17:
1: 7933.8 Generative method mutationable #3 8.8
2.5 5.2
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2: 12125.3 Generative method non mutationable a lot #3
5.2 1.2 2.8

3: 12462.2 Generative method non mutationable a lot #2
5.1 2.2 6.7

4: 14415.8 Gradient method '10,0,0' init 10.474
0.568234 0.571808

5: 17432.9 Gradient method '7,0,0' init 7.69889
0.876194 0.881272

6: 166038 Zeingler-Nichols method 1 step k crit
0.8 0.137339 3.0756

7: 395448 Zeingler-Nichols method 0.1 step k crit
0.595 0.111215 2.10095

8: 7.14289%e+06 Zeingler-Nichols method 'x0.5 and x2'+'x0.33 and

x3' at '0.5 step k crit' to avrg pass 0.175 0.0190217
1.0626

9: 5.9584e+09 Gradient method '5,0,0' init 6.13157
1.49139 1.30597

10: 1.803e+10 Gradient method '1,0,0' init 1.06758
0.317347 0.579046

11: 3.57176e+10 Generative method non mutationable a lot #1
3.9 3.5 5.3

12: 3.86145e+10 Generative method non mutationable a lot #4
5.8 6.4 7.2

13: 3.88705e+10 Generative method mutationable #4 1.7
0.8 0.3

14: 3.92763e+10 Gradient method with init by the Zeingler-Nichols

method 1 step k krit

15:

4.18367e+10

method 0.1 step k krit

16:
5
17:

4.50287e+10
0
4.98165e+10

method 0.5 step k krit

18:
7
19:
4
20:
6.7
21:
-29403

The end of rating list

Results #18:

1:

2.5
2

0.5682
3:

5.1
4:

5.2
5:

0.8761
6:

0.8
7z

0.595
8:

1.0626
9:

2.49195

1.82929

4.76755

Gradient method with init by the Zeingler-Nichols

4.70099 4.2221

Generative method mutationable #2

6.21183
9.1

Gradient method with init by the Zeingler-Nichols

- 5.7759 5.34597 7.63554

5.31742e+10 Generative method mutationable #1 9.4
3.5

5.38634e+10 Generative method non mutationable a lot #5
4.3 0.1

6.63403e+10 Generative method mutationable #5 0.5
1.3

6.17963e+12 Gradient method '2,0,0' init 8.38471

.1 -341273

78484.9 Generative method mutationable #3 8.8
5.2

97479.7 Gradient method '10,0,0'" init 10.474

34 0.571808

99333.1 Generative method non mutationable a lot #2
2.2 6.7

114749 Generative method non mutationable a lot #3
1.2 2.8

150177 Gradient method '7,0,0' init 7.69889

94 0.881272

236840 Zeingler-Nichols method 1 step k crit
0.137339 3.0756

431264 Zeingler-Nichols method 0.1 step k crit
0.111215 2.10095

6.6484e+06 Zeingler-Nichols method 'x0.5 and x2'+'x0.33 and

x3' at '0.5 step k crit' to avrg pass 0.175 0.0190217
1.85535e+10 Gradient method '5,0,0' init 6.13157

1.4913

9 1.30597
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10: 2.4639%94e+10 Gradient method '1,0,0' init 1.06758
0.317347 0.579046

11: 3.36734e+10 Gradient method with init by the Zeingler-Nichols

method 1 step k krit 2.49195 1.82929 4.76755

12: 3.97422e+10 Gradient method with init by the Zeingler-Nichols

method 0.5 step k krit 5.7759 5.34597 7.63554

13: 4.15997e+10 Gradient method with init by the Zeingler-Nichols

method 0.1 step k krit 4.70099 4.2221 6.21183

14: 4.17452e+10 Generative method mutationable #4 1.7
0.8 0.3

15: 4.18692e+10 Generative method non mutationable a lot #1
3.9 3.5 5.3

16: 4,42951e+10 Generative method mutationable #2 9.1
5 0

17: 4.68945e+10 Generative method non mutationable a lot #5
4 4.3 0.1

18: 5.02991e+10 Generative method mutationable #5 0.5
6.7 1.3

19: 5.63382e+10 Generative method mutationable #1 9.4
7 3.5

20: 6.13424e+10 Generative method non mutationable a lot #4
5.8 6.4 7.2

21: 6.18729%e+12 Gradient method '2,0,0' init 8.38471
-29403.1 -341273

The end of rating list

Results #19:

1: 457724 Gradient method '10,0,0" init 10.474
0.568234 0.571808

2: 666458 Zeingler-Nichols method 1 step k crit
0.8 0.137339 3.0756

3: 889542 Gradient method '7,0,0' init 7.69889
0.876194 0.881272

4: 1.00809e+06 Generative method non mutationable a lot #3
5.2 1.2 2.8

5: 1.03424e+06 Zeingler-Nichols method 0.1 step k crit
0.595 0.111215 2.10095

6: 6.65404e+06 Zeingler-Nichols method 'x0.5 and x2'+'x0.33 and

x3"'" at '0.5 step k crit' to avrg pass 0.175 0.0190217
1.0626

7: 2.04577e+10 Generative method mutationable #3 8.8
2.5 5.2

8: 2.26438e+10 Gradient method '5,0,0' init 6.13157
1.49139 1.30597

9: 2.59467e+10 Gradient method '1,0,0' init 1.06758
0.317347 0.579046

10: 3.20344e+10 Generative method non mutationable a lot #2
5.1 2.2 6.7

11: 3.84074e+10 Generative method mutationable #2 9.1
5 0

12: 4.61027e+10 Generative method non mutationable a lot #1
3.9 3.5 5.3

13: 4.62812e+10 Generative method non mutationable a lot #5
4 4.3 0.1

14: 4.67316e+10 Gradient method with init by the Zeingler-Nichols

method 0.1 step k krit 4.70099 4.2221 6.21183

15: 4.90011e+10 Gradient method with init by the Zeingler-Nichols

method 0.5 step k krit 5.7759 5.34597 7.63554

16: 4,99198e+10 Generative method mutationable #4 1.7
0.8 0.3

17: 5.03485e+10 Generative method mutationable #1 9.4
7 3.5
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18: 5.15883e+10 Gradient method with init by the Zeingler-Nichols

method 1 step k krit 2.49195 1.82929 4.76755

19: 5.73611le+10 Generative method non mutationable a lot #4
5.8 6.4 7.2

20: 6.92311e+10 Generative method mutationable #5 0.5
6.7 1.3

21: 6.20007e+12 Gradient method '2,0,0' init 8.38471
-29403.1 -341273

The end of rating list

Results #20:

1: 390011 Generative method mutationable #3 8.8
2.5 5.2

2: 464792 Generative method non mutationable a lot #2
5.1 2.2 6.7

3: 493856 Gradient method '10,0,0'" init 10.474
0.568234 0.571808

4: 578055 Generative method non mutationable a lot #3
5.2 1.2 2.8

5: 765018 Gradient method '7,0,0' init 7.69889
0.876194 0.881272

6: 808379 Zeingler-Nichols method 1 step k crit
0.8 0.137339 3.0756

7 1.2953e+06 Zeingler-Nichols method 0.1 step k crit
0.595 0.111215 2.10095 B

8: 9.6949e+06 Zeingler-Nichols method 'x0.5 and x2'+'x0.33 and

x3' at '0.5 step k crit' to avrg pass 0.175 0.0190217
1.0626

9: 1.78783e+10 Gradient method '5,0,0' init 6.13157
1.49139 1.30597

10: 2.35183e+10 Gradient method '1,0,0' init 1.06758
0.317347 0.579046

11: 3.37411e+10 Gradient method with init by the Zeingler-Nichols

method 1 step k krit 2.49195 1.82929 4.76755

12: 3.99902e+10 Gradient method with init by the Zeingler-Nichols

method 0.5 step k krit 5.7759 5.34597 7.63554

13: 4.11928e+10 Gradient method with init by the Zeingler-Nichols

method 0.1 step k krit 4.70099 4.2221 6.21183

14: 4.13851e+10 Generative method non mutationable a lot #1
3.9 3.5 5.3

15: 4.171e+10 Generative method mutationable #4 1.7
0.8 0.3

16: 4.38918e+10 Generative method mutationable #2 9.1
5 0

17: 4.60766e+10 Generative method non mutationable a lot #5
4 4.3 0.1

18: 5.11235e+10 Generative method mutationable #5 0.5
6.7 1.3

19: 5.55545e+10 Generative method mutationable #1 9.4
7 3.5

20: 6.07955e+10 Generative method non mutationable a lot #4
5.8 6.4 7.2

21: 6.19856e+12 Gradient method '2,0,0' init 8.38471
-29403.1 -341273

The end of rating list



Monaroxk b

[Ipuknaau 3BITIB Y KOHCOJb Mijl Yac HaJAIITYBaHHS PETyJIsTOpa PI3HUMHU
peryJsiTopaMH 3a Pi3HUMHU alropuTMamMu (IICHTpaJbHA YacTHWHA BIJICYTHS Yepes
BIJICYTHICTh 3MICTOBOTO HaBaHTaXEHHS Ta OJHOTUIHICTH 3BITY, 10 OYB
peanizoBaHUM JIUIIE SK 3aci0 CIIOCTEPEKEHHS 3a CTAHOM IPOIECY HAIAIITyBaHHS
YU MOJIETIOBAHHS ITYCKY).

Bapro 3a3HauuTH, 110 CIIOYATKy MOJENb PO3pOOJIsiacs IJisl peryItOBaHHS 3a
MIBUIKICTIO, a TMOTIM [JI1 JOCHIIKCHHS poOOTH peryiasropa Ta HOro
HAJIAIITOBYBauiB OyJ0 BUPIIICHO MEPEUTH HA PEryJIIOBaHHS 3a Pe3yJbTYIOUUM
KyTOM BUKOHAHUX 00€pTiB, MPOTE MOy, 10 (hOPMYBAIIM 3BITH BiJIpEearoBaHo He
Oys0 i ToMy BapTo mam’sTatd, 1o B KosioHIi «Velocity» HacmpaBai BHBOISTHCS
3HaueHHs « Theta», ToOTO He MIBHIKOCTI, a PE3yIbTYIOUOr0 KyTa.

[Ipukiax HajnamITyBaHHS 3a TPAIEHTHAM METOJIOM Ta MOJICTIOBAHHSM ITyCKY

ob6nannanus CAP 3 oTpuMaHMMU HaJIAIITyBAHHAMU PEryIsiTOpa:

20:00:25: Starting
/home/tkachpavlo/IOokymeHnTr/HomeWork/Codding/diploma/model /build-
acs model for experiments-Desktop-
Debug/acs model for experiments...

1 0 0

NEXT_STEP:

cnf: 1 0 0

£fi(): 3.46493e+0606

grad: -6757.59 -31734.7 -57904.06
ans: 1.06758 0.317347 0.579046
NEXT_STEP :

cnf: 1.06758 0.317347 0.579046
fi(): 3.46493e4+06

grad: 5.57499e+08 5.64618e+09 1.34761le+10
ans: —-5573.92 -56461.5 -134761
NEXT_STEP :

cnf: O 0 0

fi(): 1.3566e+10



grad:

-1.28504e+10

ans: 122930

NEXT STEP:

cnf: 122930
2.12643e4+08
6.74068e+12

fi():
grad:

ans: —-6.7283%e+07

NEXT STEP:

cnf: O
fi():
grad:

0

74512

74512

1.20048e+12
3.96562e+12

ans: -1.0694e+08

r

20
.10001
.2 20
.3 20
.4 20
.5 20
.60001
.70001
.80001
.90001
.00001
.10001

PR OO OO0 OO0O O O h

719.
719.
719.
719.
719.
719.
719.
719.
720 20

1.06758

20:09:14:

O O J o Ui W N

-1.28529e+08
Velocity EngVoltage

-1.30973e+10

-2

0

377.37

2.01406e+12

.00661e+07

1.08463e+13

0.0101022 21.

0.0216546 22.5288
0.0336771 23.147

0.0461813 23.7643
0.0591804 24.3805

PID Source
0 0 0 0 0
20 21.9098 21.9097
22.5289 22.5288
23.1471 23.1471
23.7644 23.7643
24.3806 24.3806
20 24.9959 24.9958 0.
20 25.61 25.6099 0
20 26.223 26.2229 0
20 26.8348 26.8347 0
20 27.4454 27.4454 0
20 28.0548 28.0547 0.
(ITpomyck)
20 -8.13395 -8.13395 20.
20 -8.13147 -8.13147 20.
20 -8.12889 -8.12889 20.
20 -8.1262 -8.1262 20.
20 -8.12341 -8.12341 20.
20 -8.1205 -8.1205 20.
20 -8.1175 -8.1175 20.
20 -8.11439 -8.11439 20.
-8.11117 -8.11117 20.0103
0.317347 0.579046

0726898 24.
.0867214 25.
.101292 26
.116419 26.
.13212 27.

148412 28.

0373 -8
034 -8
0306 -8
0272 -8
0238 -8
0204 -8
017 -8
0137 -8
-8.11117

-1.32383e+10

1.4966le+11

.49899e+06
2.06419e+13
.07918e+08
Torque
9097 9.05446
9.30979
9.56431
9.8183
10.0717
9958 10.3246
6099 10.5769
L2229 10.8285
8347 11.0795
4453 11.3297
0547 11.5793
.13395 -3.37728
.13147 -3.37625
.12889 -3.37518
.1262 -3.37407
.12341 -3.37291
.1205 -3.37171
L1175 -3.37047
.11439 -3.36918
-3.36785

105

/home/tkachpavlo/IOokymenTr/HomeWork/Codding/diploma/model /build-

acs model for experiments-Desktop-

Debug/acs model for experiments exited with code 0

HpI/IKJ'IaI[ HaJIAIOTYyBAHHA 3a TCHCTUYHUM QJITOPpUTMOM Ta MOJCIIOBAHHAM

nycky obsanHanas CAP 3 oTpuMaHMMM HaJIAIITYBAHHAMU PEryisiTopa:
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00:10:20: Starting
/home/tkachpavlo/JokymeHnTs/ HomeWork/Codding/diploma/model /build-
acs model for experiments-Desktop-
Debug/acs model for experiments...

0:

globaly best: 1.65567e+09 3.9 3.5 5.30
locally best:: 1.0078e+11 4.7 3.5 5.010
1:

globaly best: 1.65567e+09 3.9 3.5 5.31
locally best:: 1.64579%e+11 5.46 4.67 0.921
2:

globaly best: 1.65567e+09 3.9 3.5 5.32
locally best:: 1.95489%e+11 5.69 5.15 -
0.692

3:

globaly best: 1.65567e+09 3.9 3.5 5.33
locally best:: 2.13838e+11 5.25 5.15 0.273
4:

globaly best: 1.65567e+09 3.9 3.5 5.34
locally best:: 3.73767e+11 5.25 4.31 -
1.384

t r PID Source Velocity EngVoltage Torque

0 20 0 0 0 0 0

0.10001 20 73.0638 73.0641 0.11769 73.0644 18.364

0.2 20 70.3142 70.3144 0.417126 70.3146 18.364
(ITpomyck)

719.9 20 0.0714089 0.0714091 20.0067 0.0714093 0.029723

720 20 0.0689982 0.0689985 20.0067 0.0689987 0.0287216

3.9 3.5 5.3

00:29:21:

/home/tkachpavlo/IOokymeHnTr/HomeWork/Codding/diploma/model /build-

acs model for experiments-Desktop-

Debug/acs model for experiments exited with code 0

[Ipuknan sHamamrtyBaHHsa 3a mMeTogoM llurmepa-Hikonca Ta MoenroBaHHIM

ITyCKY 06Ha,Z[HaHH$I CAP 3 OTPUMAHUMH HAJIANITYBAHHAMUA PEryJIsATOpPA:

21:12:30: Starting
/home/tkachpavlo/JokymeHnTs/HomeWork/Codding/diploma/model /build-
acs model for experiments-Desktop-
Debug/acs model for experiments...
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firstStep start

vel: O -0.0116638 -0.0463454 -0.103776 ...

sec: 111 110

ext: O -43.181 -19.4299

amp: 21.5905 11.8756

firstStep cycle 1

vel: 50.4388 50.5696 50.7073 50.8517 51.0026

sec: 128

ext: 71.0098 60.2166

amp: 5.39657

vel: 62.8847 62.9479 63.0044 63.0542

sec: 119 118

ext: 63.2203 50.2032 57.0623

amp: 6.50855 3.42953

aproximateStep cycle 0.875

t r PID Source Velocity EngVoltage Torque

0 20 0 0 0 0 0

0.10001 20 43.894 43.8941 0.0386403 43.8943 17.5047

0.2 20 43.218 43.2181 0.0919481 43.2181 17.6619
(IIporyck)

719.8 20 -0.760903 -0.760903 20.0564 -0.760903 -0.316119

719.9 20 -0.760261 -0.760262 20.0561 -0.760262 -0.315853

720 20 -0.75962 -0.75962 20.0558 -0.75962 -0.315586

0.175 0.0190217 1.0626

21:15:34:

/home/tkachpavlo/JokymeHnTs/ HomeWork/Codding/diploma/model /build-
acs model for experiments-Desktop-
Debug/acs model for experiments exited with code 0

[Ipukian HajmamTyBaHHS 3a TPAJIEHTHUM METOJOM Ta MeTtonom llurmepa-
Hikosnca B moeHaHHI OJHE 3 OJJHUM Ta MOJCIIOBAaHHSAM ITycKy oOnamHanHs CAP 3
OTPUMAaHUMH HAJAIITYBAaHHSAMH PETYJIITOpa HEMAE CEHCY TOMY SK JUII HHUX BKE
NPUKJIaJd HaBEJEHl 1 HaJallITyBaHHS BUILIAAIO SK OJIHE 3a OJHUM B Psl
HAJIAIITYBAaHHS BHUKOHYIOTHCS Ta HAMPUKIHIN TPAIULIAHO 3amyCcK oOOJNagHAHHS,

TOOTO HIYOTO HOBOTO.



Honarox B
JIicTUHTM BUXIJTHOTO KOAY MPOEKTY.

Jlictuur automated control_system.h:

#ifndef AUTOMATED CONTROL SYSTEM H
#define AUTOMATED CONTROL SYSTEM H

#include"controlled process.h"
#include"regulator.h"
#include"reference signal definder static.h"
#include"dc source.h"

#include<vector>

finclude<array>

class Automated control system

{

private:
DC engine * p process;
PID regulator * p regulator;
Reference signal definder static * p definder;
DC source * p source;
double dt;
double t;

void
reset vector of elements (Automated control system element interf
ace * = nullptr);

Automated control system element interface *
to get certain element (Automated control system element interfac
e::type of element);
protected:

std::vector<Automated control system element interface *>
elements;

void to communicate();

void to plus dt();
public:

Automated control system();

~Automated control system();

void to_set dt (double);

double to check dt() const; //not tested

void to_set t(double = 0); //not tested

double to check t() const; //not tested

bool
to mount the element (Automated control system element interface
*) i

bool
to mount the element (Automated control system element interface
&) ;
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const std::vector<const
Automated control system element interface *> to check elements|()
const;

const std::vector<const
Automated control system element interface *>
to check ordered elements () const;

const Automated control system element interface *

to check certain element (Automated control system element interf
ace::type of element) const;

const Automated control system element interface *
to check process () const;

const Automated control system element interface *
to check regulator () const;

const Automated control system element interface *
to check definder () const;

const Automated control system element interface *
to check source() const;

Automated control system element interface *

to get definder();
virtual void to calculate();

}s

class Automated control system paralleled : public
Automated control system

{

virtual void to calculate() override;

b

#endif // AUTOMATED CONTROL SYSTEM H

Jlicrunr container_analyzer.h:

#ifndef CONTAINER ALANYZER H
#define CONTAINER ALANYZER H

#include <algorithm>
#include <functional>
#include <numeric>

class container analyzer

{

private:
bool increasing = true;
protected:
bool is increasing() const { return increasing; }
void to change increasing status () { increasing

= lincreasing; }

std::vector<double>::iterator to detect extremum Get p (const
std: :vector<double>::iteratorg, const
std: :vector<double>::iteratoré&);

bool is stable the oscilations(const std::vector<int>&);
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bool is stable the amplitude (const std::vector<double>&);

std::vector<int> to calculate periods Get (const
std: :vector<int>é&) ;

std: :vector<double> to calculate amplitudes Get (const
std::vector<double>&) ;

void

to calculate extremums and seconds Put in(std::vector<double>&
r vector obj, std::vector<double>& extremums,std::vector<int>é&
seconds) ;

public:
container analyzer() {}
bool is oscillating(std::vector<double>&);
double

to calculate period in Get (std::vector<double>&,double);
}i

#endif // CONTAINER ALANYZER H

Jlictuur container_analyzer.cpp:
#include"container analyzer.h"

std::vector<double>::iterator
container analyzer::to detect extremum Get p(const
std::vector<double>::iterators it begin, const
std::vector<double>::iterator& it end)
{

//data

auto ans = it begin;

//alg

1f (is_increasing())

{

ans = std::adjacent find(it begin, it end,
std::greater()); N - -
}
else
{
ans = std::adjacent find (it begin, it end, std::less());
}
if (ans != it end) to change increasing status();

return ans;

}

#include<iostream>
bool container analyzer::is oscillating(std::vector<double>&
r vector obj)
{
//data
std::vector<double> extremums;
std::vector<int> seconds;
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bool isStable last check = false;

//alg
to calculate extremums and seconds Put in(r vector obj,
extremums, seconds);

std::cout << "vel:\t"; for (auto i : r vector obj) std::cout
<< 1 << "\t"; std::cout << std::endl << std::flush;

std::cout << "sec:\t"; for (auto 1 : seconds) std::cout << 1
<< "\t"; std::cout << std::endl << std::flush;

std::cout << "ext:\t"; for (auto 1 : extremums) std::cout <<
1 << "\t"; std::cout << std::endl << std::flush;

isStable last check = is stable the oscilations(seconds);

isStable last check *= is stable the amplitude (extremums) ;

return isStable last check;

void
container analyzer::to calculate extremums and seconds Put in(st
d::vector<double>é& r vector obj, std: :vector<double>&

extremums, std: :vector<int>& seconds)
{
//data
std::vector<double>::iterator p extremum;
std::vector<double>::iterator p extremum prev;
//alg
p _extremum = to detect extremum Get p(r vector obj.begin(),
r vector obj.end());
p_extremum prev = p extremum;
while( p extremum != r vector obj.end() )
{

extremums.push back (*p extremum);

if ( p_extremum = p_extremum prev )
seconds.push back(p extremum - p extremum prev);
if ( p extremum != p extremum prev ) p extremum prev =

p_extremum;

P extremum = to detect extremum Get p(p extremum,
r_vector_gbj.end()); N N N N N
}
}

bool container analyzer::is stable the oscilations (const
std::vector<int>& seconds)

{

//data

std::vector<int> amplitudes;

double average amplitude = 0;

bool ans = true;

//alg

amplitudes = to calculate periods Get (seconds);

average amplitude =
double ( std::accumulate (amplitudes.begin(), amplitudes.end(),

0) ) / double (amplitudes.size());
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for (auto i : amplitudes)
ans *= (double(average amplitude) * 0.5 < 1 && 1 <
double (average amplitude) * 2) ;
return ans;

}

std::vector<int>
container analyzer::to calculate periods Get (const
std::vector<int>& seconds)
{
//data
std::vector<int> periods;
int period = 0;

//alg
auto 1 _prev = seconds.begin();
for (auto i1 = seconds.begin(); 1 < seconds.end(); ++1i)

{
period += *i;
if (1 - 1 prev != 0)
{
periods.push back (period);
1 prev =1 + 1;
period = 0;

}

return periods;

bool container analyzer::1is stable the amplitude (const
std::vector<double>& extremums)
{

//data

std::vector<double> amplitudes;

double average amplitude;

bool ans = true;

//alg

amplitudes = to calculate amplitudes Get (extremums) ;

average amplitude = std::accumulate (amplitudes.begin (),
amplitudes.end(), 0.0) / double(amplitudes.size()):;

for (auto i : amplitudes)

ans *= (average amplitude * 0.3 < i && i <

average amplitude * 3) ;

if (amplitudes.size() < 2) ans = false;

std::cout << "amp:\t"; for (auto 1 : amplitudes) std::cout <<
1 << "\t"; std::cout << std::endl << std::flush;

return ans;

}

std: :vector<double>
container analyzer::to calculate amplitudes Get (const
std::vector<double>& extremums)
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//data
std::vector<double> amplitudes;

//alg
auto 1 prev = extremums.begin();
for (auto i = extremums.begin() + 1; i1 < extremums.end(); ++1i)

{
amplitudes.push back( std::abs(*i - *i prev) / 2 );
1 prev = 1i;

}

return amplitudes;

double
container analyzer::to calculate period in Get (std::vector<doubl
e>& r vector obj, double dt)
{

//data

std::vector<double> extremums;

std::vector<int> seconds;

std::vector<int> periods;

double average period;

//alg

to calculate extremums and seconds Put in(r vector obj,
extremums, seconds);

periods = to calculate periods Get (seconds);
average period = double( std::accumulate (periods.begin(),
periods.end(), 0.0) ) / double(periods.size());

return average period * dt;

}

Jlicrunr controlled_process.h:

#ifndef CONTROLLED PROCESS H
#define CONTROLLED PROCESS H

#include "automated control system element interface.h"
class DC engine tester;

class DC _engine : public
Automated control system element interface
{
private:

friend class DC engine tester;

void to_actulizg_the_pgrameters();

double to dcurrent dt(double U, double I, double R, double kf,
double w, double L);

double to dvelocity dt(double kf, double I, double T L, double
J);

double to dtorque of load dw(double w, double kL 1, double
k exp lim, double k exp curv, double T);
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double to actulize the torque of load(double w, double kL O,
double kL 1, double k exp lim, double k exp curv);

double to actulize current (double previous I, double dI dt,
double dt);

double to actulize velocity(double previous w, double dw dt,
double dt);

double to actulize theta(double previous x, double dx dt,
double dt);

double to actulize the torque of load from dT dw(double
T,double dwdt, double dT dw, double dt);

void to solve with euler();

void to solve with runge kutta();

void runge kutta stage 1(std::vector<double>&);

void
runge kutta stage 2 (std::vector<double>&,std::vector<double>&);
void
runge kutta stage 3 (std::vector<double>&,std::vector<double>§&);
void B B
runge_ kutta stage 4 (std::vector<double>&,std::vector<double>&);
public:
DC _engine () ;
virtual ~DC engine () override;
enum calculation mode states { EULER, RUNGE KUTTA };
private:
calculation mode states calculation mode state;
public:

void to set calculation mode (calculation mode states);
const calculation mode states to check calculation mode();

// BEGIN OF THE STATIC PARAMETERS
// Torque of the load STATIC koefficients

enum
{
BEGIN STATIC = END INTERFACE, /// BE CRARE FOR THE
TRUE OF THE EQUATION !!
BEGIN LOAD K = END INTERFACE, /// BE CRARE FOR THE

TRUE OF THE EQUATION !!

// K of T load

LOAD K 0 = BEGIN LOAD K + 0,

LOAD K 1 = BEGIN LOAD K + 1,
LOAD K EXP LIMIT = BEGIN LOAD K + 2,
LOAD_K_EXP CURVATURE = BEGIN LOAD K + 3,

LAST LOAD K = LOAD K EXP CURVATURE, /// BE
CRARE FOR THE TRUE OF THE EQUATION !!
END LOAD K = LAST LOAD K + 1, /// BE CRARE FOR THE

TRUE OF THE EQUATION !!

}i
// DC_engine STATIC parameters
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enum

{
BEGIN DC _ENGINE = END LOAD K, /// BE CRARE FOR THE

TRUE OF THE EQUATION !!

RESISTANCE = BEGIN DC _ENGINE + 0,
INDUCTIVITY = BEGIN DC ENGINE + 1,
KF = BEGIN DC_ENGINE + 2,

// J

MOMENT OF INERTIA = BEGIN DC ENGINE + 3,

MOMENT OF INERTIA OF ENGINE = BEGIN DC ENGINE + 4,

MOMENT OF INERTIA OF MECHANICAL LOAD = BEGIN DC ENGINE +

5,

LAST SATIC = MOMENT OF INERTIA OF MECHANICAL LOAD,
/// BE CRARE FOR THE TRUE OF THE EQUATION !!

END STATIC = LAST SATIC + 1, /// BE CRARE FOR THE

TRUE OF THE EQUATION !!
}s
// END OF THE STATIC PARAMETERS

// VARIED PARAMETERS "NONSTATIC"
enum

{
BEGIN NONSTATIC = END STATIC, /// BE CRARE FOR THE

TRUE OF THE EQUATION !!

// X V A
THETA = BEGIN NONSTATIC + O,

DTHETA DT = BEGIN NONSTATIC + 1,
VELOCITY = DTHETA DT,

DDTHETA DTT = BEGIN NONSTATIC + 2,
DVELOCITY DT = DDTHETA DTT,
ACCELERATION = DVELOCITY DT,

// g I dI/dt
COULOMBLS = BEGIN NONSTATIC + 3,

DCOULOMBS DT = BEGIN NONSTATIC + 4,
CURRENT = DCOULOMBS DT,

DDCOULUMBS DTT = BEGIN NONSTATIC + 5,
DCURRENT DT = DDCOULUMBS DTT,

// v
VOLTAGE = BEGIN NONSTATIC + 6,

// T engine
TORQUE = BEGIN NONSTATIC + 7,
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TORQUE OF LOAD = BEGIN NONSTATIC + 8,
DTORQUE OF LOAD DVELOCITY = BEGIN NONSTATIC + 9,

LAST ENGINE = DTORQUE OF LOAD DVELOCITY,
/// BE CRARE FOR THE TRUE OF THE EQUATION !!
END ENGINE = LAST ENGINE + 1, ///

BE CRARE FOR THE TRUE OF THE EQUATION !!
}s

// THE END OF ALL

enum
{
LAST NONSTATIC = LAST ENGINE, /17
BE CRARE FOR THE TRUE OF THE EQUATION !!
END NONSTATIC = LAST NONSTATIC + 1, /17

BE CRARE FOR THE TRUE OF THE EQUATION !!

LAST DC_ENGINE = LAST ENGINE, /17
BE CRARE FOR THE TRUE OF THE EQUATION !!
END DC ENGINE = LAST DC ENGINE + 1, /17

BE CRARE FOR THE TRUE OF THE EQUATION !!

SIZE = END_DC_ENGINE /17
BE CRARE FOR THE TRUE OF THE EQUATION !!

}s

bool to verify amount of parameters() const override;
bool to set element parameters(const std::vector<double> &)
override;

bool to set all parameters(const std: :vector<double> &)
override;
void to calculate () override;

}s

#endif // CONTROLLED PROCESS H

Jlictuar dc_source.h:

#ifndef DC_SOURCE H
#define DC_SOURCE H

#include "automated control system element interface.h"

class DC source : public
Automated control system element interface
{
public:
DC source() ;
enum

{
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BEGIN SOURCE = END INTERFACE, /// BE CRARE FOR
THE TRUE OF THE EQUATION !!

MAX_VOLTAGE = BEGIN SOURCE + O,
MIN VOLTAGE = BEGIN SOURCE + 1,

LAST SOURCE = MIN VOLTAGE, /// BE CRARE FOR
THE TRUE OF THE EQUATION !!
END SOURCE = LAST SOURCE + 1,
SIZE = END SOURCE
b
void to set max voltage (double);
void to set min voltage (double);

//interface:
virtual bool to verify amount of parameters () const override;
virtual bool to set element parameters (const

std::vector<double> &) override;

virtual bool to set all parameters (const std::vector<double>
&) override;

virtual void to calculate() override;

}s

class DC _source inerted : public DC source

{

private:
double change step();
public:
virtual void to calculate() override;

}s

#endif // DC_SOURCE_H

JlictuHr experiment_executor.h:

#ifndef EXPERIMENT EXECUTOR H
#define EXPERIMENT EXECUTOR H

#include"automated control system.h"
#include"registrator.h"

finclude<string>
#include<vector>
#include<memory>

class Experiment executor interface
{
private:
Automated control system * acs model;
double dt;
double t length;
double time to show;
double interval;
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double amount of show;
protected:
void reset interval();
virtual void to run(Registrator *) const;
double to get t length() const;

double to get interval() const;

Automated control system * to get model() const;
public:

Experiment executor interface (Automated control system * =
nullptr);

virtual ~Experiment executor interface() = 0;

virtual void to run() = 0;

void to get model to run(Automated control system *);
Automated control system * to get model();

void to_set dt (double);

void to set t length(double);

void to set time to registrate(double);

void to set amount of registrations (double);

}s

class Experiment executor : virtual public
Experiment executor interface // for txt file report

{

protected:
std::string results title;
public:
Experiment executor (Automated control system * = nullptr);
void to_set result title(const char *);
virtual void to run() override;
i
class Experiment executor short report : public

Experiment executor // for short txt-file report

{

public:
Experiment executor short report (Automated control system * =
nullptr);
virtual void to run() override;
bi
class Experiment executor for fitness function : virtual public

Experiment executor interface
{
protected:
std::vector<double> * records = nullptr;
public:

Experiment executor for fitness function (Automated control syste
m * = nullptr);
void to set vector (std::vector<double>*);
void to set vector (std::vector<double>&);
void to_ set vector(std::shared ptr<std::vector<double>>);
virtual void to run() override;
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}s

class Experiment executor velocity record : public
Experiment executor for fitness function

{

public:
void to_run() override;
bi
class
Experiment executor for fitness function with varied reference s
ignal : public Expezimeat_execqur_for_fztnesg_functzon B

{
double reference signal max;
double reference signal min;
public:

Experiment executor for fitness function with varied reference s
ignal (Automated control system * = nullptr);

void to_set varied diapasone min max (double,double);
virtual void to run() override;

}i

#endif // EXPERIMENT EXECUTOR H

Jlictunr fitness_function.cpp:

#include "regulator tuner.h"
#include "experiment executor.h"

#include "tkachpavlo2001llib/myExeption.hpp"
#include <numeric>
class exception for fitness function varied reference signal

public myException

{

public:

exception for fitness function varied reference signal ()
myException () {std::cerr <<
"::fitness function varied reference signal"; }

}s

class exception for gradient by step : public myException
{
public:
exception for gradient by step() : myException() { std::cerr
<< "::gradient by step"; }
bi
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double
fitness function varied reference signal (double*ans,void*param)

{
int status = -1;
parameters for optimizer * p parameters for optimizer;

std: :shared ptr<Experiment executor for fitness function with va
ried reference signal> p experiment;

try
{
if (param !'= nullptr) p parameters for optimizer =
static cast<parameters for optimizer *>(param);
else
{
status = 1;
throw

exception for fitness function varied reference signal();

}

1f (p parameters for optimizer == nullptr)
{

status = 2;

throw

exception for fitness function varied reference signal();

}

else P experiment =
std::make shared<Experiment executor for fitness function with v
aried reference signal>

(

p parameters for optimizer->parameters p objects parameters obj.
p_acs _model

) ;

p_experiment->to set t length(p parameters for optimizer->parame
ters for fitness function obj.length);

p_experiment->to set dt (p parameters for optimizer->parameters £
or fitness function obj.dt);
p_experiment->to set varied diapasone min max

(

p parameters for optimizer->parameters for varied fitness functi
on obj.min,

p parameters for optimizer->parameters for varied fitness functi
on obj.max

)

p experiment->to set time to registrate(p parameters for optimiz
er->parameters for fitness function obj.t registrate);

std: :vector<double> records;
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p experiment->to set vector (records);

p_experiment->to get model to run(p parameters for optimizer->pa
rameters p objects parameters obj.p acs model);

p parameters for optimizer->parameters p objects parameters obj.
p_regulator->to get parameters() [PID regulator::K P] = ans[0];

p parameters for optimizer->parameters p objects parameters obj.
p _regulator->to get parameters () [PID regulator::K I] = ans[1l];

p parameters for optimizer->parameters p objects parameters obj.
p_regulator->to get parameters() [PID regulator::K D] = ans[2];

for (int i = 0; i <
p_parameters for optimizer->parameters for varied fitness functi
on obj.times; ++1) p experiment->to run();

status = 0;
return std::accumulate (records.begin(), records.end(), O,
[&] (double acc, double num)->double {return acc + num * num;} );
}
catch
(exception for fitness function varied reference signalé&)
{
std::cerr << ": status = " << status << std::endl <<
std::endl << std::endl;
std: :abort () ;
}

}

std::array<double, 3> gradient by step(double*ans,void*param)
{
int status = -1;
parameters for optimizer * p parameters for optimizer;
std::array<double, 3> gradient {0};
try
{
if (param == nullptr)
{
status = 1;
throw exception for gradient by step();
}
p parameters for optimizer =
static cast<parameters for optimizer*>(param);
1f (p parameters for optimizer == nullptr)
{
status = 2;
throw exception for gradient by step();
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PID regulator * p _regulator =
p parameters for optimizer->parameters p objects parameters obj.
p_regulator;

double temp;

double stepped value;

double fitness value =
fitness function varied reference signal (ans,param) ;

temp =
p _regulator->to get parameters () [PID regulator::K P];

ans[0] = ans[0] +
p parameters for optimizer->parameters for gradient obj.dx;

gradient [0] =
fitness function varied reference signal (ans, param) -

fitness value;
p_regulator->to get parameters () [PID regulator::K P] =
ans[0] = temp;

temp =
p regulator->to get parameters () [PID regulator::K I];

ans[1] = ans[1] +
p _parameters for optimizer->parameters for gradient obj.dx;

gradient[1] =
fitness function varied reference signal (ans, param) -

fitness:value;
p_regulator->to get parameters() [PID regulator::K T] =
ans[l] = temp;

temp =
p_regulator->to get parameters () [PID regulator::K D];
ans[2] = ans[2] +

p parameters for optimizer->parameters for gradient obj.dx;
gradient[2] =
fitness function varied reference signal (ans, param) -
fitness value;
p_regulator->to get parameters () [PID regulator::K D] =

ans[2] = temp;

status = 0;
return gradient;
}
catch (exception for gradient by stepé&)
{
std::cerr << ": status = " << status << std::endl <<
std::endl << std::endl;
std: :abort () ;

Jlicrunar generative_algorithm.h:
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#ifndef GENERATIVE ALGORITHM H
#define GENERATIVE ALGORITHM H

#include<iostream>
#include<vector>
#include<ctime>
#include<random>
#include<array>
#include<map>
#include<array>

#include"tkachpavlo2001lib/tkachpavlo2001llib.hpp"

template <int POLYNOM>
class generative algorithm

{

private:

void add answer (std::multimap<double,
std::array<double, POLYNOM>> & rating, const
std::array<double, POLYNOM> & answer); N

void to initialize(std::multimap<double,

std::array<double, POLYNOM>> & answer rating);

void to mutate (std::array<double, POLYNOM> & answer);

void to pair(std::array<double, 3> & new agent, const
std::array<double, POLYNOM> & arr 1, const std::array<double,
POLYNOM> & arr 2); N

void
to make new generation(std::vector<std::array<double, POLYNOM>> &
_new_generation, const std: :multimap<double,

std::array<double, POLYNOM>> & old generation);

void to mutate new generation(std::vector<std::array<double,
POLYNOM>> & new generation);

void to rate(std::multimap<double,
std: :array<double, POLYNOM>> & _answer rating, const
std::vector<std::array<double, POLYNOM>> & new generation);

void to_ cut (std::multimap<double, std::array<double, POLYNOM>>
& _answer rating);

void to show (const std: :pair<double, std::array<double,
POLYNOM>> & answer to show);

void to show (const std::array<double, POLYNOM> &
_answer to show);

void to show iteration status(const std: :pair<double,
std::array<double, POLYNOM>> & _best answer, const

std::pair<double, std::array<double, POLYNOM>> & new answer, int
iteration);

double MUTATION PROBABILITY = 0.1;

double MUTATION STEP = 0.1;

double MAX INIT = 1;

double MIN INIT = 0;

double AGENTS = 1000;

double NEW AGENTS = 3000;

double ITERATIONS = 100;



doub
void

public:
gene
void
std:
std:
void
void
void
void
void
void
void
void
void

}s

template

le (*fitnes function) (double * answer, void *) =
* fitness function parameters = nullptr;

rative algorithm() ;

to solve record mode () ;
:pair<double, std::array<double, POLYNOM>> to solve();
:array<double, POLYNOM> to solve array out();

to set min init (double = 0);

to set max init (double = 1);

to set mutation step(double = 0.1);

to set mutation propability(double = 0.
to set agents(double = 1000);

to set new agents(double = 3000);
to set iterations(double = 100);

to set fitnes function( double (*f)
to set fitness function parameters

1),

(void*) ;

<int POLYNOM>

generative algorithm<POLYNOM>::generative algorithm/()

{
to s
to s
to s
to s

template
void

generative algorithm<POLYNOM>::to initialize (std:

e, std::

{

for

{

MIN INIT

template
void

generative algorithm<POLYNOM>::add answer (std::multimap<double,
const

std::arr
std::arr
{
doub
for

et min init();

et max init();

et mutation step();

et mutation propability();

<int POLYNOM>

array<double, POLYNOM>> & answer rating)

(unsigned int i = 0; i < AGENTS; i++)
std::array<double, POLYNOM> answer;
for (int 1 = 0; i < POLYNOM; i++)
{

_answer[i] = myrand() * (MAX INIT -

}

add answer (_answer rating, _answer);

<int POLYNOM>

ay<double, POLYNOM>> &
ay<double, POLYNOM> & answer)

_rating,

le array[POLYNOM];

(int i = 0; i < POLYNOM; ++1i)

(double*,void*));

MIN INIT)
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nullptr;

:multimap<doubl

+
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array[i] = answer[i];
double fi = fitnes function(array,
fitness function parameters);
_rating.insert (std::pair(fi, answer));

}

template <int POLYNOM>
void generative algorithm<POLYNOM>::to mutate (std::array<double,
POLYNOM> & answer)
{

for (auto i1 = std::begin( answer); 1 != std::end( answer);
+4+1) B B

{

if ( myrand() >= MUTATION PROBABILITY ) *i += (rand() % 2

- 1) * myrand() * MUTATION STEP;

}
}

template <int POLYNOM>
void generative algorithm<POLYNOM>::to pair (std::array<double, 3>
& new_agent, const std::array<double, POLYNOM> & arr 1, const
std::array<double, POLYNOM> & arr 2)
{
for (long unsigned int i = 0; i1 < new agent.size(); ++1i)
if (myrand() > 0.5)
new agent[i] = arr 1[i];
else B B
new agent[i] = arr 2[i];

}

template <int POLYNOM>

void

generative algorithm<POLYNOM>::to make new generation(std::vecto
r<std::array<double, POLYNOM>> & _new_generation, const
std: :multimap<double, std::array<double, POLYNOM>> &

old generation)
{
_new_generation.clear();
int 1 = 0;
if (!old generation.empty()) for (auto j =
std::begin(old_@éneration); i < NEW AGENTS; ++i, std::advance(J,
1))
{
_new generation.emplace back();
auto j 2 = Jj;
std::advance(j 2, 1);

if (j 2 == std::end(old generation) )
{
j = std::begin(old generation);
j_2 = 3;

std::advance(j 2, 1);
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if (J 2 I= old generation.end() && ] !=
old generation.end()) to pair( new generation.at(i), Jj->second,
j 2->second) ; B -
}
}

template <int POLYNOM>
void
generative algorithm<POLYNOM>::to mutate new generation (std::vec
tor<std::array<double, POLYNOM>> & new generation)
{
for (auto i = std::begin( new generation); i | =

std::end( new generation); ++1)

to mutate(*1i);

}

template <int POLYNOM>
void generative algorithm<POLYNOM>::to rate(std::multimap<double,
std: :array<double, POLYNOM>> & _answer rating, const
std::vector<std::array<double, POLYNOM>> & new generation)
{

_answer rating.clear();

if (! new generation.empty()) for (auto i : new generation)

aad_aﬁswer(_answer_rating, i); -

template <int POLYNOM>
void generative algorithm<POLYNOM>::to cut (std::multimap<double,
std::array<double, POLYNOM>> & answer rating)
{

while ( answer rating.size () > AGENTS)

{

_answer rating.erase(--

(std::rbegin( answer rating) .base()));

}
}

template <int POLYNOM>
void generative algorithm<POLYNOM>::to show(const
std::pair<double, std::array<double, POLYNOM>> & answer to show)
{

std::cout << answer to show.first;

for (auto i : answer to show.second) std::cout << '"\t' << i;

template <int POLYNOM>
void generative algorithm<POLYNOM>::to show(const
std::array<double, POLYNOM> & answer to show)
{
std::cout << "NODATA";
for (auto i : answer to show) std::cout << '"\t' << i;
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template <int POLYNOM>

void

generative algorithm<POLYNOM>::to show iteration status (const
std::pair<double, std::array<double, POLYNOM>> & Dbest answer,
const std: :pair<double, std: :array<double, POLYNOM>> &
_new_answer, int iteration)

{

std::cout << iteration << ":\t" << new answer.first << '\t'
<< best answer.first;
for (auto i : Dbest answer.second) std::cout << '"\t' << i;

}

template <int POLYNOM>
void generative algorithm<POLYNOM>::to solve record mode ()

{

if (fitnes function == nullptr) { std::cerr <<
"fitness function is NULL\n"; return; }
if (fitness function parameters == nullptr) { std::cerr <<

"fitness function parameters is NULL\n"; return; }
std::vector<std::array<double, POLYNOM>> answer array;
std: :multimap<double, std::array<double, POLYNOM>>
answer rating;
std::pair<double, std::array<double, POLYNOM>> answer;
std::pair<double, std::array<double, POLYNOM>> best answer;
srand (time (0)) ;
to initialize (answer rating);
answer = *std::begin(answer rating);
std::cout << "Initializing:\n";
to show (answer) ;
std::cout << '\n';
best answer = answer;
for ( int 1 = 0 ; i < ITERATIONS; ++i)
{

to make new generation(answer array,answer rating);
to mutate new generation (answer array);
to rate(answer rating, answer array);
to cut (answer rating);
answer = *(std::begin(answer rating));
if (best answer.first > answer.first) Dbest answer =
answer;
to show iteration status(best answer, answer, 1i);
std::cout << std::endl;
}
std::cout << "\n\nFinal answer: ";
to show (best answer) ;
std::cout << std::endl;

template <int POLYNOM>

std: :pair<double, std: :array<double, POLYNOM>>
generative algorithm<POLYNOM>::to solve ()

{
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if (fitnes function == nullptr) { std::cerr <<
"fitnes function is NULL\n"; std::abort(); }
if (fitness function parameters == nullptr) { std::cerr <<

"fitness function parameters is NULL\n"; std::abort(); }
std::vector<std::array<double, POLYNOM>> answer array;
std: :multimap<double, std::array<double, POLYNOM>>
answer rating;
std::pair<double, std::array<double, POLYNOM>> answer;
std::pair<double, std::array<double, POLYNOM>> best answer;
srand (time (0)) ;
to initialize (answer rating);

answer = *std::begin(answer rating);
best answer = answer;
for ( int 1 = 0 ; i1 < ITERATIONS; ++1i)

{

to make new generation(answer array,answer rating);

to mutate new generation (answer array);

to rate(answer rating, answer array);

to cut (answer rating);

answer = *(std::begin(answer rating));

if (best answer.first > answer.first) best answer =
answer;

}

return best answer;

template <int POLYNOM>

std::array<double, POLYNOM>

generative algorithm<POLYNOM>::to solve array out()
{

auto answer = this->to solve();
return answer.second;

}

template <int POLYNOM>
void generative algorithm<POLYNOM>::to set min init (double num)

{
MIN INIT = num;

template <int POLYNOM>
void generative algorithm<POLYNOM>::to set max init (double num)

{
MAX INIT = num;

template <int POLYNOM>
void generative algorithm<POLYNOM>::to set mutation step (double
num)

{
MUTATION STEP = num;
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template <int POLYNOM>

void

generative algorithm<POLYNOM>::to set mutation propability (doubl
e num)

{
MUTATION PROBABILITY = num;

template <int POLYNOM>
void generative algorithm<POLYNOM>::to set agents (double num)

{
AGENTS = num;

}

template <int POLYNOM>
void generative algorithm<POLYNOM>::to set new agents (double num)

{
NEW_AGENTS = num;

}

template <int POLYNOM>
void generative algorithm<POLYNOM>::to set iterations (double num)

{
ITERATIONS = num;

template <int POLYNOM>
void
generative algorithm<POLYNOM>::to set fitnes function( double
(*f£) (double*,void¥*))
{
fitnes function = f;

}

template <int POLYNOM>

void

generative algorithm<POLYNOM>::to set fitness function parameter
s (void* _pgrameters) B B B B

{

fitness function parameters = parameters;

#endif // GENERATIVE ALGORITHM H

Jlictunr gradient_method.h:

#ifndef GRADIENT METHOD H
#define GRADIENT METHOD H

#include<array>
#include<iostream>
#include<map>
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#include<random>
#include<time.h>

#include"tkachpavlo2001lib/myRand.h"

template <int POLYNOM>
class gradient method step based
{
private:
double (*fitness function) (double*,void*) = nullptr;
std::array<double, POLYNOM> (*gradient function)
(double*,void*) = nullptr; B
double h = 0;
double learn coefficient = 0;
double ITERATION = 0;
void to initiate answer (double*);

protected:
std::array<double, POLYNOM> answer;
public:
gradient method step based();
virtual std::pair<std::array<double, POLYNOM>,

std::array<double, POLYNOM> > to solve (void*);
std::pair<std::array<double, POLYNOM>,
std::array<double, POLYNOM> > to solve and record(void * param);
std::array<double, POLYNOM> to solve array out(void * param);
std: :array<double, POLYNOM>
to gradient (std::array<double, POLYNOM>, void¥*);
void to_set step (double);
void to_set iteration(double);

void
to set fitness function(double (*) (double*,void*)=nullptr);

void to set gradient function (std::array<double,
POLYNOM> (*) (double*,void*)=nullptr);

//void

to set gradient function (double (*) (double*,void*)=nullptr);
double to _get fitness function value (void*);
void to set learn coefficient (double arqg)
{ learn coefficient ;__afé; } B N

}s

template <int POLYNOM>

class stochastic gradient method step based : public
gradient method step based<POLYNOM>

{

private:
unsigned int tries amount = 0;
double init min = 0;
double init max = 0;
std::array<double, POLYNOM> (*initiation function) () =

nullptr;
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std::array<double, POLYNOM> init funct def();

std::array<double, POLYNOM> call init funct();
public:

stochastic gradient method step based();

void to set tries amount (unsigned int);

void to set initiation minimum(double);

void to_set initiation maximum(double);

void to set initiation function (std::array<double, POLYNOM>
(*) O);

std::pair<std::array<double, POLYNOM>,
std::array<double, POLYNOM> > to solve(void*) override;
i

template <int POLYNOM>
gradient method step based<POLYNOM>::gradient method step based(
)
{
for (auto & i : answer) i = 0;

}

template <int POLYNOM>
std::array<double, POLYNOM>
gradient method step based<POLYNOM>::to gradient (std::array<doub
le,POLYN6M> _ang, void * param) B
{

std: :array<double, POLYNOM> answer =
gradient function( ans.begin(), param);

return answer;

}

template <int POLYNOM>

std::pair<std::array<double, POLYNOM>,

std: :array<double, POLYNOM> >
gradient method step based<POLYNOM>::to solve(void * param)

{

to initiate answer (answer.begin());

for (auto 1 : answer) std::cout << 1 << "\t"; //
REDUNDANCE

std::cout << std::endl << std::flush; //
REDUNDANCE

if (fitness function == nullptr) { std: :cerr <<
"fitnes function is NULL\n"; abort(); }

std::array<double, POLYNOM> gradient;
for (int i = 0; 1 < ITERATION; ++1)
{

gradient = this->to gradient (answer, param);
for (int j = 0; j < POLYNOM; ++7)
answer[]J] -= gradient[j] * learn coefficient;
for (auto 1 : gradient) std::cout << 1 << "\t"; //
REDUNDANCE
for (auto 1 : answer) std::cout << 1 << "\t"; //

REDUNDANCE
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std::cout << std::endl << std::flush; //
REDUNDANCE
}
return std::pair<std::array<double, POLYNOM>,

std::array<double, POLYNOM>> (gradient, answer);;
}

template <int POLYNOM>

std::pair<std::array<double, POLYNOM>,

std::array<double, POLYNOM> >
gradient method step based<POLYNOM>::to solve and record(void *
param)

{

to initiate answer (answer.begin());
if (fitness function == nullptr) { std::cerr <<
"fitnes function is NULL\n"; abort(); }

std::array<double, POLYNOM> gradient;
for (int i = 0; i1 < ITERATION; ++i)
{
std::cout << i << ":\t";
gradient = to gradient (answer);
for(int 7 = 0; j < POLYNOM; ++7)
std::cout << gradient[j] << "\t\t";

std::cout << "||";
for(int j = 0; j < POLYNOM; ++7)
std::cout << (answer[]j] -= gradient[j] * h) << "\t\t";

std::cout << std::endl;
}
return std::pair<std::array<double, POLYNOM>,
std::array<double, POLYNOM>> (gradient, answer);

}

template <int POLYNOM>

std::array<double, POLYNOM>

gradient method step based<POLYNOM>::to solve array out (void *
param)

{
std::pair<std::array<double, POLYNOM>,

std::array<double, POLYNOM> > ans = this->to solve (param) ;
return ans.second;

}

template <int POLYNOM>
void
gradient method step based<POLYNOM>::to initiate answer (double*
_init)
{
for(int j = 0; j < POLYNOM; ++j) answer[j] = init[j];
}

template <int POLYNOM>
void gradient method step based<POLYNOM>::to set step (double h)

{
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template <int POLYNOM>
void gradient method step based<POLYNOM>::to set iteration (double
_lteration) N N N N N
{
ITERATION = iteration;
}

template <int POLYNOM>

void

gradient method step based<POLYNOM>::to set fitness function (dou
ble (* f) (double*,void*))

{

fitness function = f;

template <int POLYNOM>

void

gradient method step based<POLYNOM>::to set gradient function (st
d::array<double, POLYNOM> (* f) (double*,void*))

{

gradient function = f;

template <int POLYNOM>
double
gradient method step based<POLYNOM>::to get fitness function val
ue (void* param)
{
return fitness function (answer.begin(), param);

}

template <int POLYNOM>
stochastic gradient method step based<POLYNOM>::stochastic gradi
ent method step based()
{
srand (time (0)) ;
call init funct();

}

template <int POLYNOM>
std::array<double, POLYNOM>
stochastic gradient method step based<POLYNOM>::init funct def ()
{

for (int i = 0; 1 < POLYNOM; ++i)

this->answer[i] = myrand() * (init max - 1init min) +

init min;

return this->answer;

}



134

template <int POLYNOM>
std: :array<double, POLYNOM>
stochastic gradient method step based<POLYNOM>::call init funct (
)
{
if (initiation function == nullptr) return init funct def ();
return initiation function();

template <int POLYNOM>

void

stochastic gradient method step based<POLYNOM>::to set tries amo
unt (unsigned int n)

{

tries amount = n;

template <int POLYNOM>

void

stochastic gradient method step based<POLYNOM>::to set initiatio
n minimum(double num)

{

init min = num;

template <int POLYNOM>
void
stochastic gradient method step based<POLYNOM>::to set initiatio
n_maximum(aouble _nam) B B B N
{
init max = num;

}

template <int POLYNOM>

void

stochastic gradient method step based<POLYNOM>::to set initiatio
n_function?std::arrgy<doubie, POLYNOM> (* £) () N N

{

initiation function = f;

template <int POLYNOM>
std::pair<std::array<double, POLYNOM>,
std: :array<double, POLYNOM> >
stochastic gradient method step based<POLYNOM>::to solve (void*pa
ram)
{
std::multimap<double, std::pair<std::array<double, POLYNOM>,
std::array<double, POLYNOM> > > rating;
std::pair<std::array<double, POLYNOM>, std: :array<double,
POLYNOM> > result;
for (int 1 = 0; 1 < tries amount; ++1i)
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call init funct();

result =
gradient method step based<POLYNOM>::to solve (param);

rating.insert (std::pair<double,

std::pair<std::array<double, POLYNOM>, std: :array<double,
POLYNOM> > > (this->to get fitness function value (param),
result) );

}

this->answer = rating.begin () ->second.second;

return rating.begin () ->second;

}
#endif // GRADIENT METHOD H

Jlicrunr reference_signal_definder_static.h:

#ifndef REFERENCE SIGNAL DEFINDER STATIC H
#define REFERENCE SIGNAL DEFINDER STATIC H

#include "automated control system element interface.h"

class Reference signal definder static : public
Automated control system element interface

{
public:
Reference signal definder static(double=0);

void to set signal (double);

enum { SIZE = END INTERFACE };

//interface:
virtual bool to verify amount of parameters() const override;
virtual bool to set element parameters (const

std: :vector<double> &) override;

virtual bool to set all parameters(const std::vector<double>
&) override; B B B

virtual void to calculate() override;

b

#endif // REFERENCE SIGNAL DEFINDER STATIC H

Jlictuxr registrator.h:

#ifndef REGISTRATOR H
#define REGISTRATOR H

#include"automated control system.h"
#include<string>

#include <fstream>

#include <vector>



class Registrator

{
private:
const Automated control system * acs model status;
std::string name of file;
bool first_recora_cgmmited;
virtual void to record() = 0;

protected:
bool to actulize the fist record commited status();
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const Automated control system * to check acs model status()

const;
public:
Registrator();
virtual ~Registrator() = 0;
const char * to check name of file() const;

void to _set name of file(std::string);

Registrator & operator<<(const Automated control systemé&);

}s

class Registrator to txt file : public Registrator
{
private:
virtual void to record() override;
protected:
std::ofstream fout;
bool to actulize the fist record commited status();
public:
Registrator to txt file();
virtual ~Registrator to txt file() override;
bool is open();

}s

class Registrator to txt file short
Registrator to txt file
{

private:
virtual void to record() override;
public:
Registrator to txt file short();
virtual ~Re§isEratgr_to:txt_file_short() override;
bi
class Registrator to std vector : public Registrator
{
public:
void to record() override;
protected:
std::vector<double> * records = nullptr;
public:

Registrator to std vector();
virtual ~Registrator to std vector();
void to_set vector(std::vector<double>&);

public
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void to set vector (std::vector<double>*);
void to set vector(std::shared ptr<std::vector<double>>);
bi

class Registrator to std vector difference : public
Registrator to std vector
{

void to record() override;

}s

#endif // REGISTRATOR H

Jlicrunr regulator.h:

#ifndef REGULATOR H
#define REGULATOR H

#include"automated control system element interface.h"
#include<memory>

class PID regulator : public
Automated control system element interface
{
private:

double error():;

double output();

double P();

double I();

double D{() ;
public:

PID regulator();

void to set koefficients(double=0, double=0, double=0);
void to receive reference signal (double) ;

enum {
BEGIN REGULATOR = END INTERFACE, /17
BE CRARE FOR THE TRUE OF THE EQUATION !!

K P = BEGIN REGULATOR + O,
K D = BEGIN REGULATOR + 1,
K I = BEGIN REGULATOR + 2,

PROPORTIONAL SIGNAL = BEGIN REGULATOR + 3,
INTEGRAL SIGNAL = BEGIN REGULATOR + 4,
DERIVATIVE SIGNAL = BEGIN REGULATOR + 5,

PREVIOUS ERROR = BEGIN REGULATOR + 6,



REFERENCE SIGNAL = BEGIN REGULATOR + 7,
ERROR SIGNAL = BEGIN REGULATOR + 8,

LAST REGULATOR = ERROR SIGNAL,
BE CRARE FOR THE TRUE OF THE EQUATION !!
END REGULATOR = LAST REGULATOR + 1,
SIZE = END REGULATOR
b

//interface:
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/17

virtual bool to verify amount of parameters () const override;
virtual bool to set element parameters (const

std::vector<double> &) override;

virtual bool to set all parameters(const std::vector<double>

&) override;
virtual void to calculate() override;

}s

#endif // REGULATOR_H

Jlictunr regulator.cpp:
#include "regulator.h"

double PID regulator::error ()

{
return parameters [REFERENCE SIGNAL]

parameters [INPUT SIGNAL];
}

double PID regulator::output ()
{
return P() + I() + D();

}

double PID regulator::P()
{

return parameters[PROPORTIONAL SIGNAL] = parameters[K P]
parameters [ERROR SIGNAL];

}

double PID regulator::I()

{
return parameters [ INTEGRAL SIGNAL] += parameters[K TI]

parameters [ERROR SIGNAL] * parameters|[DT];
}

double PID regulator::D() // can be paralleled
{

*
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parameters [DERIVATIVE SIGNAL] = parameters [K D]
( parameters[ERROR SIGNAL] - parameters [PREVIOUS ERROR] ) /
parameters [DT] ; B N

parameters [PREVIOUS ERROR] = parameters[ERROR SIGNAL];

return parameters[DERIVATIVE SIGNAL];

PID regulator::PID regulator ()
Automated control system element interface()
{
the type = PID regulator::REGULATOR;
while (parameters.size() < SIZE) parameters.push back(0);

}

void PID regulator::to set koefficients(double kp, double ki,
double kd)
{

parameters[K P] = kp > 0 ? kp : 0;
parameters[K I] = ki > 0 2 ki : 0;
parameters[K D] = kd > 0 ? kd : 0;

void PID regulator::to receive reference signal (double r)

{

parameters [REFERENCE SIGNAL] = r;
}
bool PID regulator::to verify amount of parameters () const
{

if (parameters.size() != SIZE) return false;

return true;

bool PID regulator::to set element parameters (const
std::vector<double> & :r_parameters)_ B B
{

{

auto 1 = std::begin(parameters);
std::advance (i, END INTERFACE);
auto j = std::begin( r parameters);
std::advance (j, END_ INTERFACE) ;
int k = 0;
for (
i ! std: :end (parameters) && ] I=

std::end( r parameters) && k < END REGULATOR;
++1i, ++j, ++k
)
*1 = *j;
if ( (1 == std: :end (parameters) && I ==
std::end( r parameters)) ) return false;

}

return true;



}
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bool PID regulator::to set all parameters (const

std::vector<double> & r parameters)

{
{

auto i1 = std::begin(parameters);
auto j = std::begin( r parameters);
int k = 0;
for (
i ! std: :end (parameters)

std::end( _r parameters) && k < END REGULATOR;
++i, ++3j, ++k

*1 = *j;
if ( (1 == std: :end (parameters)
std::end( r parameters)) ) return false;

}

return true;

void PID regulator::to calculate ()

{
parameters [ERROR SIGNAL] = error();
parameters [OUTPUT SIGNAL] = output();

Jlicrunr regulator_tuner.h:

#ifndef REGULATOR TUNER H
#define REGULATOR TUNER H

#include"automated control system.h"

#include "generative algorithm.h"
#include "gradient method.h"

struct parameters for fitness function
{

double dt = 0;

double length = 0;

double t registrate = 0;
bi

struct parameters for varied fitness function
{
double times

= 0;
double min = 0;
0;

double max

}s

struct parameters for gradient

§&& . =

& & 3 ==



double last value f = 0;
double dx = 0;
double learn step = 0;

int tries = 1;
double learn step distortion = 1;
double learn step distortion velocity = 0;

}s

struct parameters p objects

{
Automated control system * p acs model = nullptr;
PID regulator * p regulator = nullptr;

}s
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inline void to_ copy parameters p objects (parameters p objectsé&

_receilver, parameters p objects& sender)

{
_receiver.p acs model = sender.p acs model;
_receilver.p regulator _sender.p regulator;

}

struct parameters configurations for optimizer

{

unsigned int iterations = 0;
unsigned int agents = 0;
unsigned int new agents = 0;
double mutation_gtep = 0;

double mutation propability = 0;
double min init = 0;

double max init = 0;

}s

struct parameters for optimizer

{

parameters p objects parameters p objects parameters obj;

parameters for fitness function
parameters for fitness function obj;
parameters for varied fitness function
parameters for varied fitness function obj;
parameters for gradient parameters for gradient obj;

parameters configurations for optimizer
parameters configurations for optimizer obj;

}s

inline

to copy parameters for optimizer (parameters for optimizeré&

_receilver, parameters for optimizer& sender)

{

void
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to copy parameters p objects( receiver.parameters p objects para
meters obj, sender.parameters p objects parameters obj);

_receilver.parameters for fitness function obj =
_sender.parameters for fitness function obj;

_receiver.parameters for varied fitness function ob] =
_sender.parameters for varied fitness function obj;

_receiver.parameters for gradient obj =
_sender.parameters for gradient obj;

_receiver.parameters configurations for optimizer obj
_sender.parameters configurations for optimizer obj;

}

double fitness function varied reference signal (double*,void¥*);
std::array<double, 3> gradient by step (double*,void*);

class Regulator tuner interface

{

private:
std::array<double, 3> answer { 0, 0O, 0O };
protected:
parameters for optimizer * p parameters = nullptr;
bool parameters is null() { return p parameters == nullptr; }
void to set answer (std::array<double, 3> arg) { answer =
_arg; }
public:
Regulator tuner interface (parameters for optimizeré);
Regulator tuner interface ();
virtual ~Regulator tuner interface() = 0;

void to set parameters (parameters for optimizeré&);
void to reset parameters();
std::array<double, 3> & to check answer();

virtual void to tune() = 0;

}i

class Regulator tuner automated manual algorithm interface
virtual public Regulator tuner interface
{
public:
Regulator tuner automated manual algorithm interface() {}

Regulator tuner automated manual algorithm interface (parameters
for optimizeré&);
virtual
~Regulator tuner automated manual algorithm interface() = 0;
virtual void to tune() = 0;

}s
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class Regulator tuner my optimizer interface : virtual public
Regulator tuner interface

{

public:
Regulator tuner my optimizer interface() {}
virtual ~§egulanr:tuner_my_gptimizer_interface() = 0;
virtual void to tune() = 0;

i

class Regulator tuner side optimizer interface : virtual public

Regulator tuner interface

{}s

class Regulator tuner my generative algorithm : public
Regulator tuner my optimizer interface
{
private:
generative algorithm<3> generative algorithm obj;
public:

Regulator tuner my generative algorithm(parameters for optimizer

& _parameters to set)
Regulator tuner interface( parameters to set) {}
Regulator tuner my generative algorithm() ({}
virtual ~Regulator tuner my generative algorithm() {}
void to tune () override;
}i
class Regulator tuner my gradient algorithm : public

Regulator tuner my optimizer interface
{
private:
stochastic gradient method step based<3>
stochastic gradient method step based obj;

double learn step change = 1;
double learn step change velocity = 1;
public:

Regulator tuner my gradient algorithm(parameters for optimizers
_parameters to set)
Regulator tuner interface( parameters to set) {}

Regulator tuner my gradient algorithm() {}

virtual ~Regulator tuner my gradient algorithm() {}

void to tune () override;

}s

class Regulator tuner my ziegler nichols method : public
Regulator tuner automated manual algorithm interface
{
private:
double k start = 0.1;
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double k crit prev = 0;
protected:

double to check k crit prev() { return k crit prev; }
public:

//Regulator tuner my ziegler nichols method(parameters for optim
izeré&);
Regulator tuner my ziegler nichols method() {}

Regulator tuner my ziegler nichols method(parameters for optimiz
ers& _parameters to set)

Regulator tuner automated manual algorithm interface( parameters
_to set) {}

virtual ~Regulator tuner my ziegler nichols method() {}
void to_set start k(double k = 0.1) { k start = k; }
void to_tune() override;

virtual void to do first step();
virtual bool to do aproximating step Is aproximated();
virtual void to do second step();
virtual void to do third step();
virtual void to do final step();

}i

class Regulator tuner

{}s
#endif // REGULATOR TUNER H

Jlictunr regulator_tuner.cpp:

#include "regulator tuner.h"

Regulator tuner interface::Regulator tuner interface (parameters
for optimizer& parameters to set)

{

p_parameters = new parameters for optimizer;
to copy parameters for optimizer (*p parameters,
_parameters to set);

}

Regulator tuner interface::Regulator tuner interface ()
p parameters (nullptr)

{
}

Regulator tuner interface::~Regulator tuner interface()

{

if (!parameters is null()) delete p parameters;

}
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void
Regulator tuner interface::to set parameters (parameters for opti
mizer& parameters to set)
{

if (parameters is null()) P parameters = new
parameters for optimizer;

to copy parameters for optimizer (*p parameters,
_parameters to set);

}

void Regulator tuner interface::to reset parameters ()

{

if (!parameters is null()) delete p parameters;

std: :array<double, 3> &
Regulator tuner interface::to check answer ()

{

return answer;

}

Regulator tuner my optimizer interface::~Regulator tuner my opti
mizer interface() {}

void Regulator tuner my generative algorithm::to tune()

{

generative algorithm obj.to set min init(p parameters->parameter
s _configurations for optimizer obj.min init);

generative algorithm obj.to set max init(p parameters->parameter
s _configurations for optimizer obj.max init);

generative algorithm obj.to set mutation step(p parameters->para
meters configurations for optimizer obj.mutation step);

generative algorithm obj.to set mutation propability(p parameter
s—->parameters configurations for optimizer obj.mutation propabil
ity)

generative algorithm obj.to set agents(p parameters->parameters
configurations for optimizer obj.agents);

generative algorithm obj.to set new agents(p parameters->paramet
ers configurations for optimizer obj.new agents);

generative algorithm obj.to set iterations(p parameters->paramet
ers configurations for optimizer obj.iterations);
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generative algorithm obj.to set fitnes function(fitness function
_varied reference signal);
generative algorithm obj.to set fitness function parameters (p pa
rameters) ;
to set answer( generative algorithm obj.to solve array out() );

auto k = to check answer();
p parameters->parameters p objects parameters obj.p regulator->t
o set koefficients(k[0], k[1], k[2]);

}

void Regulator tuner my gradient algorithm::to tune ()

{

stochastic gradient method step based obj.to set tries amount (p
parameters->parameters for gradient obj.tries);

stochastic gradient method step based obj.to set initiation mini
mum (p parameters—->parameters configurations for optimizer obj.mi
n init);

stochastic gradient method step based obj.to set initiation maxi
mum (p parameters—->parameters configurations for optimizer obj.ma
X init);

stochastic gradient method step based obj.to set initiation func
tion (nullptr);

stochastic gradient method step based obj.to set step(p paramete
rs->parameters for gradient obj.dx);

stochastic gradient method step based obj.to set learn coefficie
nt (p parameters->parameters for gradient obj.learn step);

stochastic gradient method step based obj.to set iteration(p par
ameters->parameters configurations for optimizer obj.iterations)

.
4

stochastic gradient method step based obj.to set fitness functio
n(fitness function varied reference signal);

stochastic gradient method step based obj.to set gradient functi
on(gradient by step);
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//stochastic gradient method step based obj.to get fitness funct
ion value();

to set answer( stochastic gradient method step based obj.to solv
e array out (p parameters) );

auto k = to check answer();

//for ( auto & 1 : k ) 1f (1) 1 = 0;

p parameters->parameters p objects parameters obj.p regulator->t
o _set koefficients (k[0], k[1], k[2]);
}

Regulator tuner automated manual algorithm interface::Regulator
tuner automated manual algorithm interface (parameters for optimi
zer& parameters to set)
{

p parameters = new parameters for optimizer;

to copy parameters for optimizer (*p parameters,
_paramgters:to_set); - - a

}

void Regulator tuner my ziegler nichols method::to tune()

{

PID regulator * p _regulator =
p parameters->parameters p objects parameters obj.p regulator;
Automated control system * p_acs _model =

p_parameters—->parameters p objects parameters obj.p acs model;

to do first step();
while (!to do aproximating step Is aproximated()) continue;
to do second step();
to do third step();
to do final step();
}

#include "experiment executor.h"
#include "default configuration setter.h"
#include "container analyzer.h"

Regulator tuner automated manual algorithm interface::~Regulator
_tuner automated manual algorithm interface() {}

void
Regulator tuner my ziegler nichols method::to do first step()
{

// DELETE

std::cout << "firstStep start\n" << std::flush;

// END_ DELETE
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//data

PID regulator * p_regulator =
p parameters->parameters p objects parameters obj.p regulator;

Automated control system * p_acs _model =
p parameters->parameters p objects parameters obj.p acs model;

double t registrare =

p_parameters->parameters for fitness function obj.t registrate;

//data setting //Experiment executor velocity record
std: :make shared<Experiment executor for fitness function>();

std::shared ptr<Experiment executor velocity record>
p_experiment B B B B =
std::make shared<Experiment executor velocity record>();

Default configuration setter setter;

setter.to _set experiment parameters(p experiment.get());

p_experiment->to set t length(p parameters->parameters for fitne
ss_function obj.length);
p_experiment->to get model to run(p acs model);

//alg

bool cycle must proceed = true;

std: :vector<double> output;
p_experiment->to set vector (output);
container analyzer analyzer;

std::array<double, 3> & ans = to check answer();
ans[0] += k start;

ans[1l] = 0;

ans[2] = 0;

while (cycle must proceed)
{
k crit prev = ans([0];
ans[0] += k start;
p regulator->to set koefficients(ans[0]);
p:experiment—>t5_ruﬁ();
if ( analyzer.is oscillating(output) ) cycle must proceed
= false;

// DELETE

std::cout << "firstStep cycle\t" << ans[0] << "\n"<<
std::flush;

// END_DELETE

output.clear () ;

}

bool
Regulator tuner my ziegler nichols method::to do aproximating st
ep Is aproximated()
{
//data



PID regulator * p regulator
p_parameters->parameters p objects parameters obj.p regulator;
Automated control system * P _acs model
p_parameters->parameters p objects parameters obj.p acs model;
std::array<double, 3> & ans = to check answer();
std::shared ptr<Experiment executor for fitness function>
p_experiment
std::make shared<Experiment executor for fitness function>();
container analyzer analyzer;
std: :vector<double> output;
double t registrare
p parameters->parameters for fitness function obj.t registrate;

//data setting
Default configuration setter setter;
setter.to set experiment parameters (p experiment.get());

p_experiment->to set t length(p parameters->parameters for fitne

ss function obj.length);
p_experiment->to get model to run(p acs model);
p_experiment->to set vector (output);

//alg

ans[0] *= 0.75;

p regulator->to set koefficients(ans[0]);
p_experiment->to run();

if ( analyzer.is oscillating(output) ) return false;

else
{
output.clear();
k crit prev = ans[0];

ans[0] /= 0.75;

ans[0] *= 0.875;
p_regulator->to set koefficients(ans[0]);
p_experiment->to run();

if ( !analyzer.is oscillating(output) ) ans[0] /= 0.875;

}

// DELETE

std::cout << "aproximateStep cycle\t" << ans[0] << "\n"
std::flush;

// END DELETE

return true;

}

void
Regulator tuner my ziegler nichols method::to do second step()

{

<<
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//data

PID regulator * p_regulator =
p parameters->parameters p objects parameters obj.p regulator;

Automated control system * p_acs _model =
p parameters->parameters p objects parameters obj.p acs model;

double t registrare =

p_parameters->parameters for fitness function obj.t registrate;

//data setting
std: :shared ptr<Experiment executor for fitness function>
p _experiment =
std::make shared<Experiment executor for fitness function>();
Default configuration setter setter;
setter.to set experiment parameters(p experiment.get());

p_experiment->to set t length(p parameters->parameters for fitne
ss_function obj.length);
p_experiment->to get model to run(p acs model);

//alg

std::array<double, 3> & ans = to_check answer();
std: :vector<double> output;
p_experiment->to set vector (output);
p_experiment->to run();

container analyzer analyzer;
ans[1] = analyzer.to calculate period in Get (output,
t registrare);

}

void
Regulator tuner my ziegler nichols method::to do third step()
{

std::array<double, 3> results = to check answer();

to set answer( std::array<double, 3> { 0.6 * results[O
* results[0] / results[l], 0.125 * results[0] * results[1l]
}

1, 1.2
}o);

void
Regulator tuner my ziegler nichols method::to do final step()
{
PID regulator * p_regulator =
p parameters->parameters p objects parameters obj.p regulator;

auto ans = to_check answer();
p _regulator->to set koefficients(ans[0], ans[1l], ans[2]);



