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Pe3rome Ha TpynoBere B rpyna B

Hecet ot nyonukanuute [B-1-B-10], myOnukyBanu B crienuanu3upaHd HAYYHH U3aHUS,
ca BKJIIOYEHU Karo PaBHOCTOWHM Ha MOHOTpaUyYeH Tpyld W Morar jaa ce o0oOuisT B

HaIpPaBICHUETO

Hoenmughuxkayun u ynpasienue Ha MHOZOMEPHU CUCHEMU C HEOnpedeneHu Mooeu

VYopaBiieHHEeTO B YCJIOBHUS Ha HEOINPENEIEHOCT € OCHOBEH mpobiieM B
ChbBPEMEHHATa TEOpUs M NpPAKTHKA Ha yrpasieHue. B crarusra [B-1], ce mpexacrass
METOJ] 32 WIAEHTU(UKALIMSA C HEONPEIEIeH MOJIeN Ha pa3Ipe/ieIEHUETO Ha TUTbTHOCTTA Ha
MOMyJIalius B €THOMEPEH OrpaHudeH xaburtar. MoxenbT € Oa3upaH Ha HEJIMHEWHO
PEaKIMOHHO-TU(PY3MOHHO YaCTHO JAW(EpPEHIIMAaTHO ypaBHEHHE OT TEOopHusiTa Ha
MOMyJIallUOHHATa JWHaMuKa. HenmuHeHHOTO YacTHO AM(EpeHIUaTHO YpaBHEHHUE Ce
anpoKCUMUpa € JIMHEHHO HEeCTAIlMOHAPHO OMHCAHKE B MPOCTPAHCTBO HA ChHCTOSITHUETO OT
120-tu pen ¢ equn Bxoa u 100 m3xoma, KbIE€TO BXOAHATAa MPOMEHJIMBA € JAbJDKMHATA Ha
xaburara. [IpunoxeHa e TBOMYHA CIy4yaifHa TIOCIIEIOBATETHOCT KaTo Bh30Y KAl CUTHAIL,
CUMYyJIMpaIl pa3liupsiBaHe WM CBMBaHe Ha xabutara. OT chOpaHara M3BajKa JaHHU CE
unentuduimpar 100 Box-Jenkins (BJ) monena, onucBaimy peaknusiTa Ha IIBTHOCTTA HA
MOMyJIallUATa B pa3IMYHU TOYKM Ha xaburtara, ¢ 80% cbhbBHajeHHE CIPSAMO HU3BaJKaTa
naHHW 3a Banupaunusg. Te3u BJ Monmenu ce oOenuHsSBaT B €IUH HEOMNPEICIICH JIMHECH
MOJIeNl Upe3 yCpeIHSABaHE HAa YECTOTHUTE UM XapaKTEPUCTUKH, C HOMUHAJIEH MOJEN OT
12-Tm  pen ¥ BXOJHA MYITUIUIMKATUBHA HEOINPENECICHOCT, AanpoOKCUMHUpaHa C
MuHuManHodaszuu ¢uirpu. Karo npuHOC KbM XaOWIUTAIMOHHHS TPYJ, CTATUATA

npesiara mojaxo/ 3a MpelCTaBsHE 3a LEIUTEe Ha YIPaBICHUETO Ha Oe3KpallHO MEpHUTE



CUCTEMH ONHUCAHU C YaCTHU JAU(epeHIIMaTHi YpaBHEHUS MOCPEICTBOM JIMHEHHU MOIENN
C HEOINpPEAeNIEHOCT TOJIyYeHHu dYpe3 MeToauTe 3a wuaeHtudukanus. ToBa yrecHsBa
MPOEKTUPAHETO Ha PpoOACTHHW peryJaropd 3a yIpaBieHHE Ha OHMOJOTUYHHU,
EMUJIEMUOJIOTUYHU WM XUMUYHH POLECH.

B crarusta [B-2] ce pa3paborBa pobacten p-perynarop (karo Hoo ¢ D-K
UTEPAIMK) 32 TIO3UIIMOHHO CJENAI0 XUIPABINYHO 33JBUKBAHE C HEMPSIKO YIIPaBJICHHE,
peanu3upaHo TOCPEICTBOM MOCTOBAa CXeMa OT OBP3ONPEBKIOYBAIIU JABYIO3UIIMOHHU
MUKpokjanaHu. ToBa €  HHUCKOOIOJDKETHAa  aliTeépHaTuBa Ha  KIACHYECKUTE
MPONOPLUHUOHATTHUTE XUJPO 3aJBUKBAHUS, HO MIPU BHUCOKOUYECTOTHOTO MPEBKIIOYBAHE CE
MPEAN3BUKBAT KojieOaHus B 1eOuTa Ha paboTHATa TEUHOCT, KOETO OrpaHUYaBa TOYHOCTTA
Ha TMO3UIMOHUPAHE B YCTAaHOBEH pEXHMM. Bb3 OCHOBA Ha HEIMHEEH MOJEN Ha
XUApPABIMYHATA CHUCTEMa C€ UIACHTU(DUIIMPA MOJAENT C BXOJHA MYJITHIUIMKATUBHA
HeompezeneHocT 6azupan Ha Box-Jenkins cTpykTypa oT 8-Mu pel, KaTo TpaHHUIIUTE Ha
HEOTIPEICICHOCTTA Ca ONPEIEIICHH IMOCPEACTBOM TpaHchOopMamms Ha KOBapHAIIMOHHA
MaTpulla Ha mapameTpure. 3a AeQUHUpPAHETO HA W3HUCKBaHUATA KbM 3aTBOpEHATa
CHUCTEMa MpHU L-CUHTE3a CE M3IO0JI3Ba CXeMa ChC CMECEHAa UYBCTBUTEIHOCT C TEIIOBHU
bunaTpu 3a Tpemikara M 3a YNpaBisABallMs CHTHAJ, KOUTO C€a HAaCTPOCHH 3a
MUHUMU3HpPAHE Ha TpeIlKaTa B HUCKM YECTOTH M OTpaHWYAaBaHE HA aMIUTUTY/AaTa Ha
YIIPaBJICHUETO B JOIMYCTHMM TIPAaHMIM, KAaTo € nocTurHara cromHoct Ha W 0.974.
CUHTE3UpaHUAT perynarop OT 28-MuU pea € JEeKOMIO3MpaH Ha Halmogaren Ha
ChCTOSHHETO U oOpaTHa Bpb3Ka MO CHCTOSAHHE, TMO3BOJSBAMKK W3BBLPIIBAHE HA
anTu-wind-up MoauduKanus 4pe3 SBHO BKJIIOYBAHE HA OTPAHUYCHOTO MO aMIUIUTYyAA
yIpaBi€HUE BbB BbTpEIIHATa CTPYKTypa HAa CHUHTE3UpPAHUS [l perynarop, C e
HaMaJsiBaHE Ha TMpEeperyaupaHeTo Mpu CTHHAJIOBUIHU 3agaHus. PerymatopbTr e
peanu3upad B 32-OMTOB MPOMHUIIUICH KOHTPOJIEP M EKCIEPUMEHTAITHO TECTBAaH BBPXY
71a00paTOPEH CTEH]T 3a €JIEKTPO-XUAPABINYHO KOPMUIIHO yrpasieHue. Karo npuHoc KbM
XaOWJIUTAIIMOHHUS TPYJ, CTATUSATA JEMOHCTPUpA MBJIEH IHMKBJI OT UICHTU(UKAIMS C
HEOTIPEICIICHN MOJIEIH 10 poOacTHO yNpaBieHUE 3a HEJTMHEHHN UMITYJICHH CHCTEMH, C

boKyc BBPXYy UHAYCTPHAIHM TMPUWIOKEHHUS KAaTO XHUJPABIUYHU CEPBO CHUCTEMHU.



Teopernunure wu3cnenaBanus BrirouBar Teopema 1, 1noka3Bama Bpb3Kara MeEXAy
UACHTU(UITUPAHUS BEPOATHOCTEH MOJET, U MOJICIINTE ChC CUTHAITHO WM MTapaMeTPHIHO
IIPEACTaBEHa HEOINpeNeneHOCT. TeopeMa 2, nokas3Ba upe3 L2-aHanu3 Ha NpOU3THYAILINTE
opu | CHHTe3a ypaBHeHHMs Ha Pukatu ycioBue 3a aHTH-wind-up MomudHKanus Ha
CTaHJApPTEH MIO peryiarop, KOATO HamalsiBa BIMSHUETO Ha OrpPaHUYCHUATA 10
yIpaBlIeHUE BBbPXY BbBEIEHATa HHTErpajHa ChCTaBKa B peryjiaropa, MogoOpsBalku
KauecTBOTO 0€3 Jja KOMIPOMETHpa poOaCTHOCTTA.

Crarusita [B-9] ce pasmiexna NpoekTUpaHE W ONTUMAIHO HACTpOWBaHE Ha
MHoromepeH PID perymnarop 3a €JIeKTpO XHAPABIMYHA CUCTEMA C YyBCTBHUTEIIHOCT IIO
HaTOBapBaHe, M3MOJ3Balla MOA00EH Ha MPOEKTUpaHus BbB [B-2] enexrpoxuapaBinyueH
IIPONOPLMOHAJTEH ynpaBisaBall Monyn. Ilpu ympaBiieHHETO Ha KOpMWIJIHATA CUCTEMaA
[B-9] mapamerpure Ha perynaropa HE c€ 3aJaBaT PbYHO, a CE€ ONTUMHU3HUPAT YpE3
TEHETUYEH aJITOPUTBM, 3a KOSITO KJIACHMYECKUTE METOAM 3a HadajHa HAcTpPOWKa, KaTo
Ziegler-Nichols, He ca qupekTHO TpUIOKUMHU. B cTarusara € n3noi3BaH HACHTU(UITUPAH
IUCKPETEH CTOXACTHYEH MOJEI HAa CUCTEMATa B IPOCTPAHCTBO HA ChCTOSHUETO, MOJIy4YEH
no excrnepumeHTanHu AaHHU. Cunrte3upanuar PID perynarop e ¢ Tpu BXona U €IUH
M3XOJl, BKJIIOYBAILl I'PEIIKA 10 MTO3ULHUSA, CUTHAJ 32 IOJOKEHUETO HA NMPONOPLUOHAIHUSA
pasrpenenuTeN U YCJIOBHA oOparHa Bph3ka 3a anti-wind-up, a ontuMuzanusaTa LETU
MHUHHMMU3ALMs HAa KBaJpaTH4YCH MOKa3ares 3a KauecTBO. EkcriepuMeHTanHuTe pe3ynraru
MoKa3Bar, 4e ontuMmanHo HacTpoeHusT PID perymatop ocurypsiBa Obp3 amnepuonndeH
MIPEXOEH MPOLIEC, MaJIKa yCTAaHOBEHA T'pelIka U J0OpO ChBIIAJEHUE MEX]Y CUMYJIALINS U
(bu3nYecKu eKCIIepUMEHT, KaTo cucTeMara pearupa JopH Mo-0bp30 B PeasHU YCIOBUS OT
CUMYJIALIMOHHUS MOZEIL.

Ilomy4yaBanero Ha MoOZENa Ha EIEKTPOXHMIpAaBIMYHATA KOPMHJIHA CHCTEMA
M3MON3BaH TNpU CUHTE3a Ha perymaropa B [B-9] e wu3Bemen upe3 meromure 3a
unentudukanus B [B-10], KbIeTO OCHOBHHUAT PE3yiTaT € MOJIydyaBaHETO Ha JMHEWHU
JUCKPETEH MOJEIN BbB IPOCTPAHCTBO HAa CHCTOSHUETO C €AWH BXOX U JBa U3X0o4a —
MO3ULMS HA IUTyHXKEpa Ha NPONOPLUMOHAIHMS KJallaH M IO3MIMS Ha OyTaloTo Ha

paboTHuUs cepBo NMIUMHABP. UeHTudukanusTa € npoBeieHa BbPXY J1aO0paTopeH CTEH I,



KaTo Bb30Y)KJIAQHETO € peajM3upaHo Ype3 TIeHepupaHe Ha clydailHa JIBOMYHA
MIOCJIEIOBATETHOCT KAaToO BXOAHO Bb3JelcTBUE. [[apaMeTpuTe Ha Mozena B IPOCTPAHCTBO
Ha ChCTOSIHMETO Ca OLIEHEHM 4Ype3 METOJl Ha Mpe/CKa3aHaTa Ipeuika, a peabT Ha MOJIelia €
n30paH ype3 aHAJIM3 Ha XEHKWIOBU CUHTYIISIPHH YMCJIa U MPOBEpKa Ha KOpelallMoOHHATa
(GYHKIUS HA OCTATBIUTE.

B crarusta [B-3], ce ommcBa naGoparopeH Mojen Ha XymMaHoujeH pobot ¢ 17
CTENEHH Ha CBOOOJA, CHCTOSI CE OT TPHU IMOACHCTEMH: MEXAaHWYHA, 3a/BMOKBAIllA U
uHpopMalMoHHO-y1paBisBania. Cblo Taka B cratusta [B-4] e pazpaboren anropursm
3a koopauHauus ¢ 13 mocnemoBaTeNHM eTamna, OCUTYpsBallM IPEMECTBAHE HaIpel Ha
pabora 0e3 majgaHe 4Ype3 MNPEXBbPIISIHE HA MPOEKIHUATAa Ha LUEHTbP Ha MAacUTE BBHPXY
NOJABPKAIMS  TOJUIOH Ha Kpakara. AJTOpuTbMBT € BrpageH B 8§ OWTOB
MUKpPOKOHTpoJiep ¢ TreHepupaHe Ha C Kog W ca MPOBEAECHH EKCIEPUMEHTAIHU
usciensanus. Upes meroaute 3a UACHTU(UKALUSA € MOJIyeH MoJesl Ha poloTa B
MPOCTPAHCTBO Ha chcTossHHMETO ¢ 10 Bxoma (3agaHus 3a CEPBO MOTOPUTE 3aJIBUKBALIU
Kpakara) U 6 u3xoaa (BIVIOBU CKOPOCTH 3a cThnanara). MaeHtuduuupanusaT mMozpen B
IIPOCTPAHCTBO HAa CHCTOSTHUETO € OT 24-TW pea, ¢ HHUCKA CTOMHOCT Ha IpejacKa3aHa
rpelika ¥ BaJIMJIUpPaH C HE3aBUCHMMA M3BaJKa JAHHU. 3a cTaOwiM3alus IO BpeMe Ha
XOJIeHe ce cuHTe3upa MHoroMmepeH Hoo perynarop upes peliaBaHe Ha JIMHEWMHU MaTpUYHU
HEpaBEHCTBA 3a pa3lIMPEHHs] MOAeNl Ha poldoTa C TENIOBHUM (UATPU 3a Tpelikara u
ynpasisaBamus curHain. Ilocturnara ropHa rpannna Ha Hoo Ha 3aTBOopeHara cucrema
2.45, ¢ monTUcKkaHe Ha TOBapHU cMmyleHus 10 -60 dB B Huckure yecrtoru. Karo npunoc
KbM XaOWJIUTALIMOHHMSI TPy, CTaTusATa Mpenigara HISHTHU(QUKAIMOHEH IOIXOH 3a
M3BEXKJAAaHE Ha MOJAET Ha Kpadeliy MOOMIHA poOOTH BMECTO KJIACHYECKOTO pellaBaHe Ha
oOpaTHa 3ajaya Ha MeXaHMKAaTa WIM AHAIUTUYHM MOJEIM Ha OOBpPHATO Maxalo,
MO3BOJISIBAIl POOACTHO YIpaBlieHME Ha XyMaHouaHU poOotu. Ceuio Taka B [B-8] ce
pasmiexa JMHEHMHO-KBaIpaTUyeH PEerynarop 3a cTabuiu3alus Ha XyMaHOUJHHS poOOT
IIpU XOJEHE, KaTo TeroBHUTE Marpuiy Q u R ca onpezneneHn ekCnepuMeHTANIHO, 33 Aa
ce MOJIy4YM KeJIaH KOMIIPOMHUC MEXKIy KaueCTBO Ha CTa0WIM3alus U OrpaHUYEHUE IO

AaMIININTYyda Ha YIpaBJIIABAIUTC CHIHAJIH. 3a OOCHKAa Ha CBbCTOAHHUCTO € CHUHTC3HUPAH



¢buntep Ha Kanman. U3BbpiieHa e xapayepHa cuMyiaius Ha aJifOpUThMa 3a YIIpaBJIeHHUE
Bbpxy Arduino Mega 2560, kato npu ToBa ce HabIOnaBaT yBeIUYECHA KOJIEOATEITHOCT U
BpeMe Ha 3aTUXBAaHE 3apaJli KOMYHUKAIIMOHHOTO 3aKbCHEHHE, HO KaTo 110 UMa T00po
HUBO Ha CHBIAJICHUE ChC CUMYJIAIIMOHHUTE PE3YIITATH.

B crarusara [B-5] ce pa3paboTBa MHOTOMEpPEH MOJIE 3a poOacTHO yIpaBJIeHUE Ha
JIBYKOJIECEH pOOOT, KaTo IedTa Ha YIpPaBICHUETO € cTabuiau3upaHe Ha poOOTa BBHB
BEPTUKAJTHO M3IMPABEHO IOJIOKEHHE Ype3 MpeMecTBaHe Ha Kojenarta. B paspaboreHmsT
naboparopeH MakeT ca Hajlule JWHAMUYHU HEOIpPENeICHOCTH TMOPOACHH OT
€JIaCTUYHOCTTa Ha MeEXaHWYHaTa KOHCTPYKLHMS, HETOYHOCTH TMpH HU3MEPBaHE C
MUKPOMEXaHUYHA WHEPIMATHA CEH30pM W HHCKaTa paspelraBania CIoCOOHOCT Ha
EHKOZIepa 3a MOJOKEHUETO Ha Kojenata. OCHOBHMAT akKUEHT € BbpPXy TOBA, Y€ BMECTO
UACHTU(UKAIMS C KIACMYECKH EIHOMEPHH MOJEeNM C€ W3M0JI3Ba MHOTOMEpHA
uACHTU(UKALUS HAa MOJEN C eIMH BXOJ M JBa U3X0Jla — BIJIOBA CKOPOCT Ha KoJienara u
HAaKJIOH Ha TSIOTO — KOETO TIO3BOJISIBA IMO-TIBJIHO OINMWCAaHWE Ha JAWHAMUKaTa H
HeompezeneHocTTa. Peanu3upan e | 3akOH 3a ympaBlieHHe oT 15-Tu pes, CHUHTE3UpaH
BBPXY JUCKPETHUSAT MO NMPH TakT Ha auckpetuzanus or 200 Hz u ¢ nobaBena obpaTHa
BpB3Ka M0 MHTETpaj Ha rpelkara oT cliefieHe Ha TpaekTopus. BaxkHa yacT ot crarusra e
cpaBHenueto ¢ LQG-perymnarop 3a ChIIMAT pOOOT OT MPEIUIIHU H3CIEIABAHMSA, KaTo €
BUIHO, Y€ |l PErylaTopbT OCUTYpsBa MO-IIMPOKAa YECTOTHA JICHTa Ha 3aTBOpEHAaTa
cucTeMa, o-0bp30 0TpaboTBaHE Ha IpelIKaTa OT CIEeJeHE U 0-BUCOK 3arac 1o podacTHa
yctorumBocT, jgokaro LQG moka3Ba ToO-700pO TOTHCKaHE HAa IIyMOBETE B
yIpaBIsBALIOTO Bb3eHCTBUE. EKCIepuMeHTHTE 3a BrpaKJaHe Ha 3aKOH 32 yIpaBlieHUE B
XapayepHa ruiat¢opmMa MOTBBPXKAABAT, Y€ BPEMETO 3a M3YHCIEHHE OCTaBa Jajed IoJ
Mepuosia Ha JHUCKpeTH3alus, a MOBEACHUETO Ha polOoTa € 0e3 KojeOaHus, ¢ MaJKu
TPEIIKH OT CJe/IEH! U OTPaHUYCHH yIpaBisiBaiiy curian. OT IieHa Touka Ha TeopusiTa
Ha yMPaBICHUETO MPUHOCHT € B HACHTH(DHUKAIUATA HA TUCKPETEH MOEI B TIPOCTPAHCTBO
Ha CBCTOSHHUETO OT IETH pel U IMOCJIEABAIlOTO My IpeoOpa3dyBaHe B MOJIEN C U3XOAHA
MYJITATUIMKAaTHBHA HEOMPENETICHOCT 3a BCEKHM OT JBara m3xoja. Heompenmenenocrra ce

Mpe/ICTaBd 4Ype3 4ecTOTHO (opMmsiu GuiITpu OT TpeTH pea. Tasu paboTa moka3pa Kak



CTpPYKTypaTa Ha HEOIpeNeJIeHOCTTa MOXe Ja Ob/ie M3BJIeUeHA OT UJEHTU(UKALUITA U
clie[l TOBa JAUPEKTHO M3IOJI3BaHA B poOacTeH cuHTe3. J[eMoHcTpHpa ce M mpeauMCTBOTO
Ha MOJIEJNTE, KOUTO ca CIEeUUaTIHO MNPOEKTUpaHW 3a IIeJIT€ Ha CHUHTEe3WpaHe Ha
yOpaBIsIBAIlO  YCTPOMCTBO, TMpea  MOJEIUTE M3BEACHH OT  (yHIAMEHTAIHH
3aKOHOMEPHOCTH.

Crartusita [B-6] pa3zpaboTrBa pobacTeH | perynarop 3a aBTOMaTHMYHO YIpaBJICHHE
Ha KOHIIEHTpAIUATa TIIIOKO3aTa MpU 1uabeT OT MbPBU THUII, U3XOXKIANKN OT HEMHEHHHUS
dapmakokuHeTnyeH mozen Ha XoBopka. OCHOBHara Led NpU HIEHTU(UKALMITA Ha
MOJIEN 3a LIEJTUTE Ha YNPABIECHUETO € J1a C€ ONPEEIH MOEIN C HEONPEAEIEHOCT, KOMTO
€IHOBPEMEHHO OTYUTA BAapPUATUBHOCTTA HA (PUIMOJOTHYHUTE TApaMETPH MEXIy
OTACTHUTE WHIUBUAM, KAKTO U TPAHCIOPTHOTO 3aKbCHEHHWE MEXIy IUIa3MEHOTO U
MOJIKO)KHOTO OTYMTAaHE HA KOHIEHTpAIMATA HAa MHCYJIMHA W TIIFOKO3aTa, 3alI0TO UMEHHO
Te3W €(PEeKTH ca KPUTHYHU 3a Ka4eCTBOTO HAa CUCTEMHUTE 32 aBTOMATHYHO JO3UPAHE Ha
MOJKOKEH WHCYNUH. DU3HONOTUYHHAT TPOIEC € MPEACTaBeH C HEOMpeIeNieH JHHECH
MOJIeN € e[lHa CKaJlapHa HEONpPEeeIeHOCT, KOsTO mocie ce npeodbpazyBa B M—A ¢opma 3a
U3BBpIIBaHEe Ha [-cuHTe3. OCHOBEH MPUHOC € (POpMyTupaHe Ha 3aja4arta 3a CHHTE3 MpH
CMECEHa YyBCTBUTEIHOCT 4pe3 M300p Ha TEIIOBHUTE (DUITPU 3a TPElIKaTra oT Cile/leHE U
YIOpaBIsBAILIOTO BB3/IEHCTBUE, Taka 4e Ja ce OajaHcupaT BpPEMETO 3a peakuus Ha
3aTBOpEHAaTa CHUCTEMa, TMOTHCKAHE Ha BJITOCPOYHM CMYIICHHS M OTpaHHYaBaHEe Ha
ynpapisiBanusi curHan. CHHTE3WpaHUAT pEeryyiatop € MOJIy4YeH upe3 MNpuiiaraHe Ha
(D,G)-K wurepanuu, KOMTO HaMajsiBaT KOHCEPBATUBHOCTTA MPU HEONPEIEIEHOCTH OT
peaneH tun. V3BbpIieH € v aHaIKu3 3a pelyKLus Ha pefia Ha YIPaBIsIBaIlOTO yCTPOIMCTBO
ype3 XEHKWIOBU CUHTYISpHU uucia. Pega Ha KOHTpojepa € yCIemHO peaylupaH OT
24-tu no 10-tu Ge3 chiecTBeHa 3aryba Ha kKauecTBo. Ha HMBO pe3ynratu cTaTusiTa
MOKa3Ba yCIIeNIHa padoTa Ha peryaaropa KakTo BbPXY JIMHEPATU3UPAHUS U HEIMHEHHUS
Mozen, Taka u BepXy UVa/Padova cumymnarop 3a 10 Bb3pacTHU CyOeKTa, BKIIOYUTEITHO
IIPU CLICHApHM C HE ONOBECTEHU XpaHeHus. CpeJHUTe CTOMHOCTU Ha KOHIIEHTpAIUsITa Ha
IJIFOKO3aTa OCTaBaT B IIENIEBUs JMANa30H ¢ mpeolmagaBamy nepuoad B 30HM A u B.

PerymnaropbT OT MOHMMKEH pejl 3ama3Ba poOacTHATa YCTOWYUBOCT.



O0o01IeHre Ha M3JI0KEeHaTa UHXEeHepHa (Quiiocodus 3a yIpaBlIeHUE HA CIOXKHU
JUHAMHWYHU CUCTEMH B YCIIOBHsI Ha HEONPEIEIECHOCT € HanpaseHo ¢ [B-7]. Pasmexna ce
UICHTU(PUKALMATA HA JIMHEHHU MOJENM C HEONpPeNeIeHOCT M IOCIEABAIIOTO UM
U3II0JI3BaHE B POOACTEH CHMHTE3 Ha PErylaTopu, KaTo C€ ThPCU U TIXHATa MpakTHYeCKa
IMPUIOKUMOCT 3a BIpaJeHH CHCTEMH 3a yrpasieHue. OCHOBHaTra uies €, 4e KOraro
AHAJIMTUYHOTO OIIMCAaHUWE Ha IIpolleca € HENBJIHO WIM HEU3BECTHO, MOJAEIBT 3a
yopaBiieHue TpsAOBa Jga ObJe U3BJIEYEH OT EKCIEPUMEHTAJIHM JAaHHU 4pe3
uAeHTU(UKaLKs, a HEONpeAeIeHOCTTa Ja Obae hopMynupaHa Taka, 4e /1a € CbBMECTHUMA
C TeopHsTa Ha podacTHOTO ynpasieHue. CrienraiHo BHUMaHUE € OTJENICHO Ha (akTa, ue
napaMeTpuyHaTa HEOIPEJEeJIEHOCT C MHOIO Ha Opoil CKaJlapHM NapaMeTpu 4YecTo €
HENpaKTU4YHA 3a CHUHTE3, MOpaau KOETO C€ MPEeallouyuTa HECTPYKTypUpaHa
MYJATUILUIMKATUBHA HEONPEAEIEHOCT, MOJIy4eHa Ype3 YECTOTHU OLIEHKU HAa MAaKCUMAJIHUTE
OTHOCHUTEIHHM OTKJIOHEHHs OT HOMUHaJHUA Moaen. Ilpu wuaeHtuduxauuara c
HEONPEEIICHN JTUHENHN MOJEN TpsOBa Jja c€ ThPCAT CTPYKTYPH, KOUTO ca AOCTATHYHO
KOMIIAaKTHU 3a [-CUHTE3, HO M JOCTaTh4YHO Oorartu, 3a Aa Obgar oOXBaHATU pEaHUTE
Bapuanuu Ha cucrtemara. llomuepraBa ce M Ba)KHOCTTAa Ha pPeAyLUpaHE Ha pela Ha
peryiaropa KoiTo Obp30 HapacTBa IOPaau BUCOKHST pejl Ha HEOINpPENEICHUTE MOJEIH,

pela Ha TerIoBHUTE QWITPU U pella Ha anpokcuMmupane Ha D dacTa mpu cuHTesa.
Hayyuu npuHocu:

1. Pa3paboten e oOu1 moaxon 3a WAECHTU(UKALNSA HA CJIOXKHU TUHAMUYHHU CUCTEMU Upe3
MOJIEJIN C HEONPEENIEHOCT 3a LIEJIUTE Ha CUHTE3a Ha POOACTHU CHCTEMHU 3a YIIpaBlIeHUE,
KaTO € TEOPETUYHO JJOKa3aHa €KBUBAJIEHTHOCTTA HA IIPEJICTaBsIHE HAa CEMEICTBO MOAEIH C
IUTBTHOCT Ha pas3IpelesieHue, ¢ YECTOTHO 3aBHCHMa MHTEPBAJIHA HEOINPENEICHOCT WIN

CbC CUT'HAJIHA HCOIIPCACICHOCT.

2. Tlpemnoxkena e monudukanus B cTpykrypara Ha Hoo perymaropa momyded mpu p
CHUHTE3 U TIPU BbBEXKJAHE HAa MHTEIPAIIHO JCHCTBHME HA PErysiaTopa, KOSITO BKIKOYBA B
SIBEH BHJI OTpaHUYCHUE MO aMILIUTY/Aa Ha yIpaBJISIBAIIUSA CUTHAJ, Taka Y€ Jla C€ HaMaJld

e(beKTa OT HAaCHIIaHC Ha WHTCrpajiHaTa CbCTaBKa B YCJIOBUA HA OI'PAHUYCHUA 110



aMIUIUTYAAa B U3IIBIHUTEIHOTO YCTPOMCTBO, KATO TEOPETUYHO Ca U3BEIAECHU YCIOBUATA,
IpU KOMTO HOpPMaTa Ha YHPaBICHUETO T€HEPUPAHO OT MOAM(DHUIMPAHUS PEryliaTop e

orpaHuyeHa OT HopMara Ha HeMOoIu(pUIupaHus perynarop.

3. O0ocHOBaHa € METOAMKA 3a MPEACTABSIHE HAa O€3KpallHO MEPHHU CHCTEMH, OIIMCAHU C
yacTHH Ju(epeHlualHd ypaBHEHHsS, 4Ype3 KOMIAKTHH JIMHEHHM MOAETH C
HEOIPENICICHOCT, HW3BJICUEHH OT EeKCIHEPUMEHTAJIHM JIaHHU C METOOuTe Ha

I/II[GHTI/I(l)I/IKaHI/IHTa N CKBUBAJICHTHU HaA IIPEACTABAHE C JIMHEUHU HECTAllMOHAPHU MOACIIN.
Hay4Ho-npuJ/io:KHu NpUHOCH:

1. C’I)S,IIaI[eHa ¢ MCTOJHMKa 3a IIPOCKTHUPAHC Ha p06aCTHI/I PETryjIaToOpnu 3a CUCTEMHU C
HCONIPCACICH MOJALCJ, IIPpU KOATO HCOHNPCACICHOCTTA CC HM3BCKIAA JHPCKTHO OT

I/I,Z[CHTI/I(i)I/IKaI_[I/IHTa M CC U3II0JI3BA B IIpOLCCa Ha CUHTC3.

2. Pa3paboreHHm ca W EKCIEPHUMEHTAIHO IIPOBEPCHU pOOACTHU W-peryinaTopu 3a
XHJIPABIUYHUA, MEXaTPOHHU U OMOTEXHUYECKU CHCTEMU, KaTo € JIoKa3aHa e(PeKTUBHOCTTA

Ha MOJIX0/a B PEaH! YCIOBUS.

3. IlpeanoxkeH € WACHTUPUKAIMOHEH TMOAXOA 32 XyMAaHOUJEH pOOOT, MpH KOWTO
JTUHAMUYHHST MOJIEN 32 IEJINTE Ha CTa0WIM3aIis U yIpaBiIeHHe Ha poOOoTa ce ImoiyuaBa
Yype3 EKCHNEPUMEHTAIHO HU3BEXKJaHE, BMECTO uUpe3 KJIACHYECKO pelllaBaHe Ha oOpaTHa

3aJad4a Ha KUHCMAaTHUKara.

4. IloxazaHO € KaKk MHOTOMEPHM W HEOIPEIEICHM MOJAEIM MOraT Ja Ce€ WM3IO0J3Bar 3a
NPOEKTUPAaHEe Ha CTA0MIM3alusi Ha JIBYKOJIECHHM WM Kpadel poOOTH € pas3iuvHa

CTPYKTYypa U CTENEeH Ha cBOOOAA.
IIpuyio:kHM NPUHOCH:

1. Peanusupanu ca paboTemu poOACTHU CHUCTEMHU 3a YNPaBICHHWE B NPOMMIUIEHU U
1a00paTOpHH YCIOBHUS, BKIIOUYUTEITHO €EKTPOXUPABINYHH, IBYKOJIECHU M XyMaHOUIHA

IaThOPMH.



2. Buenpenu ca uudpoBH perynatopu B MUKpPOKOHTPOJIEPH, UHIyCTPUAIIHU KOHTPOJIEPU
u FPGA mnardopmu, KoeTo noka3zBa MPUIOKUMOCTTa Ha pa3pabOTEHHUTE aITOPUTMHU B

peatHO BpeMe.

3. Usrpagenu ca eKCIIEpUMEHTAJIHH CTEHIOBE M TECTOBH KOH(UTYpallMU 3a OICHKA Ha
YCTOMYMBOCTTA, KAYECTBOTO Ha YINpPaBJICHUE U MOBEJACHUETO Ha CUCTEMUTE IIPU BHHIIHU

CMYIICHUS.

4. Peanu3upanu ca NpakKTHUECKH pEUICHUS 32 aBTOMAaTU3MPAHO yIpaBIeHUE Ha IBUKEHUE

pu poOOTH, BKIIOYUTETHO KOOPAMHALIMS Ha XO/ICHE U cTabmin3anus Ha OanaHca.
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Pe3rome Ha TpynoBere B rpyna I'7 u I'8

1. Peaqu3aumss Ha cHCTeMH 3a YNOpaBjieHHe B Pa3jiu4HU NPOrpamMmpyeMu

miargopmu

Crarusita [I'8-1] npencrass texanka 3a GPU-in-the-loop cumynanus Ha nuHedHN
koHTposiepu B Simulink, karo m3non3sa 6mbianorekara Microsoft Accelerated Massive
Parallelism (AMP) 3a mnapanenHo H3NBJIHCHHE Ha MOJEIM B TIPOCTPAHCTBO Ha
cbeTrosiHUATA. T agpecupa orpannuenuaTra Ha CPU npu o0paboTka Ha rojeMu MaTpuuu
B CHCTeMM 3a ympasiieHue, karo npemnara S-pynkuus (GPUStateSpace), xosto ce
aktuBupa mnpu reHepupane Ha C woxg B Simulink. BrmoxsT mnospomsia SIMD
napaseNn3anys Ha U34YMCICHUATA IPYU CUMYJIMPaHe Ha TMCKPETHH CUCTEMHU PEeaTu3UpPaHu
B IMPOCTPAHCTBO HA ChCTOAHUATA. B mpuMepa ce cuHTe3upa perynarop u HaOmroaresn mno
xenann nomocu. Cumynmanusata cpaBHaBa CPU m GPU peanuzannu Ha WACHTUYHH
3arBOpeHH KOHTYypU. OCHOBHMAT nprHOC € HOBUAT Simulink 6mok 3a GPGPU yckopenue
Ha JJMHEWHU CTAllMOHAPHH MOJIENH, TPUIOKHUM B CIIOKHU IUHAMUYHU CUMYJIAIuH, 0e3 1a
HapyllaBa KaueCTBOTO Ha 3arBopeHara cucrema. [lo momob6en Hauumn B [['8-30] e
pasmieaHa mapajieNHa peanu3anmus Ha (QU3MYECKH peanu3upyeMa IpeaaBaTeilHa
¢byukius B FPGA npubop, kato e u3BbplleHa TUCKPEeTU3alus U u300p Ha MpeCcTaBsiHe
Ha peasHuTe uucia BbB (opmar c¢ ¢ukcupana touHocT. 'enepupan e VHDL kox ot
Simulink Monmena Ha guckpeTHaTra peanu3anus Ha TpenaBarenHaTa (yHKIHUS U ca
MPOBEJICHN CHUMYJAIMOHHM U3CIeABaHUs B cuMmyinaropa Ha Xilinx 3a mpoBepka Ha

TOYHOCTTa Ha HampaBeHute anpokcumanuu. Craruara [['7-1] mpeanara meton 3a




peanu3upaHe Ha apuTMETHKa C IaBamia 3amneras Bbpxy FPGA upe3 Simulink monenu u
aBTomMaTnyHo TreHepupaHe Ha VHDL xox. Onmcanu ca [Be CXEMU CBOTBETHO 3a
ChOMpaHe/M3BaXKIaHe U YMHOXKEHHE Ha YHClIa ¢ eAMHUYHA TOYHOCT 1o cranaapta IEEE
754, XpAETO NMPEACTABIHETO HA pEaJTHUTE YUCIA € Pa3Ae/IeHO Ha 3HAK, EKCIIOHEHTa U
MaHTHCa, KOUTO ce oOpaboTrBar ¢ mepBuuHU Simulink 610k0Be. MonenuTe ca TeCTBaHU B
Simulink u BHenpenu Ha Spartan 3 FPGA mnardopma, kbaeTo paboTAT ¢ MUHUMATHO
3aKbCHEHHE, B paMmkuTe Ha enuH CLK TakT mopaau peanu3anusara, KOSTO HM3IO0J3Ba
MpeIMMHO KOMOMHATOpHA JIOTUKA, 6€3 TPUTEPH.

Penunia paGotu neMOHCTpHpar peanu3anus Ha CIOKHU 3aKOHH 3a YIpaBIICHUE B
pasznuuHu nporpamupyemu miargopmu. B [I'8-2] ce onucpar eranurte 3a mpoekTUpaHe Ha
pobactuu Brpagenu cucremu ¢ MATLAB u Simulink, ¢okycupaiiku ce BbpXy
Mozaenupane u cunre3 Ha LQG, LQ, Hoo, 1 perynaropu ¢ nocneasanio reaepupane Ha C
KOJl 3a BrpaXkJaHe B MHUKPOKOHTpoJsiep. TaM ce moguepraBaT €TamuTe MHpe3 KOUTO Ce
IpeMUHaBa NpHU peajau3alus Ha CIOXKHU 3aKOHU 3a YIpaBJIECHHE, KaTo CE 3allOyHE C
MaTeMaTH4YeCKH MojenH, npemuHe ce kbM Simulink muarpamu, SIL/HIL cumynarnuu u
Brpaxaane B margopmu kato DSP mim FPGA.

lonsiMa yacT OT €KCIIEpUMEHTUTE Ca U3BBPIICHU C M3MO0J3BaHe Ha 32 OUTOB
mudpoB curHaieH nporecop or ¢ammuara C28x na TI. M3nonssan e moxaxon 3a
aBTOMaTHMYHO reHepupaHe Ha ymnpasisBaiml C kox ot Simulink Monen Ha perymaropa.
[TomyueHHAT KOI ce CBbp3Ba ChC copTyepHaTa KOHPUryparus oT 0a30BH YIpaBIisBallH
MOJTyJTH 32 ChOTBEeTHaTa Xapayepra ruiardgopma. B [I'8-3] e Brpanen mudpos perynarop
3a ynpasieHue Ha aHanoroB monen. B [I'8-4] e peanusupana cucrema 3a ynpaBieHUE Ha
IBYKOJIECH POOOT ¢ JHMHEHHO-KBagpaTuueH perynarop U Hoo ¢umnrsp. B [['8-9] ca
BrpaJicHd JIMHEWHO-KBajpaTtuueH peryaatop u Hoo perymatop B 32  Ourton
MukpokoHTponep 32F407 nma STM karo BMecTO upe3 TeHepUpaHe Ha KOA, Te3u
YIPABJIABALLM AJITOPUTMHU Ca ONMUCAHU JUPEKTHO Kato C mporpamu.

B [I'8-5] uudpoBusT curnaieH mpouecop € U3MoJj3BaH KaTo €JIEMEHT OT CHCTeMa
3a xapayepHa cumynanus. IIpum mHes 1IN/ perymarop 3a cucrema KOJIMYKa-Maxaiao €

mporpaMupan B 1udpoBus mpolecop, a ooekra ¢ cumyaupad B Simulink. M3rpanena e



CHUCTeMa 3a KOMYHHUKAIMsl B peajHO BpeMe MEXIy LHU(pPOB CHUTHAJEH MPOLECOp U
cUMynallMoOHHUsA Moxen. llenrta npu XapayepHara cuMyianuss € Ja ce€ MOTBbPIU
CbOTBETCTBUETO MEXAYy XapJyepHara peajlu3alus Ha peryiatopa U 3aJI0KEHUST
MareMaTHYecKu MOJeN Ha peryrnaropa. EneMeHTH OT XapayepHa cuMynauusi Opu
yIpaBiieHue Ha nepdy3noHHa nomna ca aokiaasaHu u B [I'8-6].

OcBeH B 1u(ppPOB CHUTHAJEH MPOLECOP, CHUHTE3UPAHUTE CJIONKHHU 3aKOHH 3a
yOpaBlIieHWE Morar jga ObAarT BrpakJaHU M B CTaHAAPTHU NPOMUIUIEHU JOTHYECKU
koHTponepu (PLC). B [I'8-7] e peanusupan JNWHEHHO KBaJpaTH4YeH perynarop B
CHelMaIN3UupaH MPOMUIIUIEH KOHTPOJEp 3a yNpaBleHHWE Ha OaBHOXOIHU MOOWIHU
MaIllMHU, KaTo € M3I0JI3BaH MOJX0/ 3a aBToMarnuHo renepupane Ha ST kox ot Simulink
mozena Ha perynaropa. B [I'8-13] e peanusupan Hoo perymarop 3a cbuius gabopatopex
CTeHJI ¢ reHepupaHe Ha koJ oT Simulink Monena Ha perynaTtopa U HETOBOTO BrpakJaHe
kato FB (dbyHkimonanen 6710K) KOMIIOHEHT B cpefaTa 3a pa3zpaborka Ha Danfoss. Cwirio
taka npu [['8-19] e Brpamen upe3 momobOeH monxox u W perymarop. B [I'8-25] e
M3BBPIICHA peaju3alidsd Ha KacKajHa CHUCTeMa 3a peryjlupaHe C KOHTYpH IO MO3ULIUS U
HaJsAraHe KaTo ca U3IMO0N3BaHM OJIOKOBE OT cTraHaapTHarta Oubmumoreka Ha Plusl
WHTeTpUpaHara cpejia 3a paspaborka Ha codryep 3a Danfoss. 3a ga ce ocurypu 0bp30TO
NPOTOTHIIMPaHEe Ha peryinatopu B npomunuieHu perynaropu B [['8-13] e maGopatopna
MOCTAHOBKA KOSATO MHTETPUpPa Bb3MOXKHOCTUTE HA MPOMHUIIIEHHUS] KOHTPOJIEP 3a JOCTHII
70 CEH30PUTH W U3I'BJIHUTEIIHUTE MEXaHW3MM Ha Iular¢opmara ¢ yNpaBle€HUE 4pe3
MATLAB/Simulink 1 CAN xomyHuKamnus B peaidHo Bepme. Ilpu Tasm mocrtaHoBKa,
yIpaBIsBalIOTO Bb3ACUCTBHE CE M3YHCIIABA B PealHO BpeMme B cpena Ha Simulink u ce
usmnpama no CAN KbM KOHTpoOJIepa, KOWTO TO MoJaBa KbM ChOTBETEH (HU3MUECKU H3XOJ.
Crpl110 Taka CEH30pHHUTE U3MEpPBaHus ce u3mnpamniar 10 Simulink Mojena B peaqHo BpeMme.

OcBeH BHCOKONPOW3BOAWUTEIHN MPOLECOPU 3a BIPaJicHM CHUCTEMH B peaula
paboTu ca M3MOJ3BAaHM W HHUCKOCTOMHOCTHM §-OMTOB MHMKPOKOHTPOJIEp OT CepusiTa
ATMega, peanusupanu Bbpxy Iuardgopma Ha Arduino. B [I'8-8] e cuntesupanust [1IU
peryiatop 3a yHOpaBl€HUE Ha TeMIleparypara Ha IoYBara 3a CTallHM pAacTEeHUs €

peann3upan kato C-mporpama 3a peanHo Bpeme. B [I'8-15] e peanusupana cucrtema 3a



yIpaBJIeHUE B peajHO BpeMe Ha Kpauell poOoT c¢bc 17 cTemeHn Ha cBoOona Karo ce
M3BBpIIBA CUHXPOHM3ALMS MO BPEME HA IOAAJEHUTE KbM CEpPBO 3a/BH)KBAHMSATA Ha
CTaBUTE KOMaHIM M € OpraHu3HMpaHa CHCTeMa 3a MOJy4yaBaHE M 3alUC Ha CUTHAIIU B
peasino Bpeme. B [I'8-10] e peanusupano ympasieHHe Ha CKOPOCTTa Ha OE3KOJIEKTOPEH
enekTponaBuraren karo kbM Arduino miardopmara € cBbp3aH 3 ¢pazoB MOSFET cunos
npeobOpa3syBaren. Peanusupana e ympasisBaimia copTyepHa KOH(UIypauus 3a peayHo
BpeMe, KOSITO M3MONI3Ba XapayepHute oposun Ha ATMega 3a oT4nTaHe Ha UMITYJICUTE OT
eHkozepa, kakto u ot Hall cenzopure. Karo curnamute or Hall censopure aupexktHo
reHepHupar copTyepHU NMPEKHCBAHMS, C 1I€J U3BBPIIBAHE Ha HEOOXOAMMHTE KOMYTAIUU
Ha ¢a3zute Ha Oe3ueTKOBUS MOTOp. B mpexbcBaHe OT TaiiMep € pealu3upaH JAUCKPETEH
IIN perymarop 3a ympaBleHHME Ha CKOPOCTTa Ha JBUraresis. YCTaHOBEHA € W
KOMYHHUKallUs B peaJiHo BpeMme cbe Simulink 3a oTunTaHe U 3alMC Ha CUTHAJIM, KaKTO U 3a

IIpOM:sAHA Ha (bopMaTa Ha 3aJ1aHUCTO II0 CKOPOCT.

Hay4yHo-npuJ/I05KHU IPUHOCH:

1. Pa3zpaGorena e Mmeromuka 3a peaju3alis ¥ U3CIEIBAHE Ha CHCTEMHU 3a
yIpaBJeHUE Ype3 M3I0JI3BaHe Ha Bh3MOKHOCTUTE Ha Simulink 3a renepupane Ha C kof
3a peajlHO BpeMe OT OJIOK cXeMaTa Ha peryiaropa, KOHNTO MOXe Jla C€ CBBPXKE C
WHCTAJIMpaHaTa OINEpallMOHHAa CHUCTeMa 3a paboTa B peajHO BpeMe WiId 0a30BOTO
copTyepHO oCUTypsiBAaHE Ha CHOTBETHATA MTpOrpaMupyema rardopma.

2. lpennoxen e moaxoxa 3a GPU-in-the-loop cumynanus Ha MUHEHHU peryaaTopu
U CHCTEMHU C JUCKpPETHa peaju3alius B MPOCTPAHCTBO HA CHCTOSHHUATA, IIPU KOMTO ce
JIeMOHCTpUpa e(QEeKTUBHO TMpEHACSHE Ha W3YHCIUTETHATa TEXKECT KbM IMapayeiiHa
apxutekrypa ot Buaa SIMD u ce oneHsBa NMOBEJCHHETO HAa YMNPABICHUETO B PEaTHO
BpeMe.

3. MscnenBana e BB3MOXHOCTTA 3a XapjAyepHa peaau3ais Ha alrOpuTMH 3a
ynpasnenue Bbpxy FPGA upe3 moxenupane B Simulink u renepupane na VHDL kon,
KOETO CBBpP3Ba TEOPETHUYHHUSI CHHTE3 Ha JIMHEHHM ¢ IudpoBa peanu3anus B mapajeiiHa

HU3YHUCIUTCIIHA apXUTCKTYypa.



4, HpezmomeHa € ApPXUTCKTypa 3a CAHOTAKTOBO HIIIBJIHCHUC Ha 0azoBUTE
APUTMCTUYHH OICpaliiu C IUIaBalla TOYHOCT C"b6I/IpaHe, HU3BaAX/IaHC, YMHOXCHUC H

JIeJICHUE pean3upaHy U3II0 ¢ KOMOMHATOpHA Jioruka u BrpajzeHa B FPGA mpu6op.

IIpuiaoxuu npuHocu:

1. Peanu3upanu ca ¥ €KCHEPUMEHTAJIHO BaJUIUPAHU MHOXXECTBO CHUCTEMH 3a
YIIPaBIICHUE B PEATHO BPEME YpPE3 BrpakJaHe HA AaBTOMATHUYHO TEHEPUPAHUST
yhOpaBisiBall] KOJ 3a MOJeEJia Ha peryiatopa B pa3lidyHU XapayepHU IUIaThopMu —
IU(POBYU CUTHATIHU MPOIECOPHU, TPOMUIIICHA KOHTPOJIEPH, 8§ OUTOBU KOHTPOJIEPH.

2. Peanuzanys ¥ eKCIEpUMEHTAJIHA BaJIWAALMS Ha JIMHEWHA AUCKPETHA CHCTEMaA
Mpe/ICTaBeHa B MPOCTPAHCTBO HAa ChCTOSIHUATA B TpadudeH MpoIiecop.

3. Peanmm3anuss M eKCHEpUMEHTAJHA BaIWAALMSA HA APUTMETUYHO JIOTHYECKO
YCTPOMCTBO 3a ONepalnH ¢ 1miasaia TouHocT B FPGA.

4. Peanuzauusg M €KCIIEpUMEHTajHa BalMJalMs Ha CHCTEMa 3a XapayepHa
cuMynanus ¢ HUQPpoB CUTHAJIEH npoiiecop U komyHukaius no USB cepuen nunrepdeiic B
peaJIHO BpeMe, KaKTO M Ha CHUCTEMa 3a XapJAyepHa CUMYJIALUs C IPOMUIIUIEH KOHTPOJIEP
3a MmoOuiHa xuapasiauka 1 CAN KOMyHUKAIUS 32 pealiHO BpeMe.

5. Brpaxxnane Ha aBTOoMaTu4HO reHepupad ST ko B MPOMMILIIEH KOHTPOJED 3a
MOOMJIHA XUJIpaBIUKA.

6. YmpaBnsBaila cUCTeMa 3a peajHO BpeMe Ha Oe3UeTKOB EJIEKTPOJIBUTaTell ChC
ceH30pH Ha XoJ, C TBBP/IO PEaTHO BpEME pealu3upaHa BbpXy 8 OUTOB MUKPOKOHTPOJIEP
chueTaBalla yrpasjeHue Ha komyTtauusara, [IW perymaTtop mo ckopoct u nogabpKaHe Ha

KOMYHMKALMOHEH KaHAJI B PEAJIHO BPEM 110 CEpUIHA KOMYHMKALUS.

2. CuHTe3 M NPUJI0KEeHHe HA JIMHEHHO-KBAAPATHYHU 3aK0HHU, Hoo M p perynaropu u

Ha kaacuyecku IIU/] perynaropu

Craruara |[I'8-4] mnpencraBs MoaenHo-0a3WpaH TOAXOA 3a YIOpPaBICHHE Ha

ABYKOJICCCH p06OT C JUHEHHO KBaJIpaTH4YCH PCryjiarop 3a BCPTHUKAJIHA CTa6I/IJ'II/ISaI_[I/I$[, B



KoiiTo ce u3non3pa Heo-puntsbp oT 17TH pen 3a olieHKa Ha ChCTOSHUSITA HA Mojena. B
[I'8-7] 3a ympaBieHue Ha €JIEKTPOXHMIPAaBIMYHA KOPMMJIHA CHCTEMA € CHUHTE3MpaH
JUHENHO-KBaApaTHueH perynatop ¢ ¢uiaTbp Ha KanMaH 3a olleHKa Ha ChCTOSHUSITA Bb3
OocHOBa Ha mozen oT uaeHtupukanus. B [['8-9] e cunresupan nuHENHHO KBaJpaTHUEH U
Hoo perynaropu 3a ynpasiieHue Ha (iyu] B pe3epBOap U € HallpaBEHO CPAaBHEHUE MEXKTY
nBara perymaropa. B [I'8-11] e cuHTe3upan JIMHEHHO KBaJgpaTHMYEH peryjarop 3a
yIpaBJICHUE Ha KOHIICHTPAIMATAa Ha TIIOK03a MpU TuabeT OT IbPBU THII IIPH U3IIOJI3BAHE
Ha Mojesia Ha XOBOpKa U JOMYCKaHE 3a IMOAKOXKHO M3MEpPBAHE Ha KOHUEHTpauuATa Ha
DII0OKO3a M THoAkokHa wuH(py3uss ©Ha wuHeynuH. B [['8-14] e wu3cneaBan
JIMHEWHO-KBAIPaTUYEH PETYIAaToOp 3a YIPAaBICHUE HA EJIEKTPOXUIPABIMYHA KOPMHIIHA
CUCTEMa IIPU pa3jIMYHU HUBA HA TOBAPHO CMYILICHUE, U3IIBIHEHO KaTO CMYILUEHHUE I10
HaJIsiraHe B paOOTHUTE KaMEPU Ha CEPBO LIMJIUHABPA.

Cratusita [I'8-3] pasmiexna uaeHTUdUKauMsg W poOACTHO YIpaBICHHE Ha
MHOTOMEpPHU CUCTEMH 4Ype3 MOACIHMPAHE Ha HEOIPEHEICHOCTTa M0 EKCIIEPUMEHTAIHU
naHHu U Hoo cunTe3 Ha perymarop. B [I'8-13] cbiio Taka e peanusupan Hoo perymaotp,
IIPOEKTHUPAH BbPXY MHOIOMEPEH MOJEI B IIPOCTPAHCTBO HA CHCTOSHUETO, IMOJIYUYEH 4Ype3
uaeHTuuKanus. B cpaBHeHue ¢ MoJ0OHU pelleHusl CUCTeMaTa U3I0JI3Ba JOMbJIHUTEIHA
obparHa Bpb3ka oT LVDT cen3op 3a monoxeHue Ha MPONOPLHOHAIHUS pa3peeuTeNl,
KOETO Moj00psBa AUHAMHUKATa U TOUHOCTTA HA ynpaBieHUeTo. M3cnensanu ca pa3inyHu
peXUMHU Ha paboTa, KOUTO MOTBBPKJIABAT, Y€ pa3paboTeHaTa CUCTeMa CIIeU 3aa/leHUTe
komanaun 3a jgeour. B [I'8-12] e wu3cneaBana pobOacTHaTa yYCTOMYMBOCT Ha
CICKTPOXUIPABIMYHA KOpMUIHA cuctema ¢ Hoo perymatop, Karo KbM MHOTOMEPHHST
Monen Ha o0eKkTa € BbBelIeHAa MYJITUIUTMKATHBHA HeomnpeneneHoct. B [['8-17] e
MU3BBPIICHO CpAaBHEHHWE Ha JIMHEHHO KBajgparmueH u Hoo perymarop 3a
CJICKTPOXUAPABIMYHA KOPMHUJIHA CHCTEMA C YYBCTBUTEIHOCT I10 HATOBApBaHE, a B
[I'8-18] e nampaBeHO cpaBHEHHME M Ha poOacTHaTa YCTOMYMBOCT Ha TE€3U PETYIATOPU
BbpXy Mojen ¢ HeompeneneHocT. B [I'8-19] e cunre3upan poOacTeH | peryinarop 3a
CJIEKTPOXUIPABIMYEH YINpaBIsABall MOAYJI 3a LUU(POBO YIPABIECHUWE HA XHJIPABIMYHU

KOPMUJIIHU CHUCTCMH. PoGacTtHara YCTOP'I‘{HBOCT Ha CJIICKTPOXUIAPABIINYHUSA YIIPpABJIABAILL



MOJYJI C JINHEWHO KBaJpaTUYEH perynarop € cblo usciuensana B [I'8-20] a ¢ nusnonsBane
Ha Hoo perymarop B [I'8-21].

KakTo € m3BecTHO, MOBEYETO OT MHAYCTPUAIIHUTE CUCTEMH 3a YIPABICHHUE Ca
peanin3upanu karo cucreMu 6asupanu Ha [1M]] ynpaBnenuero. 3aToBa 0OMKHOBEHO IpHU
peanu3anuATa Ha CIOKHM 3aKOHHM 3a YIPABJICHUE BUHArM C€ TBPCHU CPAaBHEHHUE C
aHaJOTMYHa peanau3anys, HO ¢ u3noi3BaHe Ha Kiacndecku [1M/] 3akoHu.

B [I'8-5] e m3BbpuIieHa onTMManHa HAcTpoiika Ha napamerpure Ha asa ITW/]
perynaropa 3a yInpapJI€HHE Ha CUCTEMara KOJIMYKa-MaxaJlo ¢ M3IO0JI3BaHE HA T€HETHYEH
ITOPUTHM 32 ONTHUMHU3ALHNSA, KOWUTO OCUTYpsiBa poOacTHa YCTOWYHBOCT MPH U3CIIEIBAHE
Ha HeompeleraeHOCTH B mozena. OnTuManHa HacTpoMKa 4pe3 IpaJueHTEH MOAXOH Ha
mudpoB IIN]] perynarop 3a eneKTpOXHIPABINYEH MPOMOPLHMOHAIEH pa3NpeneiuTes ¢
HEMNpsSIKO YNpaBiIeHUE C JABYNO3MLIMOHHM KiamaHu € u3BbpuieH B [['8-23]. Pobacren
cunte3 Ha [IM perynarop e HampaBeH u B [I'8-8] 3a ympaeneHue Ha Temmeparypa Ha
nmoysata B KOMOMHalus ¢ Teopemara Ha KpaiiHute Touku. B [I'8-6] nansranero Ha
nepdy3roHHaTa nomMmna ce perymupa cbino upe3 [IWM]l ympaBnenue B ycinoBusiTa Ha
IIPOMEHJIMB BUCKO3UTET HA HEIMHENMHOCTU B xuapoauHamukara. B [I'8-10] e nsnon3san
[IN 3akoH 3a ympaBjieHHE Ha CKOPOCTTa Ha Oe3ueTkoB ejekTponpuraren. B [['8-25] e
IIpoeKkTUpaHa KackaaHa cucrema c¢ IIM perymaropu mo Hajigrane v 1o NO3ULKS 32
€JEKTPOXUApaBInyHa KopMuiHa cucteMa. Cobiio taka, [I'8-26] nmoka3sa cuntes Ha 1IN
perynarop ¢ rpaJueHTEH ajJrOpuThM 3a ONITUMU3ALUA 3 CIIEKTPOXUAPABINYHA KOPMUIHA
CHCTEMa BBPXY EKCIIEPUMEHTAIHO IMOIyYeHU MOJEITH B YECTOTHATA O00NIAaCT OT 3TH H OT
6tTn pen. BiausHuero Ha Mopena BbpXxy HacTtpoiikute Ha IIM  perymarop mnpu
CJIEKTPOXUIPABIMYHN KOPMWJIHM CUCTEMU € u3ciensaHo B [['8-27], karo e u3BbpIiiieHO
TAXHOTO CHMYJAlIMOHHO U €KcnepuMeHTanHo cpaBHeHue. B [I'8-28] e nampaBeHo
CUMYJIALIMOHHO M3CJICBAHE HAa XUAPABIMYHA 3a1BryKBama cucreMa c [IMJ1 ynpasnenue
Y JIBYIO3MIIMOHHM KJIAIM IIPU PAa3JIMYEH TOBAp HA HU3NBJIHUTEIHUS LWIMHABD, KaTo €
aHanu3upaH aBTokojeOarenHus pexxkuM. Cucremara 3a yhpaBleHHE Ha KOPMUJIHU

ycrpoiictBa 6azupanu Ha OSPE 200 c I1U perynarop e npeacraBena u B [I'8-32].



Hay4Ho-npuJ/I05KHU IPUHOCH:

1. Cunrte3 Ha nMHEHHO-KBaapaTuueH perynartop ¢ Hoo-puntbp 3a BepTuKanHa
cTabuiu3anus Ha JABYKOJieCeH poOOT MO M3BEACH ChC CPEACTBaTa HAa WACHTUPUKAIUATA
HEOIIPENIEIICH MOJZIEII OT BUCOK PEZ.

2. CuHTe3 Ha IHMHEWHO-KBaJpaTthuueH perymarop ¢ ¢untep Ha KamMmas,
Hoo-perynarop u p-perynarop 3a yrnpaBi€HUE Ha MO3ULHUATA HA EJIEKTPOXUAPABIMYHA
KOPMWJIHA CHCTEMAa M 3a YyIPaBICHUWE Ha I[O3UMLUATA HAa EJIEKTPOXUIPABIMYCH
yHOpaBisiBall] MOAYJ, MO W3BEACHU ChC CPEICTBaTa Ha MJEHTU(UKALMITA HA CUCTEMHU
MOJIEIIN.

3. CuHre3 Ha TUHEWHO-KBaaApaTudeH U Hoo perymarop 3a ynpapiieHHe Ha HUBO Ha
¢yun B pesepBoap.

4. CuHTe3 Ha JIMHEWHO-KBaJpaTudeH peryaarop ¢ guirsp Ha Kanman 3a ynpaBneHue Ha

KOHICHTpALWATA Ha ITIIOKO3a IIPpH I[I/Ia6eT OT ITbPBH THII.

3. MoneanpaHe u HaeHTU(PUKALMS HA CUCTEMH 32 YIIPpaBJieHHe

[Ipu ™MopenHo-0a3upaHusi CHUHTE3 HaA PETYIATOPU OT OCOOCHO 3HA4YCHHE 3a
CTPYKTypaTa W KauyecTBaTa Ha W3MOJ3BaHUS MareMartuyeH Mopen. KakTto € W3BeCTHO
OCHOBHHUTE TMOAXOJMU 3a MOJydyaBaHE HAa MOJCJIM Ca WM 4Ype3 M3IOJI3BaHE HA MbPBUYHU
MPUHIIAII OT TMPUPOJHUTE HAYKH WIM YpPe3 METOAUTE Ha HIACHTH(PHUKAIUSI OT
eKCIIepUMEHTaHU JaHHU. OCBEH TOBa, MPU CHHTE3a HA CHCTEMHU 3a YIpaBICHUE
OOMKHOBEHO C€ TBhPCH U3BEXKAAHE Ha CHCHHAIM3MPAaHW MOJAE] 3a IeJUTe Ha
VIOPaBIEHUETO KOWTO Ja OTYWTa B SIBEH BUJA (DYHKIMOHAIHATA 3aBHCHMOCT MEXIY
yIpaBisBallld BEJIMYMHU U HU3MEpUMH BenuuuHU. [Ipu ToBa € HeoOXogumMo aa ce
MoOJe/ldpa HE CcaMO HOMMHajlHara CHCTeMa HO U Ja C€ OLECHAT TPaHUIUTE Ha
HEMOJIeJIUpaHaTa JWHaAMUKa B MoOJleJla, Taka Y€ 3aTBOpeHara CHUCTeMa Ja IOCTHUra
pobacTHa yCTOHIMBOCT U POOACTHO Ka4eCTBO.

B [I'8-3] ce pasmiexaar W3BEKIAHETO HA MOJIEIA C HEONPEICICHOCT Ha

MHOI'OMCPHHU 00CKTH ¢ MCTOOAUTC Ha I/II[eHTI/I(i)I/IKaLII/I}ITa Ha CHUHCTCMH, IIpU KOCTO



HEOMpPEEIICHOCTTa B MOJeNla Ce€ IMoJlydaBa KaTO alnpoOKCUMAlUMsl Ha JIOBEPUTEIHUS
WHTEPBAJI HA YECTOTHUTE XAPaKTEPUCTUKH Ha OOEKTa IMONYYCHH B HUICHTU(UKAIMSITA.
[Ipemyioxkenara MeToAMKa € TPWIOKEHa BbPXY aHaloroBa Mojenupania cucrema. B
[I'8-8] € momyueH HeompeneneH MOZEN 4Ype3 IOJydaBaHE HAa MHOXECTBO IPEXOIHHU
MPOIIECH B PAa3IUYHU TOYKH HA M3MEPBAHE W TAXHATA MMapaMeTpUyHa anpokcumarus. B
[I'8-7] e wu3BbpiIeHa UACHTH(PHUKAIMS C MHOTOMEPHU MOJEIH B IMPOCTPAHCTBO HaA
ChCTOSIHHETO Ha EJNEKTPOXHUJPABIMYHA KOPMUJIHA CHCTEMa C NpHJIaraHe Ha clydailHu
BXOJIHU BB3JIEHCTBUA. AHajormdyeH mnoaxon € npwioxkeH u npu [['8-9], kbaeto xbM
MOJy4CHUST JIMHECH MOJeN € JJo0aBeHa HENWHEWHAa CTaTUYHA XapaKTepUCTUKAa Ha
V3IBJIHUTEIHUS MEXaHU3bM (TIOMIIQ).

B [I'84] e mnomyyeH HEIMHEEH HEONpPENENEH MOJE]I Ha cucremara
KOJIMYKAa-Maxajao C €JUH BXOJI M JBa W3X0Ja, CJeJl KOETO € IMOJy4YeH € HEeONpeiesieH
JTUHEeapU3upaH MojIeN upe3 aHanuTuuHa nuHeapusanus. Ctatusta [I'8-15] npeacrass aBa
JOIIBJIBAIIH CE€ MOAXO0/a 32 MOJETMpaHe Ha TabopaTopeH MoeN Ha XyMaHOUICH POOOT ¢
17 crenenn Ha cBoOONIa - MBJICH reoMeTpHYHO-(u3ndeH mozen B Simulink/Simscape
Multibody u mopen, momydeH upe3 uiaeHTUUKAMUS Ha 0azata Ha EKCIEPUMEHTAIIHU
nanHu. M3rpaaeH e u maboparopeH Mozaen Ha pobota ¢ 17 crenenu Ha cBoooaa. [logxon
3a M3BEXKJaHE HA aHAJUTHYEH Mojen € u3nomsBaH u B [['8-6] 3a momen Ha
XUAPOANHAMUYHA CHCTeMa ¢ Tepdy3roHHA TMoMma W HaHo(uITpanus Ha OMOJIOTUYHU
Te4HOCTU. MojienupaHeTo € U3BbpIIeHO B cpefa Ha Simulink ¢ u3non3Bane Ha OIOKOBE
or SimHydraulics. B [I'8-11] ananutuuHusT HeNMMHEEH (hapMaKOKMHETUYEH MOJEN Ha
XoBoOpKa € JIMHeapu3upaH 3a n3bpaHa paboTHaA TOUKA, 3a Ja ObJie MOMyUeH JUHEeapUu3upaH
MOJIeNl B MPOCTPAaHCTBO Ha chbcTosHusTa. B [['7-2], [I'8-23] u [I'8-24] e momyuen
aHAJIMTUYEH MOJEN Ha eJeKTPOXMUJPABIMYEH YIpaBisBall MOIY1 C YETUPHU
JIBYTIO3UIIMOHHU JBYITBTHU Pa3MpelenTeNs 3a 3aBIKBAHE HA CEPBO LIUIUHABP, KOUTO
ChILOo € peanusupad B Simulink 610koBe.

B [I'8-10] ce ommcBa wuaeHTU(dHKAIMATA Ha OCE3YETKOB IOCTOSTHHOTOKOB
€JIEKTPOJIBUraTe]l B YECTOTHAaTa OOJIACT 4Ype3 MpuiaraHe Ha CHUHYCOHUJATHU BXOJOBE

(0.01-1 Hz) u omenka Ha yCWJIBAaHETO U 3aKbCHEHHMETO MO (a3za 3a MojyyaBaHE Ha



HenapaMeTpuyHa aMIUIUTYIHO (Da30BO 4ecTOTHa XapakTepucTuka. Cien Koeto Ts €
arpoKCUMUpaHa ¢ MapaMeTpUYeH MOJEN OT HUCHK pell. AHAJOTMY€EH MOAX0 € MPUIOKEH
n B [I'8-26] 3a mnosyyaBaHe Ha HemapaMeTpUYHU W MApPAMETPUYHH MOJEIU Ha

SJICKTPOXUIPABINYHA 3a[BUKBAIIIA CHUCTEMA C IIU(PPOBO YIIpaBICHHE.

Hay4yHo-npu/10’kHM NPUHOCH:

1. M3Bexxnane Ha MOJENU C HEONPEAETICHOCT HA MHOTOMEPHHM CHCTEMH C METOAUTE 3a
uAeHTH(UKAUSA HAa CHCTEMH M HMHTEPBAIHO ONMMCAHHE HAa BapualsITa Ha YeCTOTHHUTE
XapaKTepUCTHKH, KaTo ca TOJNy4YeHH MOAENTM Ha CHUCTeMara KOJMYKa-Maxauao, Ha
aHaJOroBa MOJENUpalla CHUCTeMa, Ha EJeKTPOXHMIPaBIMYHA KOPMHJIHA CHUCTeMa, Ha
€JIEKTPOXHIPABIUYCH YIIPABIIABAL MOAYJ, Ha XyMaHOHJIEH pOoOOT.

2. V3BexknmaHe, YnCIeHA peaju3alis W eKCIEpUMEHTAHA BaTUAANNsS HA aHAIUTUYHU
MOJIEJIM Ha CUCTEMH C M3MOJI3BaHE HAa NPUHUUINUTE HA (GU3NYECKOTO MOZIETIUpPaHe, KaTo ca
MOMYyYeHH MOJEIN Ha TNep(y3nOoHHA TMOMIIA C HAHODHUIATPALUS, EICKTPOXHUAPABINYCH
yIpaBisBaml MoOAyJ, (apMakOKMHETHYEH MOJAET Ha KOHIIEHTpPAlUATa Ha IVIIOKO3a MPH
IuabeT OT IIbPBU THII.

3. "3BexxaaHe Ha HeMapaMETPUYHU U MTapaMETPUYHU MOJEIH B YECTOTHATa 00JacT upes
M3CcJe/IBaHEe Ha peakiusaTa Ha OTBOpPEHATa CUCTEMa KbM BXOJHM BB3ACUCTBUS C pa3iINyHa
YecToTa M AaMIUIMTYy/Aa, Karo ca MOJy4YeHH MOJeNd Ha Oe34eTKOB IOCTOSIHHOTOKOB

CICKTPOABUIATCII U HAa CIICKTPOXUAPABINYIHA KOPMUJIHA CUCTEMA
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Summary of the works in Group V

Ten of the publications [V-1-V-10], published in specialized scientific journals, are

considered equivalent to a monographic work and can be summarized within the field of

Identification and Control of Multivariable Systems with Uncertain Models

Control under conditions of uncertainty is a fundamental problem in modern
control theory and practice. In article [V-1], a method is presented for identification with
an uncertain model of the population density distribution in a one-dimensional bounded
habitat. The model is based on a nonlinear reaction—diffusion partial differential equation
from population dynamics theory. The nonlinear partial differential equation is
approximated by a linear time-varying state-space representation of order 120 with one
input and 100 outputs, where the input variable is the length of the habitat. A binary
random sequence is applied as an excitation signal, simulating expansion or contraction
of the habitat. From the collected data sample, 100 Box—Jenkins (BJ) models are
identified, describing the response of the population density at different points of the
habitat, achieving 80% fit with respect to the validation dataset. These BJ models are
combined into a single uncertain linear model by averaging their frequency responses,
with a nominal model of order 12 and input multiplicative uncertainty approximated by
minimum-phase filters. As a contribution, the article proposes an approach for
representing, for control design purposes, infinite-dimensional systems described by
partial differential equations via linear models with uncertainty obtained through system
identification methods. This facilitates the design of robust controllers for biological,

epidemiological, or chemical processes.



In article [V-2], a robust p-controller (similar to Hoo with D-K iterations) is
developed for a position-tracking hydraulic drive with indirect control, implemented via a
bridge configuration of fast-switching two-position microvalves. This represents a
low-cost alternative to classical proportional hydraulic drives; however, high-frequency
switching induces flow oscillations of the working fluid, which limits positioning
accuracy in steady-state conditions. Based on a nonlinear model of the hydraulic system,
a model with input multiplicative uncertainty is identified using an S8th-order
Box—Jenkins structure, where the uncertainty bounds are determined through a
transformation of the parameter covariance matrix. To define the closed-loop
performance requirements for p-synthesis, a mixed-sensitivity framework is used with
weighting filters for the tracking error and control signal. These filters are tuned to
minimize low-frequency error while constraining the control amplitude within admissible
limits, achieving a p value of 0.974. The synthesized 28th-order controller is decomposed
into a state observer and state feedback, enabling an anti-windup modification by
explicitly incorporating the amplitude-limited control signal into the internal structure of
the p-controller. This reduces overshoot under step reference inputs. The controller is
implemented on a 32-bit industrial controller and experimentally validated on a
laboratory electro-hydraulic steering test bench. As a contribution, the article
demonstrates a complete pipeline from identification with uncertain models to robust
control of nonlinear systems, with emphasis on industrial applications such as hydraulic
servo systems. The theoretical contributions include Theorem 1, which establishes the
relationship between the identified probabilistic model and models with signal- or
parameter-based uncertainty representations. Theorem 2, via L2-analysis of the Riccati
equations arising in p-synthesis, derives a condition for anti-windup modification of a
standard p-controller that reduces the influence of control saturation on the integral
component, improving performance without compromising robustness.

Article [V-9] addresses the design and optimal tuning of a multivariable PID
controller for a load-sensing electrohydraulic system, using an electrohydraulic

proportional control module similar to the one designed in [V-2]. In the control of the



steering system described in [V-9], the controller parameters are not set manually but are
optimized using a genetic algorithm, for which classical initial tuning methods such as
Ziegler—Nichols are not directly applicable. The study employs an identified discrete
stochastic state-space model of the system, obtained from experimental data. The
synthesized PID controller has three inputs and one output, incorporating position error,
the signal for the position of the proportional valve, and a conditional feedback loop for
anti-windup. The optimization aims at minimizing a quadratic performance index.
Experimental results show that the optimally tuned PID controller provides a fast
aperiodic transient response, small steady-state error, and good agreement between
simulation and physical experiment, with the system responding even faster under real
conditions than predicted by the simulation model.

The model of the electrohydraulic steering system used in the controller synthesis
in [V-9] was obtained using the identification methods described in [V-10], where the
main result is the derivation of a linear discrete state-space model with one input and two
outputs—namely, the position of the proportional valve plunger and the position of the
piston of the working servo cylinder. The identification was carried out on a laboratory
test bench, with excitation implemented by generating a random binary sequence as the
input signal. The parameters of the state-space model were estimated using the prediction
error method, and the model order was selected based on analysis of the Hankel singular
values and validation via the residual correlation function.

In article [V-3], a laboratory model of a humanoid robot with 17 degrees of
freedom 1s described, consisting of three subsystems: mechanical, actuation, and
information-control. In article [V-4], an algorithm for coordination with 13 sequential
stages 1s developed, ensuring forward motion without falling by transferring the
projection of the center of mass onto the support polygon of the feet. The algorithm is
implemented on an 8-bit microcontroller with automatic C code generation, and
experimental studies have been conducted. Using identification methods, a model of the
robot in state-space form is obtained, with 10 inputs (reference signals for the servo

motors driving the legs) and 6 outputs (angular velocities of the feet). The identified



state-space model is of 24th order, with a low prediction error and validated using an
independent dataset. For stabilization during walking, a multivariable Hoo controller is
synthesized by solving linear matrix inequalities for the extended robot model, including
weighting filters for the error and control signals. An upper bound of Hoo norm of 2.45 is
achieved for the closed-loop system, with disturbance attenuation down to —60 dB at low
frequencies. As a contribution to the habilitation work, the article proposes an
identification-based approach for deriving models of walking mobile robots, instead of
the classical solution of inverse mechanics problems or analytical inverted pendulum
models, enabling robust control of humanoid robots. Additionally, in [V-8], a
linear-quadratic regulator (LQR) is considered for stabilizing the humanoid robot during
walking, where the weighting matrices Q and R are determined experimentally to achieve
a desired trade-off between stabilization quality and control signal amplitude constraints.
A Kalman filter is synthesized for state estimation. A hardware-in-the-loop simulation of
the control algorithm is performed on an Arduino Mega 2560. Increased oscillations and
settling time are observed due to communication delays, but overall there is a good level
of agreement with the simulation results.

The article [V-5] develops a multivariable model for robust control of a
two-wheeled robot, where the control objective is to stabilize the robot in an upright
vertical position by moving the wheels. The developed laboratory prototype exhibits
dynamic uncertainties arising from the elasticity of the mechanical structure,
measurement inaccuracies from micromechanical inertial sensors, and the low resolution
of the wheel position encoder. The main emphasis is that, instead of identification using
classical single-variable models, a multivariable identification approach is employed for a
model with one input and two outputs—wheel angular velocity and body tilt—which
enables a more complete description of the dynamics and uncertainty. A 15th-order
p-controller 1s implemented, synthesized on the discrete model with a sampling rate of
200 Hz and augmented with integral feedback of the trajectory tracking error. An
important part of the paper is the comparison with an LQG controller for the same robot

from previous studies. It is shown that the p-controller provides a wider closed-loop



bandwidth, faster tracking error response, and a higher robustness margin, while the LQG
controller demonstrates better suppression of noise in the control input. Hardware
implementation experiments confirm that the computation time remains well below the
sampling period, and the robot’s behavior is non-oscillatory, with small tracking errors
and bounded control signals. From a control theory perspective, the contribution lies in
identifying a fifth-order discrete-time state-space model and subsequently transforming it
into a model with output multiplicative uncertainty for each of the two outputs. The
uncertainty is represented by third-order frequency-shaping filters. This work
demonstrates how the structure of uncertainty can be extracted from identification and
then directly used in robust synthesis. It also highlights the advantage of models
specifically designed for controller synthesis over models derived from fundamental
physical laws.

The article [V-6] develops a robust pp-controller for the automatic regulation of
glucose concentration in type 1 diabetes, based on the nonlinear pharmacokinetic
Hovorka model. The main objective in model identification for control purposes is to
determine a model with uncertainty that simultaneously accounts for variability in
physiological parameters across individuals, as well as the transport delay between
plasma and subcutaneous measurements of insulin and glucose concentrations, since
these effects are critical for the performance of automated subcutaneous insulin delivery
systems. The physiological process is represented by an uncertain linear model with a
single scalar uncertainty, which is then transformed into M—A form for p-synthesis. A key
contribution is the formulation of the mixed-sensitivity synthesis problem through the
selection of weighting filters for the tracking error and the control input, so as to balance
closed-loop response time, attenuation of long-term disturbances, and limitation of the
control signal. The synthesized controller is obtained by applying (D,G)-K iterations,
which reduce conservatism in the presence of real parametric uncertainties. An analysis
of controller order reduction using Hankel singular values is also performed. The
controller order is successfully reduced from 24 to 10 without significant loss of

performance. In terms of results, the paper demonstrates successful operation of the



controller on both the linearized and nonlinear models, as well as on the UVa/Padova
simulator for 10 adult subjects, including scenarios with unannounced meals. The
average glucose concentrations remain within the target range, with predominant time
spent in zones A and B. The reduced-order controller preserves robust stability.

A generalization of the presented engineering philosophy for controlling complex
dynamic systems under uncertainty is given in [V-7]. The identification of linear models
with uncertainty is considered, along with their subsequent use in robust controller
synthesis, with an emphasis on their practical applicability to embedded control systems.
The main idea is that when the analytical description of the process is incomplete or
unknown, the control model should be derived from experimental data through
identification, and the uncertainty should be formulated in a way that is compatible with
robust control theory. Particular attention is paid to the fact that parametric uncertainty
with a large number of scalar parameters is often impractical for synthesis; therefore,
unstructured multiplicative uncertainty is preferred, obtained via frequency-domain
estimates of the maximum relative deviations from the nominal model. In the
identification of uncertain linear models, one should seek structures that are sufficiently
compact for pp-synthesis, yet sufficiently rich to capture the actual variations of the
system. The importance of controller order reduction is also emphasized, as the order
tends to grow rapidly due to the high order of the uncertain models, the order of the

weighting filters, and the order required to approximate the D-part in the synthesis.
Theoretical Contributions:

1. A general approach has been developed for the identification of complex
dynamical systems using models with uncertainty for the purpose of synthesizing robust
control systems. The equivalence between representing a family of models via a
probability density distribution, via frequency-dependent interval uncertainty, or via

signal uncertainty has been theoretically proven.

2. A modification to the structure of the Hoo controller obtained through

p-synthesis and with the inclusion of integral action has been proposed. This modification



explicitly incorporates an amplitude constraint on the control signal in order to reduce the
effect of integrator saturation under actuator amplitude limitations. The conditions under
which the norm of the control generated by the modified controller is bounded by the

norm of the unmodified controller have been theoretically derived.

3. A methodology has been justified for representing infinite-dimensional systems
described by partial differential equations through compact linear models with
uncertainty. These models are derived from experimental data using system identification

methods and are equivalent to representations using linear time-varying models.
Theoretical and applied contributions:

1. A methodology has been developed for designing robust controllers for systems
with uncertain models, in which the uncertainty is derived directly from the identification

process and incorporated into the synthesis procedure.

2. Robust p-controllers have been developed and experimentally validated for
hydraulic, mechatronic, and biotechnical systems, demonstrating the effectiveness of the

approach under real-world conditions.

3. An identification approach for a humanoid robot has been proposed, where the
dynamic model for stabilization and control purposes is obtained experimentally rather

than through the classical solution of the inverse kinematics problem.

4. It has been shown how multivariable and uncertain models can be used to
design stabilization strategies for two-wheeled or legged robots with varying structures

and degrees of freedom.
Applied contributions:

1. Functional robust control systems have been implemented in both industrial and
laboratory environments, including electrohydraulic, two-wheeled, and humanoid

platforms.



2. Digital controllers have been deployed on microcontrollers, industrial
controllers, and FPGA platforms, demonstrating the real-time applicability of the

developed algorithms.

3. Experimental setups and test configurations have been constructed to evaluate

stability, control performance, and system behavior under external disturbances.

4. Practical solutions for automated motion control in robots have been

implemented, including walking coordination and balance stabilization.
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Summary of the works in Group G7 and G8

1. Implementation of Control Systems in Programmable Platforms

The article [G8-1] presents a technique for GPU-in-the-loop simulation of linear
controllers in Simulink, using the Microsoft Accelerated Massive Parallelism (AMP)
library for parallel execution of state-space models. It addresses CPU limitations in
processing large matrices in control systems by proposing an S-function
(GPUStateSpace) that is activated during C code generation in Simulink. The block
enables SIMD parallelization of computations when simulating discrete systems
implemented in state space. In the example, a controller and an observer are synthesized
based on desired pole placement. The simulation compares CPU and GPU
implementations of identical closed-loop systems. The main contribution is a new
Simulink block for GPGPU acceleration of linear time-invariant models, applicable in
complex dynamic simulations without degrading closed-loop performance. Similarly,
[G8-30] examines a parallel implementation of a physically realizable transfer function
on an FPGA device, where discretization is performed and a fixed-point representation of
real numbers is selected. VHDL code is generated from the Simulink model of the
discrete implementation of the transfer function, and simulation studies are conducted in
the Xilinx simulator to verify the accuracy of the approximations. Article [G7-1]
proposes a method for implementing floating-point arithmetic on FPGA using Simulink
models and automatic VHDL code generation. Two architectures are described for

addition/subtraction and multiplication of single-precision numbers according to the



IEEE 754 standard, where real numbers are represented by sign, exponent, and mantissa,
each processed using basic Simulink blocks. The models are tested in Simulink and
deployed on a Spartan-3 FPGA platform, where they operate with minimal
latency—within a single clock cycle—due to an implementation that relies primarily on
combinational logic without flip-flops.

A number of works demonstrate the implementation of complex control laws on
various programmable platforms. In [G8-2], the stages for designing robust embedded
systems using MATLAB and Simulink are described, focusing on the modeling and
synthesis of LQG, LQ, Howo, and p controllers, followed by automatic C code generation
for embedding in a microcontroller. The study emphasizes the stages involved in
implementing complex control laws, starting from mathematical models, progressing to
Simulink diagrams, SIL/HIL simulations, and deployment on platforms such as DSPs or
FPGAs.

A large portion of the experiments were carried out using a 32-bit digital signal
processor from the TI C28x family. An approach was employed for automatic generation
of control C code from a Simulink model of the controller. The resulting code is
integrated with the software configuration consisting of basic control modules for the
respective hardware platform. In [G8-3], a digital controller is embedded for the control
of an analog model. In [G8-4], a control system for a two-wheeled robot is implemented
using a linear-quadratic regulator and an Hoo filter. In [G8-9], a linear-quadratic regulator
and an Hoo controller are embedded in a 32-bit STM32F407 microcontroller; instead of
code generation, these control algorithms are implemented directly as C programs.

In [G8-5], a digital signal processor is used as a component of a
hardware-in-the-loop simulation system. In this setup, a PID controller for a
cart-pendulum system is implemented on the digital processor, while the plant is
simulated in Simulink. A real-time communication system is established between the
digital signal processor and the simulation model. The objective of the
hardware-in-the-loop simulation is to verify the consistency between the hardware

implementation of the controller and its underlying mathematical model. Elements of



hardware-in-the-loop simulation in the control of a perfusion pump are also reported in
[G8-6].

In addition to digital signal processors, synthesized complex control laws can also
be embedded in standard industrial programmable logic controllers (PLCs). In [G8-7], a
linear quadratic regulator was implemented in a specialized industrial controller for
controlling slow-moving mobile machines, using an approach for automatic generation of
ST code from the Simulink model of the regulator. In [G8-13], an Hoo regulator was
implemented for the same laboratory setup, with code generated from the Simulink
model and embedded as an FB (function block) component in the Danfoss development
environment. Similarly, in [G8-19], a p-regulator was embedded using a comparable
approach. In [G8-25], a cascade control system with position and pressure loops was
implemented using blocks from the standard library of the Plusl integrated software
development environment for Danfoss. To enable rapid prototyping of controllers in
industrial controllers, [G8-13] presents a laboratory setup that integrates the capabilities
of the industrial controller for accessing sensors and actuators of the platform with
MATLAB/Simulink-based control and real-time CAN communication. In this setup, the
control action is computed in real time within the Simulink environment and sent via
CAN to the controller, which applies it to the corresponding physical output. Sensor
measurements are also transmitted back to the Simulink model in real time.

In addition to high-performance processors for embedded systems, a number of
works also employ low-cost 8-bit microcontrollers from the ATMega series, implemented
on the Arduino platform. In [G8-8], a synthesized PI controller for soil temperature
regulation in indoor plants is implemented as a real-time C program. In [G8-15], a
real-time control system for a walking robot with 17 degrees of freedom is developed,
where synchronization of the commands sent to the joint servo drives is achieved, and a
system for real-time signal acquisition and logging is organized. In [G8-10], speed
control of a brushless electric motor is implemented by connecting a three-phase
MOSFET power converter to the Arduino platform. A real-time control software

configuration is developed, utilizing the hardware counters of the ATMega to process



pulses from the encoder as well as from Hall sensors. The signals from the Hall sensors
directly generate software interrupts to perform the required commutation of the
brushless motor phases. A discrete PI controller for motor speed control is implemented
within a timer interrupt. Real-time communication with Simulink is also established for
signal monitoring and logging, as well as for modifying the form of the speed reference

signal.

Theoretical and applied contributions:

1. A methodology has been developed for the implementation and study of control
systems by utilizing Simulink’s capabilities for generating real-time C code from the
block diagram of the controller, which can be interfaced with an installed real-time
operating system or the underlying software environment of the respective programmable
platform.

2. An approach for GPU-in-the-loop simulation of linear controllers and discretely
implemented state-space systems is proposed, demonstrating effective transfer of
computational load to a SIMD-type parallel architecture and enabling evaluation of
control performance in real time.

3. The feasibility of hardware implementation of control algorithms on FPGA is
investigated through modeling in Simulink and generation of VHDL code, linking the
theoretical synthesis of linear controllers with their digital realization in a parallel
computing architecture.

4. An architecture is proposed for single-cycle execution of basic floating-point
arithmetic operations—addition, subtraction, multiplication, and division—implemented

entirely using combinational logic and embedded within an FPGA device.

Applied contributions:
1. Multiple real-time control systems have been implemented and experimentally

validated by embedding automatically generated control code for the controller model



into various hardware platforms—digital signal processors, industrial controllers, and
8-bit microcontrollers.

2. Implementation and experimental validation of a linear discrete system
represented in state space on a graphics processing unit (GPU).

3. Implementation and experimental validation of an arithmetic logic unit (ALU)
for floating-point operations on an FPGA.

4. Implementation and experimental validation of a hardware-in-the-loop
simulation system using a digital signal processor with real-time USB serial
communication, as well as a hardware simulation system using an industrial controller for
mobile hydraulics with real-time CAN communication.

5. Deployment of automatically generated Structured Text (ST) code into an
industrial controller for mobile hydraulics.

6. A real-time control system for a brushless electric motor with Hall sensors,
implemented with hard real-time constraints on an 8-bit microcontroller, integrating
commutation control, a PI speed controller, and maintenance of a real-time serial

communication channel.

2. Design and Application of LQR, Hoo, p and Conventional PID Controllers

The article [G8-4] presents a model-based approach for controlling a two-wheeled
robot using a linear—quadratic regulator for vertical stabilization, in which a 17th-order
Hoo filter is used for state estimation. In [G8-7], a linear—quadratic regulator with a
Kalman filter for state estimation based on an identified model is synthesized for
controlling an electrohydraulic steering system. In [G8-9], linear—quadratic and Hoo
controllers are synthesized for fluid level control in a tank, and a comparison between the
two controllers is performed. In [G8-11], a linear—quadratic regulator is synthesized for
controlling glucose concentration in type 1 diabetes using the Hovorka model, assuming
subcutaneous glucose measurement and subcutaneous insulin infusion. In [G8-14], a

linear—quadratic regulator for controlling an electrohydraulic steering system is



investigated under different levels of load disturbance, implemented as pressure
disturbances in the working chambers of the servo cylinder.

The article [G8-3] examines identification and robust control of multivariable
systems through modeling uncertainty based on experimental data and Hoo controller
synthesis. In [G8-13], an Hoo controller is also implemented, designed on a multivariable
state-space model obtained via identification. Compared to similar solutions, the system
uses additional feedback from an LVDT sensor measuring the position of the proportional
valve, which improves the dynamics and control accuracy. Various operating modes are
studied, confirming that the developed system tracks the prescribed flow commands. In
[G8-12], the robust stability of an electrohydraulic steering system with an Hoo controller
is investigated, where multiplicative uncertainty is introduced into the multivariable
model of the plant. In [G8-17], a comparison between a linear quadratic controller and an
Hoo controller for a load-sensing electrohydraulic steering system is performed, and in
[G8-18], their robust stability is also compared on a model with uncertainty. In [G8-19], a
robust p-controller is synthesized for an electrohydraulic control module for digital
control of hydraulic steering systems. The robust stability of the electrohydraulic control
module with a linear quadratic controller is also studied in [G8-20], and with an Hoo
controller in [G8-21].

As is well known, most industrial control systems are implemented as systems
based on PID control. Therefore, when implementing complex control laws, a
comparison is usually sought with an analogous implementation that uses classical PID
laws.

In [G8-5], an optimal tuning of the parameters of two PID controllers for
controlling the cart-pendulum system is performed using a genetic optimization
algorithm, which ensures robust stability under model uncertainties. Optimal tuning of a
digital PID controller for an electrohydraulic proportional valve with indirect control via
two-position valves is carried out in [G8-23] using a gradient-based approach. A robust
PI controller synthesis is also presented in [G8-8] for soil temperature control in

combination with the endpoint theorem. In [G8-6], the pressure of a perfusion pump is



regulated using PID control under conditions of variable viscosity and nonlinear
hydrodynamic effects. In [G8-10], a PI control law is applied for speed control of a
brushless electric motor. In [G8-25], a cascade control system with PI controllers for
pressure and position is designed for an electrohydraulic steering system. Additionally,
[G8-26] presents the synthesis of a PI controller using a gradient optimization algorithm
for an electrohydraulic steering system based on experimentally obtained third- and
sixth-order frequency-domain models. The influence of the model on PI controller tuning
for electrohydraulic steering systems 1is investigated in [G8-27], including both
simulation and experimental comparisons. In [G8-28], a simulation study of a hydraulic
drive system with PID control and two-position valves is conducted under varying
actuator cylinder loads, with analysis of the self-oscillatory mode. The control system of

steering units based on OSPE 200 with a PI controller is also presented in [G8-32].

Theoretical and applied contributions:

1. Synthesis of a linear—quadratic regulator with an Hoo filter for wvertical
stabilization of a two-wheeled robot, based on a high-order uncertain model derived
using system identification methods.

2. Synthesis of a linear—quadratic regulator with a Kalman filter, an Hoo controller,
and a p-controller for position control of an electrohydraulic steering system and for
position control of an electrohydraulic actuation module, based on models obtained via
system identification methods.

3. Synthesis of linear—quadratic and Hoo controllers for fluid level control in a
tank.

4. Synthesis of a linear—quadratic regulator with a Kalman filter for glucose

concentration control in type 1 diabetes.

3. Modeling and Identification of Control Systems
In model-based controller synthesis, the structure and properties of the

mathematical model used are of particular importance. As is well known, the main



approaches for obtaining models are either through the use of first principles from the
natural sciences or through identification methods based on experimental data.
Furthermore, in control system synthesis, the goal is usually to derive specialized models
for control purposes that explicitly capture the functional dependence between control
inputs and measurable outputs. In this context, it is necessary not only to model the
nominal system but also to estimate the bounds of the unmodeled dynamics, so that the
closed-loop system achieves robust stability and robust performance.

In [G8-3], the derivation of models with uncertainty for multivariable systems is
considered using system identification methods, where the model uncertainty is obtained
as an approximation of the confidence interval of the system’s frequency characteristics
derived during identification. The proposed methodology is applied to an analog
simulation system. In [G8-8], an uncertain model is obtained by generating a set of
transient responses at different measurement points and performing their parametric
approximation. In [G8-7], identification with multivariable state-space models of an
electrohydraulic steering system is carried out using random input excitations. A similar
approach is applied in [G8-9], where a nonlinear static characteristic of the actuator
(pump) is added to the obtained linear model.

In [G8-4], a nonlinear uncertain model of the cart-pendulum system with one
input and two outputs is derived, followed by the derivation of an uncertain linearized
model via analytical linearization. Article [G8-15] presents two complementary
approaches for modeling a laboratory model of a humanoid robot with 17 degrees of
freedom—a full geometric-physical model in Simulink/Simscape Multibody and a model
obtained through identification based on experimental data. A laboratory prototype of the
robot with 17 degrees of freedom has also been constructed. An analytical modeling
approach is also used in [G8-6] for a hydrodynamic system with a perfusion pump and
nanofiltration of biological fluids. The modeling is carried out in the Simulink
environment using SimHydraulics blocks. In [G8-11], the analytical nonlinear
pharmacokinetic Hovorka model is linearized around a selected operating point to obtain

a state-space linearized model. In [G7-2], [G8-23], and [G8-24], an analytical model of



an electrohydraulic control module with four two-position, two-way directional valves
for driving a servo cylinder is derived, which is also implemented using Simulink blocks.

In [G8-10], the identification of a brushless DC motor is described in the
frequency domain by applying sinusoidal inputs (0.01-1 Hz) and estimating the gain and
phase delay to obtain a nonparametric amplitude—phase frequency characteristic. This
characteristic is then approximated by a low-order parametric model. A similar approach
is applied in [G8-26] to obtain nonparametric and parametric models of a digitally

controlled electrohydraulic drive system.

Applied and theoretical contributions:

1. Derivation of models with uncertainty for multidimensional systems using
system identification methods and interval representation of frequency response
variations, resulting in models of a cart-pendulum system, an analog modeling system,
an electrohydraulic steering system, an electrohydraulic control module, and a humanoid
robot.

2. Derivation, numerical implementation, and experimental validation of analytical
system models using principles of physical modeling, resulting in models of a perfusion
pump with nanofiltration, an electrohydraulic control module, and a pharmacokinetic
model of glucose concentration in type 1 diabetes.

3. Derivation of nonparametric and parametric models in the frequency domain
by studying the open-loop system response to input signals with varying frequency and

amplitude, resulting in models of a brushless DC motor and an electrohydraulic steering

system.
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Summary of the works in Group V

Ten of the publications [V-1-V-10], published in specialized scientific journals, are

considered equivalent to a monographic work and can be summarized within the field of




Identification and Control of Multivariable Systems with Uncertain Models

Control under conditions of uncertainty is a fundamental problem in modern
control theory and practice. In article [V-1], a method is presented for identification with
an uncertain model of the population density distribution in a one-dimensional bounded
habitat. The model is based on a nonlinear reaction—diffusion partial differential equation
from population dynamics theory. The nonlinear partial differential equation is
approximated by a linear time-varying state-space representation of order 120 with one
input and 100 outputs, where the input variable is the length of the habitat. A binary
random sequence is applied as an excitation signal, simulating expansion or contraction
of the habitat. From the collected data sample, 100 Box—Jenkins (BJ) models are
identified, describing the response of the population density at different points of the
habitat, achieving 80% fit with respect to the validation dataset. These BJ models are
combined into a single uncertain linear model by averaging their frequency responses,
with a nominal model of order 12 and input multiplicative uncertainty approximated by
minimum-phase filters. As a contribution, the article proposes an approach for
representing, for control design purposes, infinite-dimensional systems described by
partial differential equations via linear models with uncertainty obtained through system
identification methods. This facilitates the design of robust controllers for biological,
epidemiological, or chemical processes.

In article [V-2], a robust p-controller (similar to Hoo with D-K iterations) is
developed for a position-tracking hydraulic drive with indirect control, implemented via a
bridge configuration of fast-switching two-position microvalves. This represents a
low-cost alternative to classical proportional hydraulic drives; however, high-frequency
switching induces flow oscillations of the working fluid, which limits positioning
accuracy in steady-state conditions. Based on a nonlinear model of the hydraulic system,
a model with input multiplicative uncertainty is identified using an S8th-order

Box—Jenkins structure, where the uncertainty bounds are determined through a



transformation of the parameter covariance matrix. To define the closed-loop
performance requirements for p-synthesis, a mixed-sensitivity framework is used with
weighting filters for the tracking error and control signal. These filters are tuned to
minimize low-frequency error while constraining the control amplitude within admissible
limits, achieving a p value of 0.974. The synthesized 28th-order controller is decomposed
into a state observer and state feedback, enabling an anti-windup modification by
explicitly incorporating the amplitude-limited control signal into the internal structure of
the p-controller. This reduces overshoot under step reference inputs. The controller is
implemented on a 32-bit industrial controller and experimentally validated on a
laboratory electro-hydraulic steering test bench. As a contribution, the article
demonstrates a complete pipeline from identification with uncertain models to robust
control of nonlinear systems, with emphasis on industrial applications such as hydraulic
servo systems. The theoretical contributions include Theorem 1, which establishes the
relationship between the identified probabilistic model and models with signal- or
parameter-based uncertainty representations. Theorem 2, via L2-analysis of the Riccati
equations arising in p-synthesis, derives a condition for anti-windup modification of a
standard p-controller that reduces the influence of control saturation on the integral
component, improving performance without compromising robustness.

Article [V-9] addresses the design and optimal tuning of a multivariable PID
controller for a load-sensing electrohydraulic system, using an electrohydraulic
proportional control module similar to the one designed in [V-2]. In the control of the
steering system described in [V-9], the controller parameters are not set manually but are
optimized using a genetic algorithm, for which classical initial tuning methods such as
Ziegler—Nichols are not directly applicable. The study employs an identified discrete
stochastic state-space model of the system, obtained from experimental data. The
synthesized PID controller has three inputs and one output, incorporating position error,
the signal for the position of the proportional valve, and a conditional feedback loop for
anti-windup. The optimization aims at minimizing a quadratic performance index.

Experimental results show that the optimally tuned PID controller provides a fast



aperiodic transient response, small steady-state error, and good agreement between
simulation and physical experiment, with the system responding even faster under real
conditions than predicted by the simulation model.

The model of the electrohydraulic steering system used in the controller synthesis
in [V-9] was obtained using the identification methods described in [V-10], where the
main result is the derivation of a linear discrete state-space model with one input and two
outputs—namely, the position of the proportional valve plunger and the position of the
piston of the working servo cylinder. The identification was carried out on a laboratory
test bench, with excitation implemented by generating a random binary sequence as the
input signal. The parameters of the state-space model were estimated using the prediction
error method, and the model order was selected based on analysis of the Hankel singular
values and validation via the residual correlation function.

In article [V-3], a laboratory model of a humanoid robot with 17 degrees of
freedom is described, consisting of three subsystems: mechanical, actuation, and
information-control. In article [V-4], an algorithm for coordination with 13 sequential
stages is developed, ensuring forward motion without falling by transferring the
projection of the center of mass onto the support polygon of the feet. The algorithm is
implemented on an 8-bit microcontroller with automatic C code generation, and
experimental studies have been conducted. Using identification methods, a model of the
robot in state-space form is obtained, with 10 inputs (reference signals for the servo
motors driving the legs) and 6 outputs (angular velocities of the feet). The identified
state-space model is of 24th order, with a low prediction error and validated using an
independent dataset. For stabilization during walking, a multivariable Hoo controller is
synthesized by solving linear matrix inequalities for the extended robot model, including
weighting filters for the error and control signals. An upper bound of Hoo norm of 2.45 is
achieved for the closed-loop system, with disturbance attenuation down to —60 dB at low
frequencies. As a contribution to the habilitation work, the article proposes an
identification-based approach for deriving models of walking mobile robots, instead of

the classical solution of inverse mechanics problems or analytical inverted pendulum



models, enabling robust control of humanoid robots. Additionally, in [V-8], a
linear-quadratic regulator (LQR) is considered for stabilizing the humanoid robot during
walking, where the weighting matrices Q and R are determined experimentally to achieve
a desired trade-off between stabilization quality and control signal amplitude constraints.
A Kalman filter is synthesized for state estimation. A hardware-in-the-loop simulation of
the control algorithm is performed on an Arduino Mega 2560. Increased oscillations and
settling time are observed due to communication delays, but overall there is a good level
of agreement with the simulation results.

The article [V-5] develops a multivariable model for robust control of a
two-wheeled robot, where the control objective is to stabilize the robot in an upright
vertical position by moving the wheels. The developed laboratory prototype exhibits
dynamic uncertainties arising from the elasticity of the mechanical structure,
measurement inaccuracies from micromechanical inertial sensors, and the low resolution
of the wheel position encoder. The main emphasis is that, instead of identification using
classical single-variable models, a multivariable identification approach is employed for a
model with one input and two outputs—wheel angular velocity and body tilt—which
enables a more complete description of the dynamics and uncertainty. A 15th-order
p-controller is implemented, synthesized on the discrete model with a sampling rate of
200 Hz and augmented with integral feedback of the trajectory tracking error. An
important part of the paper is the comparison with an LQG controller for the same robot
from previous studies. It is shown that the p-controller provides a wider closed-loop
bandwidth, faster tracking error response, and a higher robustness margin, while the LQG
controller demonstrates better suppression of noise in the control input. Hardware
implementation experiments confirm that the computation time remains well below the
sampling period, and the robot’s behavior is non-oscillatory, with small tracking errors
and bounded control signals. From a control theory perspective, the contribution lies in
identifying a fifth-order discrete-time state-space model and subsequently transforming it
into a model with output multiplicative uncertainty for each of the two outputs. The

uncertainty is represented by third-order frequency-shaping filters. This work



demonstrates how the structure of uncertainty can be extracted from identification and
then directly used in robust synthesis. It also highlights the advantage of models
specifically designed for controller synthesis over models derived from fundamental
physical laws.

The article [V-6] develops a robust pp-controller for the automatic regulation of
glucose concentration in type 1 diabetes, based on the nonlinear pharmacokinetic
Hovorka model. The main objective in model identification for control purposes is to
determine a model with uncertainty that simultaneously accounts for variability in
physiological parameters across individuals, as well as the transport delay between
plasma and subcutaneous measurements of insulin and glucose concentrations, since
these effects are critical for the performance of automated subcutaneous insulin delivery
systems. The physiological process is represented by an uncertain linear model with a
single scalar uncertainty, which is then transformed into M—A form for p-synthesis. A key
contribution is the formulation of the mixed-sensitivity synthesis problem through the
selection of weighting filters for the tracking error and the control input, so as to balance
closed-loop response time, attenuation of long-term disturbances, and limitation of the
control signal. The synthesized controller is obtained by applying (D,G)-K iterations,
which reduce conservatism in the presence of real parametric uncertainties. An analysis
of controller order reduction using Hankel singular values is also performed. The
controller order is successfully reduced from 24 to 10 without significant loss of
performance. In terms of results, the paper demonstrates successful operation of the
controller on both the linearized and nonlinear models, as well as on the UVa/Padova
simulator for 10 adult subjects, including scenarios with unannounced meals. The
average glucose concentrations remain within the target range, with predominant time
spent in zones A and B. The reduced-order controller preserves robust stability.

A generalization of the presented engineering philosophy for controlling complex
dynamic systems under uncertainty is given in [V-7]. The identification of linear models
with uncertainty is considered, along with their subsequent use in robust controller

synthesis, with an emphasis on their practical applicability to embedded control systems.



The main idea is that when the analytical description of the process is incomplete or
unknown, the control model should be derived from experimental data through
identification, and the uncertainty should be formulated in a way that is compatible with
robust control theory. Particular attention is paid to the fact that parametric uncertainty
with a large number of scalar parameters is often impractical for synthesis; therefore,
unstructured multiplicative uncertainty is preferred, obtained via frequency-domain
estimates of the maximum relative deviations from the nominal model. In the
identification of uncertain linear models, one should seek structures that are sufficiently
compact for pp-synthesis, yet sufficiently rich to capture the actual variations of the
system. The importance of controller order reduction is also emphasized, as the order
tends to grow rapidly due to the high order of the uncertain models, the order of the

weighting filters, and the order required to approximate the D-part in the synthesis.
Theoretical Contributions:

1. A general approach has been developed for the identification of complex
dynamical systems using models with uncertainty for the purpose of synthesizing robust
control systems. The equivalence between representing a family of models via a
probability density distribution, via frequency-dependent interval uncertainty, or via

signal uncertainty has been theoretically proven.

2. A modification to the structure of the Hoo controller obtained through
u-synthesis and with the inclusion of integral action has been proposed. This modification
explicitly incorporates an amplitude constraint on the control signal in order to reduce the
effect of integrator saturation under actuator amplitude limitations. The conditions under
which the norm of the control generated by the modified controller is bounded by the

norm of the unmodified controller have been theoretically derived.

3. A methodology has been justified for representing infinite-dimensional systems

described by partial differential equations through compact linear models with



uncertainty. These models are derived from experimental data using system identification

methods and are equivalent to representations using linear time-varying models.
Theoretical and applied contributions:

1. A methodology has been developed for designing robust controllers for systems
with uncertain models, in which the uncertainty is derived directly from the identification

process and incorporated into the synthesis procedure.

2. Robust p-controllers have been developed and experimentally validated for
hydraulic, mechatronic, and biotechnical systems, demonstrating the effectiveness of the

approach under real-world conditions.

3. An identification approach for a humanoid robot has been proposed, where the
dynamic model for stabilization and control purposes is obtained experimentally rather

than through the classical solution of the inverse kinematics problem.

4. Tt has been shown how multivariable and uncertain models can be used to
design stabilization strategies for two-wheeled or legged robots with varying structures

and degrees of freedom.
Applied contributions:

1. Functional robust control systems have been implemented in both industrial and
laboratory environments, including electrohydraulic, two-wheeled, and humanoid

platforms.

2. Digital controllers have been deployed on microcontrollers, industrial
controllers, and FPGA platforms, demonstrating the real-time applicability of the

developed algorithms.

3. Experimental setups and test configurations have been constructed to evaluate

stability, control performance, and system behavior under external disturbances.



4. Practical solutions for automated motion control in robots have been

implemented, including walking coordination and balance stabilization.
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Summary of the works in Group G7 and G8

1. Implementation of Control Systems in Programmable Platforms

The article [G8-1] presents a technique for GPU-in-the-loop simulation of linear
controllers in Simulink, using the Microsoft Accelerated Massive Parallelism (AMP)
library for parallel execution of state-space models. It addresses CPU limitations in
processing large matrices in control systems by proposing an S-function
(GPUStateSpace) that is activated during C code generation in Simulink. The block
enables SIMD parallelization of computations when simulating discrete systems
implemented in state space. In the example, a controller and an observer are synthesized
based on desired pole placement. The simulation compares CPU and GPU
implementations of identical closed-loop systems. The main contribution is a new
Simulink block for GPGPU acceleration of linear time-invariant models, applicable in
complex dynamic simulations without degrading closed-loop performance. Similarly,
[G8-30] examines a parallel implementation of a physically realizable transfer function
on an FPGA device, where discretization is performed and a fixed-point representation of
real numbers is selected. VHDL code is generated from the Simulink model of the
discrete implementation of the transfer function, and simulation studies are conducted in
the Xilinx simulator to verify the accuracy of the approximations. Article [G7-1]
proposes a method for implementing floating-point arithmetic on FPGA using Simulink
models and automatic VHDL code generation. Two architectures are described for
addition/subtraction and multiplication of single-precision numbers according to the
IEEE 754 standard, where real numbers are represented by sign, exponent, and mantissa,
each processed using basic Simulink blocks. The models are tested in Simulink and
deployed on a Spartan-3 FPGA platform, where they operate with minimal
latency—within a single clock cycle—due to an implementation that relies primarily on

combinational logic without flip-flops.



A number of works demonstrate the implementation of complex control laws on
various programmable platforms. In [G8-2], the stages for designing robust embedded
systems using MATLAB and Simulink are described, focusing on the modeling and
synthesis of LQG, LQ, Howo, and p controllers, followed by automatic C code generation
for embedding in a microcontroller. The study emphasizes the stages involved in
implementing complex control laws, starting from mathematical models, progressing to
Simulink diagrams, SIL/HIL simulations, and deployment on platforms such as DSPs or
FPGAs.

A large portion of the experiments were carried out using a 32-bit digital signal
processor from the TI C28x family. An approach was employed for automatic generation
of control C code from a Simulink model of the controller. The resulting code is
integrated with the software configuration consisting of basic control modules for the
respective hardware platform. In [G8-3], a digital controller is embedded for the control
of an analog model. In [G8-4], a control system for a two-wheeled robot is implemented
using a linear-quadratic regulator and an Hoo filter. In [G8-9], a linear-quadratic regulator
and an Hoo controller are embedded in a 32-bit STM32F407 microcontroller; instead of
code generation, these control algorithms are implemented directly as C programs.

In [G8-5], a digital signal processor is used as a component of a
hardware-in-the-loop simulation system. In this setup, a PID controller for a
cart-pendulum system is implemented on the digital processor, while the plant is
simulated in Simulink. A real-time communication system is established between the
digital signal processor and the simulation model. The objective of the
hardware-in-the-loop simulation is to verify the consistency between the hardware
implementation of the controller and its underlying mathematical model. Elements of
hardware-in-the-loop simulation in the control of a perfusion pump are also reported in
[G8-6].

In addition to digital signal processors, synthesized complex control laws can also
be embedded in standard industrial programmable logic controllers (PLCs). In [G8-7], a

linear quadratic regulator was implemented in a specialized industrial controller for



controlling slow-moving mobile machines, using an approach for automatic generation of
ST code from the Simulink model of the regulator. In [G8-13], an Hoo regulator was
implemented for the same laboratory setup, with code generated from the Simulink
model and embedded as an FB (function block) component in the Danfoss development
environment. Similarly, in [G8-19], a p-regulator was embedded using a comparable
approach. In [G8-25], a cascade control system with position and pressure loops was
implemented using blocks from the standard library of the Plusl integrated software
development environment for Danfoss. To enable rapid prototyping of controllers in
industrial controllers, [G8-13] presents a laboratory setup that integrates the capabilities
of the industrial controller for accessing sensors and actuators of the platform with
MATLAB/Simulink-based control and real-time CAN communication. In this setup, the
control action is computed in real time within the Simulink environment and sent via
CAN to the controller, which applies it to the corresponding physical output. Sensor
measurements are also transmitted back to the Simulink model in real time.

In addition to high-performance processors for embedded systems, a number of
works also employ low-cost 8-bit microcontrollers from the ATMega series, implemented
on the Arduino platform. In [G8-8], a synthesized PI controller for soil temperature
regulation in indoor plants is implemented as a real-time C program. In [G8-15], a
real-time control system for a walking robot with 17 degrees of freedom is developed,
where synchronization of the commands sent to the joint servo drives is achieved, and a
system for real-time signal acquisition and logging is organized. In [G8-10], speed
control of a brushless electric motor is implemented by connecting a three-phase
MOSFET power converter to the Arduino platform. A real-time control software
configuration is developed, utilizing the hardware counters of the ATMega to process
pulses from the encoder as well as from Hall sensors. The signals from the Hall sensors
directly generate software interrupts to perform the required commutation of the
brushless motor phases. A discrete PI controller for motor speed control is implemented

within a timer interrupt. Real-time communication with Simulink is also established for



signal monitoring and logging, as well as for modifying the form of the speed reference

signal.

Theoretical and applied contributions:

1. A methodology has been developed for the implementation and study of control
systems by utilizing Simulink’s capabilities for generating real-time C code from the
block diagram of the controller, which can be interfaced with an installed real-time
operating system or the underlying software environment of the respective programmable
platform.

2. An approach for GPU-in-the-loop simulation of linear controllers and discretely
implemented state-space systems is proposed, demonstrating effective transfer of
computational load to a SIMD-type parallel architecture and enabling evaluation of
control performance in real time.

3. The feasibility of hardware implementation of control algorithms on FPGA is
investigated through modeling in Simulink and generation of VHDL code, linking the
theoretical synthesis of linear controllers with their digital realization in a parallel
computing architecture.

4. An architecture is proposed for single-cycle execution of basic floating-point
arithmetic operations—addition, subtraction, multiplication, and division—implemented

entirely using combinational logic and embedded within an FPGA device.

Applied contributions:

1. Multiple real-time control systems have been implemented and experimentally
validated by embedding automatically generated control code for the controller model
into various hardware platforms—digital signal processors, industrial controllers, and
8-bit microcontrollers.

2. Implementation and experimental validation of a linear discrete system

represented in state space on a graphics processing unit (GPU).



3. Implementation and experimental validation of an arithmetic logic unit (ALU)
for floating-point operations on an FPGA.

4. Implementation and experimental validation of a hardware-in-the-loop
simulation system using a digital signal processor with real-time USB serial
communication, as well as a hardware simulation system using an industrial controller for
mobile hydraulics with real-time CAN communication.

5. Deployment of automatically generated Structured Text (ST) code into an
industrial controller for mobile hydraulics.

6. A real-time control system for a brushless electric motor with Hall sensors,
implemented with hard real-time constraints on an 8-bit microcontroller, integrating
commutation control, a PI speed controller, and maintenance of a real-time serial

communication channel.

2. Design and Application of LQR, Hoo, p and Conventional PID Controllers

The article [G8-4] presents a model-based approach for controlling a two-wheeled
robot using a linear—quadratic regulator for vertical stabilization, in which a 17th-order
Hoo filter is used for state estimation. In [G8-7], a linear—quadratic regulator with a
Kalman filter for state estimation based on an identified model is synthesized for
controlling an electrohydraulic steering system. In [G8-9], linear—quadratic and Hoo
controllers are synthesized for fluid level control in a tank, and a comparison between the
two controllers is performed. In [G8-11], a linear—quadratic regulator is synthesized for
controlling glucose concentration in type 1 diabetes using the Hovorka model, assuming
subcutaneous glucose measurement and subcutaneous insulin infusion. In [G8-14], a
linear—quadratic regulator for controlling an electrohydraulic steering system is
investigated under different levels of load disturbance, implemented as pressure
disturbances in the working chambers of the servo cylinder.

The article [G8-3] examines identification and robust control of multivariable

systems through modeling uncertainty based on experimental data and Hoo controller



synthesis. In [G8-13], an Hoo controller is also implemented, designed on a multivariable
state-space model obtained via identification. Compared to similar solutions, the system
uses additional feedback from an LVDT sensor measuring the position of the proportional
valve, which improves the dynamics and control accuracy. Various operating modes are
studied, confirming that the developed system tracks the prescribed flow commands. In
[G8-12], the robust stability of an electrohydraulic steering system with an Ho controller
is investigated, where multiplicative uncertainty is introduced into the multivariable
model of the plant. In [G8-17], a comparison between a linear quadratic controller and an
Hoo controller for a load-sensing electrohydraulic steering system is performed, and in
[G8-18], their robust stability is also compared on a model with uncertainty. In [G8-19], a
robust p-controller is synthesized for an electrohydraulic control module for digital
control of hydraulic steering systems. The robust stability of the electrohydraulic control
module with a linear quadratic controller is also studied in [G8-20], and with an Hoo
controller in [G8-21].

As is well known, most industrial control systems are implemented as systems
based on PID control. Therefore, when implementing complex control laws, a
comparison is usually sought with an analogous implementation that uses classical PID
laws.

In [G8-5], an optimal tuning of the parameters of two PID controllers for
controlling the cart-pendulum system is performed using a genetic optimization
algorithm, which ensures robust stability under model uncertainties. Optimal tuning of a
digital PID controller for an electrohydraulic proportional valve with indirect control via
two-position valves is carried out in [G8-23] using a gradient-based approach. A robust
PI controller synthesis is also presented in [G8-8] for soil temperature control in
combination with the endpoint theorem. In [G8-6], the pressure of a perfusion pump is
regulated using PID control under conditions of variable viscosity and nonlinear
hydrodynamic effects. In [G8-10], a PI control law is applied for speed control of a
brushless electric motor. In [G8-25], a cascade control system with PI controllers for

pressure and position is designed for an electrohydraulic steering system. Additionally,



[G8-26] presents the synthesis of a PI controller using a gradient optimization algorithm
for an electrohydraulic steering system based on experimentally obtained third- and
sixth-order frequency-domain models. The influence of the model on PI controller tuning
for electrohydraulic steering systems is investigated in [G8-27], including both
simulation and experimental comparisons. In [G8-28], a simulation study of a hydraulic
drive system with PID control and two-position valves is conducted under varying
actuator cylinder loads, with analysis of the self-oscillatory mode. The control system of

steering units based on OSPE 200 with a PI controller is also presented in [G8-32].

Theoretical and applied contributions:

1. Synthesis of a linear—quadratic regulator with an Hoo filter for vertical
stabilization of a two-wheeled robot, based on a high-order uncertain model derived
using system identification methods.

2. Synthesis of a linear—quadratic regulator with a Kalman filter, an Hoo controller,
and a p-controller for position control of an electrohydraulic steering system and for
position control of an electrohydraulic actuation module, based on models obtained via
system identification methods.

3. Synthesis of linear—quadratic and Hoo controllers for fluid level control in a
tank.

4. Synthesis of a linear—quadratic regulator with a Kalman filter for glucose

concentration control in type 1 diabetes.

3. Modeling and Identification of Control Systems

In model-based controller synthesis, the structure and properties of the
mathematical model used are of particular importance. As is well known, the main
approaches for obtaining models are either through the use of first principles from the
natural sciences or through identification methods based on experimental data.
Furthermore, in control system synthesis, the goal is usually to derive specialized models

for control purposes that explicitly capture the functional dependence between control



inputs and measurable outputs. In this context, it is necessary not only to model the
nominal system but also to estimate the bounds of the unmodeled dynamics, so that the
closed-loop system achieves robust stability and robust performance.

In [G8-3], the derivation of models with uncertainty for multivariable systems is
considered using system identification methods, where the model uncertainty is obtained
as an approximation of the confidence interval of the system’s frequency characteristics
derived during identification. The proposed methodology is applied to an analog
simulation system. In [G8-8], an uncertain model is obtained by generating a set of
transient responses at different measurement points and performing their parametric
approximation. In [G8-7], identification with multivariable state-space models of an
electrohydraulic steering system is carried out using random input excitations. A similar
approach is applied in [G8-9], where a nonlinear static characteristic of the actuator
(pump) is added to the obtained linear model.

In [G8-4], a nonlinear uncertain model of the cart—pendulum system with one
input and two outputs is derived, followed by the derivation of an uncertain linearized
model via analytical linearization. Article [G8-15] presents two complementary
approaches for modeling a laboratory model of a humanoid robot with 17 degrees of
freedom—a full geometric-physical model in Simulink/Simscape Multibody and a model
obtained through identification based on experimental data. A laboratory prototype of the
robot with 17 degrees of freedom has also been constructed. An analytical modeling
approach is also used in [G8-6] for a hydrodynamic system with a perfusion pump and
nanofiltration of biological fluids. The modeling is carried out in the Simulink
environment using SimHydraulics blocks. In [G8-11], the analytical nonlinear
pharmacokinetic Hovorka model is linearized around a selected operating point to obtain
a state-space linearized model. In [G7-2], [G8-23], and [G8-24], an analytical model of
an electrohydraulic control module with four two-position, two-way directional valves
for driving a servo cylinder is derived, which is also implemented using Simulink blocks.

In [G8-10], the identification of a brushless DC motor is described in the

frequency domain by applying sinusoidal inputs (0.01-1 Hz) and estimating the gain and



phase delay to obtain a nonparametric amplitude—phase frequency characteristic. This
characteristic is then approximated by a low-order parametric model. A similar approach
is applied in [G8-26] to obtain nonparametric and parametric models of a digitally

controlled electrohydraulic drive system.

Applied and theoretical contributions:

1. Derivation of models with uncertainty for multidimensional systems using
system identification methods and interval representation of frequency response
variations, resulting in models of a cart-pendulum system, an analog modeling system,
an electrohydraulic steering system, an electrohydraulic control module, and a humanoid
robot.

2. Derivation, numerical implementation, and experimental validation of analytical
system models using principles of physical modeling, resulting in models of a perfusion
pump with nanofiltration, an electrohydraulic control module, and a pharmacokinetic
model of glucose concentration in type 1 diabetes.

3. Derivation of nonparametric and parametric models in the frequency domain
by studying the open-loop system response to input signals with varying frequency and

amplitude, resulting in models of a brushless DC motor and an electrohydraulic steering

system.
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