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Komosa I.I. Memoou ma 3acoou onmumanvbHo20 NAAGHYBAHHA
eKCnepumMeHmie 011 00CHI0NHCEHHA MEXHON0ZIYHUX npouecie, npucmpoie i
cucmem. — Keanigpikauinina naykoea npaysa na npasax pykonucy.

Hucepramisi Ha 3100yTTS HAyKOBOTO CTymeHS HoKTopa (imocodii 3a
crietiaypHICTIO 151 — «ABTOMATH3AIlISA Ta KOMII FOTEPHI IHTETPOBaHI TEXHOJOTII.
— Hamionanbamii  aepoxocmiunmii  yHiBepcuteT iM. M. €. JKykoBcbkoro

«XapKiBChbKUH aBlallifHUM IHCTUTYT», XapkiB, 2020.

Hucepraiiitna po0oTa crnpsMoBaHa Ha BHUPIIMIEHHS HayKOBO-TIPAKTUYHOI
3a/1a4yl po3poOKH Ta BIPOBAKEHHS METOIIB 1 3aC001B ONTUMAIBHOTO IJIAHYBaHHS
EKCTIIEPUMEHTIB JIJI TOCTIIKEHHS TEXHOJIOTTYHUX MPOIIECIB, IPUCTPOIB 1 CUCTEM.

OcHoOBHa YacTHHa AMCEpTalli CKJIAJAEThCSA 31 BCTYIYy, YOTUPHOX PO3ILIIB,
PO30UTHUX HA MiPO3/1JIU, BUCHOBKIB, CIUCKY BUKOPUCTAHOI JITEPATyPH, TOATKIB.

[lepmmii po3min auceprailii MPUCBSUEHO pO3MIISIAY CTaHy MPOOJIeMH
ONTUMAJIBHOTO 32 BapTICHUMU  (4aCOBMMH) BHTpaTaMu IIJJAHYBaHHS
EKCIIEPUMEHTIB JIJISl JOCI1KEHHS TEXHOJIOTIYHUX MPOIIECIB, TIPUCTPOIB 1 CUCTEM.

[IpoBeneHO MOPIBHSAIBHUN aHANM3 METOMIB CHHTE3Y ONTHMAJIBHUX 3a
BapTICHUMHU (YaCOBMMH) BHUTpaTaMu IUIaHIB 0arato(akTOpPHOTO EKCIIEPUMEHTY.
Buaani pekomeHaanii mo 3aCTOCYBaHHIO IIUX METO/IIB ISl JOCHIIPKEHHS pealbHUX
o0’exTiB. HaBemeHno mepenik mporpaM, SKi peami3yloTb METOAM TOIIYKY
ONTUMAJIbHUX TUIaHIB O6araroakTopHUX eKcrnepuMeHTiB. [lokazana HEOOXiAHICTh
pO3pOOKM TOYHHUX Ta MIBUAKICHUX METOAIB CHHTE3Y ONTUMAIbHUX IUIaHIB
CKCIICPUMEHTY JUIsSI 00 €KTIB 13 KIIBKICTIO (pakTopiB K > 4.

OCKUIbKY B CY4aCHMX CHCTEMaX KOHTPOJIIO Ta KEPYBAHHS PI3HOMAHITHUMU
00’€KTaMH MIUPOKE 3aCTOCYBAHHS 3HAXOMSTH JAaTYUKU THUCKY Ta MEPETBOPIOBAYl
JIHIAHUX 1 KyTOBUX MEPEMILIEHB, TOMY IIPOBEJICHO 1X aHal3.

AHani3 mATBEpAMB HEOOXIIHICTH pPO3pOOKM HOBUX IEPETBOPIOBAUIB,
HaIpPaBJICHUX HA TOKPAIICHHS TAaKUX XapaKTePUCTHUK SK TOYHICTh, YYTJIUBICTH,
HAJIWHICTh, TEXHOJOTIYHICTh, Maco-TabapuTHI XapaKTEPUCTUKH, MPOCTOTA

KOHCTPYKIIii, BAPTICTh, POMIUPEHHS X (PYHKIIIOHAIIBHUX MOYKJIUBOCTEH.



Y apyromy po3aim  po3poOsieHI METOAM CHHTE3y ONTHMAIbHHX 34
BapTICHUMH (YaCOBHUMH) BUTpaTaMU IJIaHIB JPOOOBOrO Ta MOBHOTO (DaKTOPHHUX
EKCIIEPUMEHTIB, a TAaKOXX KOMIIO3MIIIMHUX TIUIaHIB, 3aCHOBaHI Ha BHKOPHUCTaHHI
koxy ['pes. 3amponoHOBaHI METOIU J103BOJISIIOTH MPOBOJUTH TMOIIYK IJIaHIB 0€3
MIOBHOTO 1epe0opy BapiaHTIB MEPECTAHOBOK.

[TokazaHo, 1m0 MeToau MOOYJOBU IUTaHIB OararoakTOPHUX EKCIEPHUMEHTIB,
OCHOBaHI Ha 3aCTOCYyBaHHI Komy ['pesi, CHHTE3yIOTh TUIAaHH ONTHMATBHI 332 YHCIIOM
NepexoIiB PiBHIB (haKTOpiB, aje HE 3aBKIM JalOTh IUIAHW ONTHUMAJIbHI 32 BapTICTIO
(wacoM) peamizanii. Y 3B’43Ky 3 IIUM BHUpIIIEHA aKTyaJbHa 3ajada MO CKOPOUYEHHIO
MHOXWHU TUIAHIB CKCIIEPUMEHTY I TIONIyKYy ONTHMAJIBHOTO 33 BapTICHUMHA
(vacoBumu) BuTpatamu. Po3poOieHi KOMIT'IOTEpHI Mporpamu, siki GpopMyroTh 0a3u
JAaHUX Ta 3HAYHO CKOPOUYYIOTh MHOXKHHY IUIaHIB EKCIEPUMEHTY Ui TOIIYKY
ONTUMAJIBHOTO 3a BAapTICHUMU (YAaCOBUMH) BUTpaTaMd Ha WOro peasizaiilo.
[Tporpamue 3abe3nedeHHs MOOYIOBaHO 3a MOIYJIBHUM IMPHHIMIIOM Ta 3a0e3mnedye
THYYKY aJalTallio AJIsl BUPIILIEHHs OUTBII IIMPOKOTO KIIacy 3aAay.

Tpetiif po3ail MPUCBSIYEHO ONTUMAIBLHOMY ITUIAHYBAHHIO EKCIIEPUMEHTIB
JUISL  JTOCHIPKEHHS BHUMIPIOBAJBHUX [EPETBOPIOBAUIB JIHHIMHUX Ta KYTOBHX
MepeMilieHb 1 TEXHOJOTIYHUX MPOIIECiB HAaHECEHHS! MOKpUTTIB. ONTHMI30BaH1 3a
BapTICHUMHU (4aCOBUMHM) BUTpaATaMU IUIaHU 0aratoakTOpHUX €KCIIEPUMEHTIB JIJIs
JOCIIJKEHHSI  (POTOENEKTPUYHUX TEPETBOPIOBAUIB KYTOBOTO  IMEPEMIILEHHS
pYJIBOBOT TMOBEpPXHI JIiTaka, pajloJOKaIifHOI CHUCTEMH, BHUXOPOCTPYMOBHUX
BUMIPIOBAYIB TOBLIMHU IEIEKTPUUYHUX MOKPUTTIB HA METAJIEBUX IMOBEPXHIX 1
TaKUX TEXHOJIOTTYHUX MPOLECIB SIK HAHECEHHS rajbBaHIYHUX MOKPUTTIB OJHAKOBO1
TOBIIMHU Ha JAPYKOBaHI IUJIATH, IPOLECY TJIMOOKOTO TIa3MOXIMIYHOTO TPaBJICHHS
MEMC, nporuecy mpecyBaHHs KOPHyCy Katepa i3 ckioractuky. IlokazaHo, 1o
BUTpAIIIl Y MOPIBHSAHHI 3 HAYAIHHUMHU TIJIAHAMH IO BApPTOCTI peaiizailii OTpUMaHux
IJIaHIB €KCIIEPUMEHTY JUTSl TOCHIKEHHS TepepaxoBaHUX 00’ €KTIB HAXOJATHCS B
Mmexax Bin 1,28 no 4,04 pasis, a B yaci peamizaiii — B 1,36 pa3u mpu J10CiHKEHHI
IIOPCTKOCTI TOBEPXHI KPEMHII0 Yy Tporecax TNHOOKOro IUIa3MOXIMIYHOTO

TpaBienHs MEMC.



Takum uMHOM, [O0Ka3aHa TMpalE3AaTHICTh Ta EQPEKTUBHICTb METOMIB
ONTHMI3aLli TUaHiB 0arato()akTOPHUX EKCIIEPUMEHTIB, OCHOBAaHUX Ha 3aCTOCYBaHHI
koza ['pes.

B uerBepToMy po3mini 3ampONOHOBaHI MEPETBOPIOBAY] JTIHIMHUX 1 KYTOBHX
nepeMileHh B IUGPOBUM KOJ Ta BOJOKOHHO-ONTHYHI JaTYMKU THUCKY, SKI
JO3BOJIAIOTh  MIJIBULIUTH  TOYHICTh BHUMIPIOBAaHHS BKa3aHMX IapaMeTpiB,
YYTJIMBICTh, HAIHHICTh, TEXHOJOTIYHICTh, PO3IIMPUTH Alara30H BUMIPIOBAHHS Ta
CHOCTUTH iX KOHCTpyKUilO. [Ipm 11bOMy YIOCKOHaj€HI METOAM BHMIPIOBAHHS
TUCKY 1 JIHIHHUX Ta KyTOBUX NEPEMIIICHb.

3anponoHOBaHi KOMIT FOTEPHI CUCTEMH TUISL MOJETIOBAHHS
O0ararodakTopHuUX 00’ €KTIB JOCTIDKEHHS Ta KOHTPOJO ix mnapamerpiB. [l
peamizamli OUX KOMII IOTEPHUX CHUCTEM pPO3pOOJIEHI HACTYyIHI amapaTHi 3acoOwu:
aBTOMATH30BaHa CHCTEMa peanizalii 0araro)akTOpHOTO €KCIIEPUMEHTY, CUCTEMA
KepyBaHHs OaraTo()akTOpHMM €KCIEpUMEHTOM, aBTOMAaTU30BaHAa CHUCTEMa
NPOBENECHHS 0araro()akTOPHOTrO EKCHEPUMEHTY, MPUCTPid (popMyBaHHS MJIaHIB
0aratoakTOpHUX EKCIEPUMEHTIB, TMPUCTPIN I BU3HAYEHHS XapaKTEPUCTUK
(aKTOpHUX TOCIIIOBHOCTEH, MPUCTPIA AJi1 BU3HAUYECHHS XapaKTEPUCTHUK IUIAHIB
0araroakTOpHUX EKCIIEPUMEHTIB, MPUCTPINA NJIi BU3HAYCHHS €KBIBaJIEHTHOCTI
MIaHiB  0aratoakToOpHOTO EKCIEPUMEHTY, NPUCTPIA TEePETBOPEHHS IUIAHIB
0araro(akTOpHOr0 €KCIIEPUMEHTY.

Po3pobneni amapatHi 3aco0u, TEpeTBOpIOBavl Ta JAaTYMKKA 3aXHIIEHI
[IaTEHTaMH Y KpaiHu Ha KOPUCHY MOJIEIb.

VY BHCHOBKax HaBe[EHI OCHOBHI HAyKOBlI Ta MpPaKTU4YHI pPE3yJbTaTH,
nepepaxoBaHi MAMPUEMCTBA 1 OpraHi3ailii, B SKUX iX BIPOBAKEHO.

B nopaTtkax mpuBe[eH1 aKTH BIPOBAKEHHS pe3yJbTaTiB aucepTallii, Komii
MaTEHTIB HA KOPUCHY MOJIEINIb Ta CBIJIOITB MPO PEECTPAIliII0 aBTOPCHKOTO MpaBa Ha
KOMIT IOT€pHI MPOTpaMu, CIIHUCOK MyOikaiii 3700yBaya 3a TEMOIO JUCEpTaIlii Ta
B1JIOMOCTI Ipo ampoOaiiito ii pe3yabTaris.

B nuceprartiitnoi poOoTi Brepiie OTpruMaHi HOBI HAYKOB1 pe3yJbTaTH:

— MCTOAHU 1'[06y,ZIOBI/I ONTUMAJIbHUX a00 OJM3BbKHUX J0 OITHUMAJIbHUX 3a



BapTICHUMHM  BHUTpaTaMH IUIaHIB T[OBHOTO Ta  JIpoOOBOro  (hakTOpHHX
eKCIIEPUMEHTIB, SIKI BIAPI3HAIOTHCS BIJ ICHYIOUMX THUM, IO TIPYHTYIOTbCS Ha
3acCTOCyBaHHI Koay I'pes, 1O [A03BOJIsA€ MIBUAKO OyayBaTH Takl IUJIaHU
EKCIIEpUMEHTIB 03 mepedopy BapiaHTIB IEPECTAHOBOK JTOCITI/IIB;

— MeToJl MoOyJOBH ONTHUMAJIbHUX 3a BapTICHUMU BUTpaTaMu IJIaHIB
O0aratopakTOpHOTO EKCIIEPUMEHTY, SKHM BpaxoBy€ BapTICTh 3MIHM PIBHIB
(bakTopiB 1 BIAPI3HIETHCA Bl ICHYIOUMX THUM, 1[0 OCHOBAaHUI Ha MOOYAO0B1 KOAIB 3
MIHIMQJIBHOIO KUIBKICTIO 3MIH 3 3aJlaHMMH BJIACTUBOCTSAMHM, IO JIO3BOJISIE
OyayBaTM ONTHMaJibHI ~KOMOIHATOpHI IJIaHu ©0e3 1epebopy  BapiaHTIB
MEePECTaHOBOK JIOCTIIIB.

Halyna mnopambioro po3BUTKY METOJOJIOTIS MiABUIIECHHS €(EKTUBHOCTI
EKCIIEPUMEHTAIBHUX JIOCIIHKEHb TEXHOJIOTTYHUX IPOILIECIB, MPUCTPOIB 1 CUCTEM B
IUTaH1 PO3POOKH MIBUAKICHOTO METOY MOOYTOBU ONTHUMAIBHUX a00 OJU3BKHUX JI0
ONTUMAJILHUX KOMITO3UIIINHUX TIJIaHIB €KCIIEPUMEHTIB.

[IpakTuuHe 3HAUeHHS OTPUMAHUX pE3YyJbTATIB TONATAE B TOMY, IO
pO3po0JIeHI METOAU JTO3BOJISIIOTH CKOPOTHTH BapTICHI Ta YacoBl BUTpaTH Ha
JOCIIPKEHHSI TIPUCTPOIB 1 CUCTEM, [0 OCOOJIMBO BAXKJIMBO B YMOBAaX MPOMUCIIOBUX
CKCIIEPUMECHTIB.

3anponoHoBaHi METOAM MOOYAOBU ONTHUMAIBLHUX 32 BAPTICHUMU 1 YACOBUMH
BUTpaTaMH IUIaHIB Oararo(akTOpHUX EKCHEPUMEHTIB pEeali30BaHl y BUIJISAL
arapaTHUX 1 MPOrpaMHUX 3aco01B, HA SIKI OTPUMaH1 MATEHTU YKpaiHU Ha KOPUCHY
MOJIeIb Ta CBIJOLITBA TPO PEECTPAIlil0 aBTOPCHKOTO TpaBa Ha KOMIT FOTEPHI
TIPOTPaMH.

VYaockoHalleHI BUMIPIOBAIbHI  MEPETBOPIOBAYl  JIHIMHUX 1 KyTOBHUX
nepeMilieHb B HUQPPOBUN KOJ, BOJOKOHHO-ONTHUYHI JATUUKUA THUCKY MOXYTh
3HAWTH 3aCTOCYBAHHSI JIJIsl TPOCKTYBAHHS CUCTEM KOHTPOJIIO Ta YIPABIIIHHS.

PesynbraTi TEOpPETHMYHUX Ta EKCIIEPUMEHTAIBHUX JOCIIKEHBb JUCEepTaIlii
BIPOBA/KCHI B MPAKTUKY IIANPUEMCTB 1 opraHizamii: [IpuBaTHe akiiioHepHE
TOBAapUCTBO «ABiakoHTposb» (M. XapkiB), TOB «BO OBEH» (m. XapkiB),

HamionanpHuii  aepokocmiunuii  yHiBepcurer iM. M. €. JKyKoBChKOro



«XapKiBCbKUH aBlal[liiHUI IHCTUTYT».
KirouoBi crioBa: mepeTBOproBay, JiHINAHI Ta KyTOBI MEPEMIIIEHHS, TaTYUK

TUCKY, KOMIT I0T€pHa cUCTeMa, Ko ['pest, M1aH eKClepuMeHTy, BapTiCTh, Yac.
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ABSTRACT

Koshoval.l. Methods and instrumentality for optimal planning of
experiments for the research in technological processes, devices and systems. — A
qualifying scientific work as a manuscript.

The thesis for a degree of Doctor of Philosophy (PhD) in speciality 151 —
“Automation and Computer Integrated Technologies”. — M. E. Zhukovsky
National Aerospace University “Kharkiv Aviation Institute”, Kharkiv, 2020.

The thesis is aimed at solving the scientific and practical problem of
developing and implementing methods and instrumentality of optimal planning
experiments for the research in technological processes, devices and systems.

The main part of the thesis consists of introduction, four chapters divided
intosections, conclusions, list of references, and appendices.

The first chapter of the thesis is devoted to the consideration of the state of
the research problem of optimal experiment planning in cost (time) outlay for the
study of technological processes, devices and systems.

A comparative analysis of methods for the synthesis of cost-optimal (time-



consuming) designs for a multi-factor experiment has been performed.
Recommendations for the use of these methods for the study of real objects are
given. A list of programs that implement methods for finding optimal designs for
multi-factor experiments is presented. It has been shown that it is necessary to
develop precise and fast methods for the synthesis of optimal designs of the
experiment for objects with the number of factors k > 4.

The analysis has confirmed the need to develop new converters aimed at
improving such  characteristics as accuracy, sensitivity, reliability,
manufacturability, mass-dimensional characteristics, simplicity of design, cost, and
expansion of their functionality.

In the second chapter the methods of the synthesis of optimal designs by cost
(time) expenses for fractional and complete factor experiments, as well as
composite designs based on the Gray code application have been developed. The
methods proposed allow searching for designs without the exhaustive search of
permutations.

It has been shown that the methods of constructing designs for multi-factor
experiments based on the Gray code application synthesize optimal designs by the
number of transitions of factor levels, but do not always give optimal designs by cost
(time) of implementation. In this regard, the actual problem of reducing the set of
designs of the experiment for finding the optimal one by cost (time) expenses has
been solved. Computer programs that form databases and significantly reduce the set of
designs of the experiment to find the optimal one for its implementation by cost (time)
expenses have been developed. The software has been designed by the modular
principle and provides flexible adaptation to solve a wider class of problems.

The third chapter is devoted to the optimal planning of experiments for the
study of measuring converters of linear and angular displacements and
technological processes for coating. Designs for multi-factor experiments for the
study of photovoltaic converters of angular movement of the steering surface of the
aircraft, a radar system, eddy-current meters of dielectric coating thickness on

metal surfaces and such technological processes as electroplating of the similar



thickness on printed circuit boards, the process of deep plasma-chemical etching of
MEMS and the process of pressing aboat’s hull of fiberglass have been optimized
by cost (time) expenses. It has been shown that the gains compared to the initial
designs by the cost of implementation of experimental designs for the study of
these objects are in the range from 1,28 to 4,04 times, and in 1.36 times by the time
of implementation when studying the surface roughness of silicon in the processes
of deep plasma-chemical etching of MEMS.

Thus, the efficiency and effectiveness of optimization methods of designs for
multi-factor experiments based on the Gray code application have been proven.

In the fourth chapter linear and angular displacement converters into digital
code and fiber-optic pressure sensors have been proposed; they allow to increase
the accuracy of measurement of these parameters, sensitivity, reliability,
manufacturability, expand the measurement range and simplify their design. At the
same time, the methods for measuring pressure and linear and angular
displacements have been improved.

The computer systems for modeling multi-factor objects of research and
control of their parameters have been proposed. To implement these computer
systems the following hardware has been designed: an automated system for
implementing a multi-factor experiment, the control system of a multi-factor
experiment, the automated system of conducting a multi-factor experiment, the
device for forming plans of multifactor experiments, the device for determining the
characteristics of the factorial sequence, the device for determining the
characteristics of designs of multifactor experiments, the device for determining
the equivalence of designs of a multi-factor experiment, the device for converting
the design of a multi-factor experiment.

The hardware, converters and sensors developed are protected by patents of
Ukraine for the utility model.

In conclusions the main scientific and practical results are given; the
enterprises and organizations where they have been implemented are listed.

The appendices contain acts of implementation of the results of the thesis,



copies of utility model patents and certificates of copyright registration for
computer programs, a list of publications of the applicant on the topic of the thesis
and the information about the approbation of its results.

For the first time the following new scientific results have been obtained in
the thesis:

— methods for constructing optimal designs by cost expenses for complete
and fractional factor experiments,which differ from the existing ones by being
based on the Gray code application and allow having rapid designs of experiments
that are optimal or close to optimal ones without going through the permutations of
experiments;

— the method for constructing optimal designs by cost expenses for a multi-
factor experiment taking into account the cost of changing the levels of factors and
differing from existing ones that it is based on the construction of codes with a
minimum number of changes with specified properties. It allows having optimal
combinatorial designs without searching the permutations of experiments;

— the methodology of increasing the efficiency of experimental studies of
technological processes, devices and systems has been further developed in terms
of developing high speed methods for constructing compositional designs of
experiments that are optimal or close to optimal ones, as well as hardware and
software for their implementation.

The practical significance of the results obtained is that the methods
developed allow reducing the cost and time expenses for the study of devices and
systems, and it is especially important in the conditions of industrial experiments.

The methods of constructing the optimal designs by the cost and time
expenses for multi-factor experiments have been implemented in the form of
hardware and software applications, for which the patents of Ukraine for the utility
model and certificates of copyright registration for computer programs have been
obtained.

Improved linear and angular displacement converters into digital code, fiber-

optic pressure sensors can be used for the design of control and management



systems.

The results of the theoretical and experimental research of the thesis have
been implemented in the practice of the following enterprises and organizations:
private joint stock company “Aviacontrol” (Kharkiv), LLC “VO ARIES”
(Kharkiv), M.E. Zhukovsky National Aerospace University “Kharkiv Aviation
Institute”.

Key words: converter, linear and angular displacements, pressure sensor,

computer system, Gray code, experimental design, cost, time.



