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1. Po3po6ka iHdpopMaLiliHO-BUMIPIOBaJIbHOI CHCTEMU TEIJIOBi3iTHOr0 KOHTPOJIIO [TPOLECy 30BHIMIHbOIO TOYiHHS.

2. Development of an Information-Measuring System for thermal imaging control of the external turning process.

Pedepar:

1. Incepralist npucBsYeHa AOCHIIPKEHHIO aKTyaJIbHOI HAYyKOBO-TEXHIYHOi IPO6GJIEMU BUMIPIOBAHHS [TapaMeTpiB
TEIJIOBOTO CTaHY B 30HI Pi3aHHs [IPU 30BHIIIHbOMY TOYiHHI i3 3aCTOCYBaHHSM iH(pOpMaLiIHO-BAMIipPIOBAJIbHOI
CHUCTEMH TETIOBI3iHOrO KOHTPOIIO. [I7151 [OCSTHEHHS 1iiei MeTu B pO6OTi IpOaHali30BaHO OCHOBHI 3aKOHOMipHOCTI
TEIJIOYTBOPEHHS Ta TEIJIOOOMiHY IIpoliecy pi3aHHs, IPOBEAEHO MOPIBHSIbHUI aHajli3 iCHYI0UMX METO/IIB Ta 3aCO0iB
BMMIipIOBaHHS TeMIIEPATypH, MIPUIATHUX [JIS 3aCTOCYBAHHS I1pY 06po61Li pizaHHSIM. BU3HAaueHO METOIUKU
OLiHIOBaHHA METPOJIOTIYHUX XapaKTEPUCTHUK TEIJIOBI3IMHUX CUCTEM, SIKi MIiCTATh: BU3HaYE€HHS [IPOCTOPOBOI Ta
TeMIIepaTypHOi PO3LilbHOI 30AaTHOCTI (TEIJIOBOi YyTJIMBOCTI), 3 YypaXyBaHHSIM XapaKTePUCTHUK I10JIs 30pY
TEeIJIOBi3iHOI KamepHu. JI71s MifBUIIEHHS TOYHOCTI Ta JOCTOBIPHOCTI OTPMMAaHUX Pe3yJbTaTiB BUMipIOBaHb, OyJI0

OI_LiHeHO BIIJIUB KyTa uenpecii‘ Ha BiIL6I/ITKI/I I'IpOCKI.LifI BEPTUKAJIPHUX Td TOPU3OHTAJIbHNX CKJIAOOBUX I10JI 30PY 3



ypaxyBaHHSM BUITPOMiHIOBAJIbHOI 3IaTHOCTI 06PO6JI0BaHMX MaTepiaiB. 3alIpOOHOBAHO aJITOPUTM ISt
POB3IIi3HaBaHHS Ta aBTOMATUYHOI 0OPOOKY TepMOrpam 3 BUKOPUCTAHHSIM 3rOPTKOBOI IITyYHOI HEPOHHOI Mepexki Ha
6a3i apxitektypu U-Net. [l;1 3a6e3neyeHHs IKiCHOr0 HaBYyaHHs OyB BUKOPUCTAHUI aJlrOPUTM HaBYaHHS 3
«Buutenem», a 17151 GoOpMyBaHHS SIKICHOI HaBYaJIbHOI BUGIpKM — 6yJI0 po3p00JIeHO ribpyuIHM aJIrOpUTM GiHapu3aii
TepMOrpam 3 METOI0 CTBOPEHHS MAaCOK JIJIs1 BUZIEHHS 30H Pi3aHHS. 3a JOoIoMOorolo iHdepeHcy peasizoBaHO
MO>MUIMBICTD ONPAIl0OBaHHS {HIIMX TEpMOrpaM Ha 6a3i B)Ke HaBU€HOI Mojiesli. Y BCTYIli HaBeJJeHO 3arajlbHy
XapaKTEPUCTUKY POOOTH, MiIKPECIEHO ii aKTyaIbHICTb, BUBHAUYEHO METY Ta 3aBIAHHs, 00’€KT, IPEAMET
IVCEePTaLiMHOrO AOCIIPKEHHS, BillTOBiIHICTb HAYKOBO-A0CHiIHUM poboTam. CHOpPMYJIbOBAHO HAYKOBY HOBU3HY Ta
[IpaKTUYHE 3HaYeHHs OTPUMAaHUX pe3ysbTaTiB Ta 0COOUCTUI BHECOK aBTOpa. B nmepimomMy po3zini 3pobieHo aHami3
JliTepaTypHUX IPKEPeJl, sIKUI [J03BOJIMB IIPOaHali3yBaTH OCOOIUBOCTI TENJIO00MIHY y [IpOLeCi Pi3aHHS Ta OCHOBHI
3aKOHOMIPHOCTI TEIJIOyTBOPEHHSI. PO3IJIIHYTO iCHYI04i METOIM Ta 3aCO0M BUMIPIOBAaHHS TEMIIEPATYPU, 3p00JIEHO
NOPiBHSJIbHUI aHAJIi3 METOIB Ta 3aC06iB BUMIPIOBAaHHS TEMIIEPATYyPU, IPUIATHUX 7151 3ACTOCYBAHHS [TPU 06po61i
pisaHHSM. Bu3HadeHo repeBary 3aCTOCyBaHHS METOAY TEIJIOBi3iTHOTO KOHTPOJIIO, SIKMH A€ 3MOTYy He BIIMBAaTU Ha
IIPOLIEC Pi3aHHs Ta HABKOJIMIIHE CEPELIOBUIIE, SIKUH He [IO0TPebye 3MiHM KOHCTPYKLil iIHCTPYMEHTY Ta 3aTOTOBKH,
MiAXOIXTS SIK IJIs1 MUTTEBOTO BU3HAYEHHS TEMIIEPATyPU TaK i 1711 MOHITOPUHIY B peayIbHOMY 4Yaci. IligkpecieHno
BKJIMBICTh BPAXyBaHHS METPOJIOTIYHUX XapaKTEPUCTUK 3aCTOCYBAHHS TEIJIOBI30PiB y BUMIPIOBAJIbHUX 33/1a4ax Ta
CKJIa[IHOILli, 5IKi BUHMKAIOTb y IIPOLieCi 300py Ta aHasizy JaHux. B npyromy po3zii nsis nigBuileHHs
iH(OpMATUBHOCTI Ta JOCTOBIPHOCTI pe3yJIbTaTiB TEIJIOBI3iIHOIO CIIOCTEPEKEHHS OYJI0 BU3HAYEHO MiAXiA 0o
MOJIE€JIIOBaHHS TEIJIOBOTO CTaHy 30HU Pi3aHHS HAa OCHOBI PIBHAHHS TEIUIONPOBIAHOCTI 3 ypaXyBaHHAM I10YaTKOBUX
Ta KpalloBUX YMOB. 3alIpOIIOHOBAHO CIIPOIEHY MaTeMaTU4Hy MOJesib 1J1s1 Bepudikallii ekcliepuMeHTaIbHUX
TEeMIIEPATyp OTPMMAaHUX METOJIOM TEIJIOBi3ilIHOrO KOHTPOJII0. BUBHaY€HO METOAMKY OLIiHIOBAaHHSI METPOJIOTIYHUX
XapPaKTEPUCTUK TEIJIOBI3IMHUX CUCTEM, SIKi MiCTSITb BUBHAYEHHS IPOCTOPOBOI PO3AiIbHOI 3aTHOCTI Ta TEILJIOBOI
YYTJIMBOCTI, 3 ypaxyBaHHIM XapaKTE€PUCTHUK M0JIs 30Py TENJIOBI3iMHOI Kamepy. 3alTPONIOHOBAHO 3aJIEXKHICTD AJIs1
OlIiHIOBaHHS CTaHJAPTHOI HEBU3HAYEHOCTi 3MiHM TemniepaTypu 3a yacom T(t) AJist pe3ysibTaTiB BUMipIOBaHHS,
OTPMMAaHMX 3 TEIUIOBI3iMHUX BileOKaMep Yepe3 CTaHAPTHE BilXUJIEHHS 3aJIMLIKIB all]pOKCUMOBAHOI Mo, B
TPETbOMY PO31iji O6yJI0 MPOaHasi30BaHO Ta 06PAHO JEKilbKa aIrOPUTMIB GiHapu3aliii 11 KombiHallii 3 MeTo
PO3po6KuU ribpunHoro metony 6inapusatii. CopMoBaHa Ta po3ropHyTa apXiTeKTypa 3rOpTKOBOI HEIIPOHHOI Mepeski
3 BUKOpUcTaHHsIM (ppeiimBopKiB TensorFlow Ta Keras, mo gano 3mory peasnisyBaTu apxitekTypy U-Net, sxa €
OJHOIO 3 TIEPEAOBUX Y PO3III3HABAHHSA KaIPiB 3 HETUIIOBOIO CTPYKTYPOIO Ta MOLIYKY LIKaBUX, AJIS1 JOCiIHUKIB,
00'eKTiB. B ueTBepTOMy pO37isli HA OCHOBI IPOBEAEHUX €KCIIEPUMEHTIB i3 3aCTOCYBaHHSM Pi3HUX TEILIOBI30PiB
Pi3HUX MOJI€JIEN OIPALbOBAHO PE3YJILTATU TA OLiHEHO HEBU3HAYEHOCTI BUMIPIOBaHHS TEMIIEPATYPU METOLOM
inppauepBoHOi TepMmorpadii 4151 Kamepu MiCTONETHOTO TUITY Ta Bifeokamepu. ONpalboOBaHO Pe3YIbTaTA POOOTU
IITY4YHOI HEPOHHOI MepexXi 3 06pOOKOIO Bileo 3anuciB Tepmorpam 3 temnsnosizopy Flir P640 Ta mposeneHo ix

Bepudikaliiio, 3 ypaxyBaHHSIM peajibHUX [TOKa3HUKIB TEPMOTPaM.

2. The dissertation addresses a pressing scientific and technical problem of measuring thermal state parameters in
the cutting zone during external turning using an information-measurement system for thermal imaging control.
To achieve this objective, the study analyses the fundamental principles of heat generation and heat transfer in the
cutting process and conducts a comparative analysis of existing methods and tools for temperature measurement
applicable to machining processes. Methods for evaluating the metrological characteristics of thermal imaging
systems were defined, which include: determining the spatial and temperature resolution (thermal sensitivity),
taking into account the characteristics of the field-of-view of the thermal imaging camera. To improve the
accuracy and reliability of the measurement results, the impact of the depression angle on the projections of the
vertical and horizontal components of the field of view was assessed, taking into account the emissivity of the
materials being machined. An algorithm for recognising and automatically processing thermograms has been
proposed, utilising a convolutional neural network based on the U-Net architecture. A supervised learning
algorithm was employed to ensure high-quality training, while a hybrid thermogram binarisation algorithm was
developed to create masks for isolating cutting zones and generating a robust training dataset. Inference
capabilities have been implemented to process additional thermograms using the pre-trained model. In the



introduction, a general overview of the work is provided, emphasizing its relevance, defining the aim and
objectives, as well as specifying the object and subject of the dissertation research. The alignment with scientific
research projects is also highlighted. The scientific novelty and practical significance of the obtained results, as
well as the author's personal contribution, are formulated. Chapter One provides a comprehensive review of the
literature, which facilitated the analysis of heat exchange phenomena during cutting processes and the underlying
regularities of heat generation. Various methods and instruments for temperature measurement are considered,
with a comparative evaluation conducted to determine their applicability to cutting processes. Particular attention
is given to the advantages of infrared thermographic techniques, which offer non-contact, non-intrusive
temperature measurement without influencing the cutting operation or its environment. This approach does not
require any modification to the geometry of the cutting tool or the workpiece and is suitable for both
instantaneous temperature determination and continuous real-time thermal monitoring. The analysis highlights
the necessity of accounting for the metrological performance of thermal imaging systems in measurement
applications, as well as the challenges encountered during data acquisition and interpretation. Chapter Two
addresses the enhancement of the informativeness and reliability of infrared thermographic observations by
establishing an approach to modelling the thermal state of the cutting zone based on the heat conduction
equation, incorporating relevant initial and boundary conditions. A simplified mathematical model is proposed to
verify the experimental temperature data obtained via infrared thermography. Methodologies for assessing the
metrological characteristics of thermal imaging systems are defined, including the determination of spatial
resolution and thermal sensitivity, taking into account the characteristics of the camera’s field of view. A
relationship is proposed for estimating the standard uncertainty of temperature variation over time, T(t), based on
the standard deviation of the residuals of the approximated model, for temperature measurements acquired using
infrared video cameras. Chapter Three presents the analysis and selection of several binarisation algorithms for
integration into a hybrid binarisation method. The architecture of a convolutional neural network was developed
and implemented using the TensorFlow and Keras frameworks, enabling the realisation of the U-Net architecture
- one of the state-of-the-art solutions for recognising frames with atypical structures and detecting objects of
research interest. Chapter Four is dedicated to the processing of experimental results obtained using various
models of thermal imaging devices. The measurement uncertainties associated with infrared thermography were
evaluated for both a handheld infrared camera and a thermal video camera. The outputs of the artificial neural
network were analysed through the processing of thermal video recordings acquired from a FLIR P640 camera,
with verification performed based on the actual characteristics observed in the thermograms.
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