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Pedepar:

1. MydenbHi neui HeBesMKi 32 pO3MipOM TEIJIOBi 00'€KTH, SIKi BAKOPUCTOBYIOTb SIK 117151 1aO0OPATOPHUX JOCJIiIKEeHb,
TakK i B IPOMUCJIOBOCTI [J151 BATOTOBJIEHHS HEBEJINKUX AeTanell. TexHolorYHui pe>xxuM MyQebHOI 11edi BKIII0Ya€e B
cebe Tpu (pa3u: HATpiB 1edi 10 3aJaHOI TEMIIEPATyPH, iATPUMAaHHS TEMIIEPATypX Ha 33JaHOMY PiBHi i
0XOJIOI>)KEHHS Tedi. [1id )KUBUTHCS Bill €7IeKTPUYHOrO JIKEpeJia €HEPrii, 10 IKOro MifKI4YeHi HarpiBajbHi €J1eMEHTU
(TeHn) 3 marepiasiB 3 BEJIMKUM OMIYHUM OIIOPOM. 3 TOUKU 30py MOJI€JIIOBaHHS, My(eJibHa I1iY € 00'€EKTOM 3
PO3IOiNeHNMHU TapaMeTpaMy, 10 YCKIaAHIOE OTPMMAaHHS MaTEMAaTUYHUX MOJieJIeN y TepMiHax «BXigOoBUxiny. [ms
CIIPOILEHHS NPOLECY MOJIeII0BaHHS MydesbHY MMid pO36MBAIOTh HA 30HU, KOSKHA 3 SIKMX PO3TJIIAETHCS IK 00'EKT 3

30CEpPEIPKEHNMU IapaMeTpaMU. Y pe3ysIbTaTi TaKOTro MiIXOLy OTPUMYIOTb CUCTEMY HEJIIHIHUX PiBHSHB, SIKA



BKJIIOYAE psj, TennoQisnyHUX apaMeTpiB, 1719 BUBHAUYEHHS SKUX HEOOXiTHO TPOBECTH A0JIaTKOBI €KCIIEPUMEHTH.
[Ticsig niHeapusanii oTprMaHoi cUCTeMU PiBHSIHD i IIEpeX0y B KOMIIEKCHY 00JIaCTh OTPUMYIOTb CTPYKTYPHY CXEMY
00'€KTa, Ha OCHOBI KOi CHHTE3YIOTb CUCTEMY aBTOMaTUYHOT'O KEPYBaHHS TEMIIEPATYPHUM PEXXUMOM My(esbHOI
neyi. 3a7a4a CUHTE3y CUCTEMU aBTOMAaTUYHOTO KEPYBaHHS 3HAYHO YCKJIQMHIOETHCS, SIKIIO My(desbHa Mi4 Ma€e [1Ba
He3aJIeXXKHUX JIKepeJia eJIeKTPUYHOI eHepril, 10 SKUX Mif egHaHi TeHU. Y TaKux [1e4yax BUHUKAIOTh [lepeXpecHi
3B'SI3KM MIXK BXOZIaMU i BUXOZIaMH, 1110 3HaYHO YCKJIaIHIOE CTBOPEHHSI aIeKBaTHOI MaTeMaTU4HOI MoJieJli i noripiye
SKiCHi [1I0Ka3HUKHU IIPOLIECY KePYBaHHS. AKTyalbHOIO HAYKOBOIO 33Jja4€l0 € IPOBEJIEHHS €KCIIEPUMEHTAJIbHUX
IOCJIIKeHb 3 METOIO TIOOYAOBU aJleKBATHUX MaTeMaTUYHUX Mozesell MydesbHOi reyvi K 06’eKTa aBTOMaTUIHOTO
KEPYBaHH4 i Ha 11il1 OCHOBi CTBOPEHHS aBTOMAaTUYHOI CUCTEMHU KEPYBAHHS 3 IIOKPAIEHUMU TUHAMIYHUMU
BJIACTMBOCTSIMU, 1O JI03BOJIMTh IIOKPALIUTH SIKICTh IPOMUCJIOBUX BUPOOiB. EKClieprMeHTabHI JOCTiIKEeHHS Maln
Ha METi OTPMMaHHS PO3TiHHMX XapaKTEePUCTHUK 3a IBOMA KaHaJaMU [lepejadi BIUIMBIB 3 BXOLY Ha BUXil MyQebHOI
nedi. OTpMMaHi eKCriepMMeHTAaJIbHI 1aHi Jajii 3MOTy [100yyBaTH MepexifHi XapaKTePUCTUKU MyeJIbHOI 1edi 1o
YOTHUPHOM KaHajlaM Iepefiadi CUTHAJIB «BXil-BUXiI». [x aHasi3 Mokasas., 10 BOHU MAIOTh anepioguyHuN xapakrep i
OyJi1 allpOKCUMOBaHI IlepeiaBajlbHUMU (YHKIISIMU SIK BiJHOLIEHHS ABOX I10JIiHOMIB CcTeNeHiB m i n. 3a A0110MOrow
yIOCKOHAJIEHOTO METOJY ILJIOL, PO3pO0JIEHO aITOPUTMIUHE i TporpamHe 3a6e3MeyeHHs 3a[ja4i CUHTE3y
eMIIipUYHUX Mopesel MydesnpHoi reyi 3 1BoMa He3aleXXHUMU TeHaMmu. KpuTepieM Binbopy mozereii 6yyia cyma
KBaJpaTiB BiIXWUJIEHHS OPAMHAT €MIIIPUYHOI MOJI€JIi Bifl €KCIIEPUMEHTAJIBHUX JAHUX Y TOYKAX CIIOCTEPEKEHD. Y
pe3yJbTaTi OTPUMaHO YOTUPH NepeaBaibHi QyHKII] 10 KOKHOMY KaHajly Ilepefiadi CUrHajliB 3 O4HAKOBUMU
CTPYKTypamu, Ipu boMy m=2 i n=3. [lo6yoBaHa CTPyKTypHa cxema mydespHoi reyi nokasasua HasiBHICTb
IepexpecHuUx 3B's13KiB. 17151 ix KoMIleHcallii, y KOHTYp KepyBaHHS BKJIIOYEHO KOMIIEHCATOP IepeXpeCcHUX 3B'SI3KiB.
Buxopsum i3 yMOB aBTOHOMHOCTI, OTpMMaHa liepefaBajbHa (PYHKIIisSI KOMIIEHCATOPA, i MOKa3aHo, 10 HasBHICTb
KOMIIEHCATOpa y NPSIMOMY KaHaJli KepyBaHHS IPUBOJUTD 1O MOSIBU JBOX OAHOKOHTYPHUX CUCTEM KEPYBaHHS.
KoskeH i3 nBox HezaseKHUX KOHTYpiB BMiutye peryssarop 3 [1I- abo I1I[J-anroputmom KepyBaHHs. I [T111- Ta II-
aJIrOpUTMIB KepyBaHHs 6YJIM po3paxoBaHi NapaMeTpy HaJAlITyBaHHS PETyJIATOPiB 32 MiHIMAJIbHUM 3HAUEHHSIM
y3araJlbHEHOro KBaIpaTUYHOTro KpuTepito. [lapameTpu nepegaBajgbHUX QYHKLINA MydeabHOi Iedi MaloTh IOXUOKY,
3YMOBJIEHI HETOYHICTIO €KCIIePUMEHTAJIbHUX JAaHUX Ta BUOPAHMM METOIOM anpoKkcumaliii. s qociiiKeHHs
BIJINBY HETOYHOCTEN [TapaMeTPiB MOJIeJIEN Ha CTiMKICTb CUCTEM KE€PYBaHHS, IapaMeTPU MOJIeJIEN PO3IJISIANINACD SIK
HEYiTKi BeJINYMHU 3 TPUKYTHOIO (YHKIIi€10 HaJIe>KHOCTI, 10 6yJ1a allpoKCUMOBaHa raycoBolo ¢yHkIiew. [lepexin Bin
TPUKYTHOI 10 TayCOBOI (PYHKLIi¥ HAJIEKHOCTI JaB 3MOT'y 3aCTOCYBAaTH JI0 MIOJIIHOMIB YMCEJIbHUKA i 3HAMEHHUKA
nepenaBaJbHUX QPYHKLIN [TpaBujia HEYiTKOI apudMETHKHY, 1006 OTPUMATH BUPA3y IlepeiaBabHUX PYHKLIN 3
BpaxyBaHHSM HEUITKOCTI iX mapameTpis. [loka3aHo, 110 IIpY HEYITKUX [TapaMeTpax EMIIIPUYHUX MOZEJIEN 3aracu
CTIiIIKOCTI 32 aMIUIITYI0I0 3aJIMIINJIMCh HE3MIHHMMY, a 32 ()a3010 3MEHIINJINCh HE3HAYHO, 110 He TPU3BOJUTD 10
BTPATH CTIMKOCTi CCTeM aBTOMAaTUYHOTO KepyBaHHs. KoMneHcaTopy nepexpecHux 38’s13KiB My(esibHOi reyi 3
peasnizoBaHi Ha [UPPOBUX OOUUCTIOBATILHUX IPUCTPOsIX. [lepexin Bin HerepepBHUX OO0 TUCKPETHUX MOJeiei
peasizoBaHo Metonom ['aHKess, o Jajio 3MOTY CIIPOCTUTHU MIPOLIEC MOZEIOBAHHS | pO3paxyHKy IlepelaBajlbHAX
(PYHKUiN IMCKPETHUX KOMIIEHCATOPiB. Pe3ysIbTaT iMiTallilHOrO MOJEII0OBAHHS NI0KA3aJIM 33[10BiJIbHY KOMIIEHCALIiI0
Iii mepexpeCcHUX KaHaliB KEPYBaHH4, a IOKa3HUKHU SIKOCTi CUCTEM aBTOMAaTUYHOTO KEPYBAHHS 3aJI0BOJIbHAIOTh
TeXHIYHi BUMOTH 10 aBTOMaTUYHUX CUCTEM KepyBaHHS MydesbHuX nleyeil. 3allponoHOBaHa CTPYKTypa CUCTEMU
aBTOMAaTHUYHOTI'O KEPYBaHHS BiITIOBiflae TEXHIYHMM BUMOTaM, 110 BUCYBAIOThCSI 4O TaKUX CUCTEM, i MOXKe O6yTH

PEKOMEHJI0BaHa JI0 MPAKTUYHOTO 3aCTOCYBAHHS Y TIPOMUCIJIOBOCTI

2. Muffle furnaces are small thermal objects that are used both for laboratory research and in industrial production
of small parts. The technological mode of the muffle furnace includes three phases: heating a furnace to a given
temperature, maintaining a temperature at a given level, and cooling a furnace. The furnace is powered by an
electrical energy source to which heating elements made of materials with high ohmic resistance are connected.
From a modeling perspective, a muffle furnace is an object with distributed parameters, which complicates
obtaining mathematical models in "inputooutput” terms. To simplify modeling, a muffle furnace is divided into
zones, each of which is considered as an object with concentrated parameters. As a result, a nonlinear equations
system is obtained, including a number of thermophysical parameters, for the determination of which additional



experiments are required. After linearization of the obtained equations system and transition to the complex
domain, an object’s structural diagram is obtained, based on which an automatic control system of the muffle
furnace temperature regime is synthesized. Synthesizing an automatic control system becomes more complicated
if a muffle furnace has two independent sources of electrical energy. In such furnaces, there are cross-
connections between inputs and outputs, that complicates the creation of an adequate mathematical model and
worsens the quality indicators of the control process. An urgent scientific task is to conduct experimental research
aiming to build adequate mathematical models of the muffle furnace as an automatic control object and, on this
basis, creating an automatic control system with improved dynamic properties, which will allow improving the
quality of industrial products. Experimental studies aimed at obtaining acceleration characteristics for two
channels of influence transmission from the input to the output of the muffle furnace. Obtained experimental data
enabled construction of transient characteristics of a muffle furnace on four "input-output” signal transmission
channels. Analysis showed that they have an aperiodic character and were approximated by transfer functions as
the ratio of two polynomials of m and n degrees. Using the improved method of areas, algorithmic and software
support for the synthesis of empirical models of a muffle furnace with two independent furnaces was developed.
The criterion for models selection was the sum of ordinates deviation squares of the empirical model from the
experimental data at the observation points. As a result, four transfer functions for each signal transmission
channel with the same structures are obtained, with m=2 and n=3. The constructed structural diagram of the
muffle furnace showed the presence of cross connections. To compensate for them, a cross-connection
compensator is included in the control circuit. Based on the autonomy conditions, the compensator’s transfer
function is obtained. The presence of the compensator in the direct control channel leads to the appearance of
two single-loop control systems. Each of two independent circuits contains a controller with a PI or PID control
algorithm. For PID and PI control algorithms, the settings parameters of the regulators were calculated based on
the minimum value of the generalized quadratic criterion. The parameters of the muffle furnace transfer functions
have errors caused by the inaccuracy of the experimental data and the chosen approximation method. To study
the impact of inaccuracies of model parameters on the stability of control systems, model parameters were
considered as fuzzy values with a triangular membership function, which was approximated by a Gaussian
function. The transition from triangular to Gaussian membership functions made it possible to apply the rules of
fuzzy arithmetic to the polynomials of the numerator and denominator of the transfer functions in order to obtain
the expressions of the transfer functions taking into account the vagueness of their parameters. It is shown that
with unclear parameters of empirical models, the amplitude stability margins remained unchanged, while the
phase ones decreased slightly, which does not lead to a loss of stability of automatic control systems. Muffle
furnace crosslink compensators with implemented on digital computing devices. The transition from continuous
to discrete models was implemented by the Hankel method, which made it possible to simplify the process of
modeling and calculating the transfer functions of discrete compensators. The results of simulation modeling
showed a satisfactory compensation of the action of cross control channels, and the quality indicators of
automatic control systems satisfy the technical requirements for automatic control systems of muffle furnaces
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Kopg 3a €IPIIOY: 02071010

MicueSHaxo,vieHHﬂ: ByJ. Crenana Bangepw, 6yz. 12, JIbBis, 79013, Ykpaina

dopma BiracHOCTI: /lepxasHa

Cdepa ynpaBiriHHS: MiHicTepcTBo OCBiTH i HayKu YKpaiHu

InenTudikarop ROR:

Peuensentu

Baacue IlpizBumie Im's Ilo-6aTbKOBI:
1. bopuH Bacunb CrenaHoBud

2. Boryn Vasyl S

KBasigikanis: . . 1., gow., 05.13.07
InenTudikarop ORCID ID: He 3acrocosyetscs
JoparkoBa indpopmamnist:

IloBHe HaliIMEeHYBaHHS IOPUAHYHOL 0C00H: IBano-PpaHKiBChKUI Hal[iOHATBHUI TEXHIYHMII YHIBEPCUTET

Ha(TH i razy

Kopg 3a €IPIIOY: 02070855

Micue3HaxoaKeHHS: ByJ1. KapniaTceka, 6ya. 15, IBano-®pankiseek, 76019, Ykpaina
dopma BiracHOCTI: /lepxasHa

Cdepa yIIpaBJIiHHﬂ: MiHicTepcTBO OCBiTH 1 HayKU YKpaiHu

InenTudikarop ROR:

BiacHe IIpi3Buie Im'sa ITo-6aTbKOBI:
1. 3asuyk SIpocnas IBaHOBMY

2. Zaiachuk Yaroslav I.

KBasigikanis: k.1.u., nouenr, 05.13.07
InenTudikarop ORCID ID: He 3acrocosyetscs
JoparkoBa indopmamnist:

IloBHe HaliIMeHYBaHHS IOPUAHYHOL 0C00H: IBaHO-PpaHKiBCHKUII HAl[iOHAILHUI TEXHIYHMIT YHIBEpPCUTET

Ha(TH i razy
Kopg 3a € IPIIOY: 02070855

Micue3HaxoaKeHHS: ByJ1. KapniaTceka, 6ya. 15, IBano-®pankiBeek, 76019, Ykpaina



dopma BiracHOCTI: JlepxasHa
Cdepa yllpaBJIiHHﬂ: MiHicTepcTBO OCBiTH 1 HayKU YKpaiHu

InenTudikarop ROR:

VIII. 3akar04Hi BimoMocTi

BaacHe IlpizBume Im'a ITo-6aTbKOBi lllexera Bacusb 1BaHOBIY
TOJIOBH pajgu

BiiacHe IIpi3Buie Im'sa ITo-6aTbKOBi lllexera Bacuib 1BaHOBIMY
rOJIOBYIOYOrO Ha 3aCiflaHHi

BigmoBigasbHUH 32 MiATOTOBKY Jlazopis Harania Tapacisna
00JIIKOBHX JJOKYMEHTIB

PeecTtpartop YkpIHTEI

KepiBHuKk Bigginy YKpIHTEI, mpo €
BiZITIOBiZJaJIbHUM 32 PEECTpalLilo HayKoBoi IOpuenko TeTsHa AHaToiiBHA

OisIIBHOCTI




