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1. Bosikos [I.[l. MeToau MOZ€/I0BAaHHS aKyCTUYHUX €JIEKTPOAMHAMIYHUX IEPETBOPIOBadiB — KBamidikauiliHa
HayKoBa Ipals Ha IpaBax pykonucy. Jluceprauis Ha 300yTTs HaykoBoro cTymneHs JJokropa ¢inocodii 3a
crienianpHicTIO 171 «EnekTpoHika». — HalioHaJIbHUI TEXHIYHUY YHIBEPCUTET YKpaiHU «KUIBCbKUH MO TEXHIYHUN
inctutyT imeHi Irops Cikopebkoro», MOH Ykpainn, Kuis, 2022 p. luceprauiiiHa po60Ta IpUCBSIY€Ha JOCIIKEHHIO
JIIHIAHUX Ta HEJIIHIMHUX MOJEJIeN aKyCTUYHUX €JIEKTPOAMHAMIYHNX [IEPETBOPIOBAYIB 3 METOIO BJOCKOHAJIEHHS
icHy10uMX Ta pO3POOKU HOBHUX OiJIbIlI TOYHUX Ta 3PYYHUX METOIIB i3 BUKOPUCTAHHSM CY4aCHUX IiTXOMiB, SIK TO:
METOJY ONTUMI3allii, "TeHETUYHI aJITOPUTMHU Ta IITY4YHI HEMPOHHI Mepexi. PoboTa ckianaeTsest i3 40TUPbOX
OCHOBHUX PO3iJiB. Y BCTYIIi ONMCAHO aKTyaJIbHICTh IPOOJIEMU Ta 3PO6JIEHO OIJIS], CY4aCHUX METOLIB
MOJIEJIIOBaHHS, y IPYTil YaCTUHU AETAJIbHO PO3JIAAI0ThCA JIiHIMHI MOJIeJli IepETBOPIOBAYiB, BKJIIOYHO i3
KJIacuyHoI0 MogeJo Tinsi/Cmosa Ta CTaHAAPTHUM METOJIOM 3HaxOJ)KEHHS il 1IapaMeTpiB - METOLIOM 0JaHOI
Macu. 3aporOHOBAHO HOBi METOM [1J14 OiJIbII TOYHOT'O Ta THYYKOTO 3HAXOPKEHHSI IIapaMeTpiB JIiHIHHUX MOZeIe,
K TO MeTOoJ Ninbopy napametpa Bl Ta 3acToCyBaHHS reHETUYHOTO aJITOPUTMY. 3alIPOIIOHOBAHI MeTOIu OYJI0
MOPIBHSIHO i3 KJIACUYHUM MEeTOJOM J0/IaHOI Macy Ta 06roBOPEHO MepeBaru Ta HeJloJiKY Pi3HUX METOiB. Y
TPETbOMY PO31iJii PO3IJIALal0TbCA HEJIHINHI MOMei Ilepe- TBOPIOBaYiB. BUBOIUTbCA HEJIHITHA MOZEIIb T'YHOMOBL
y ¢pazomMy IPOCTOPY Ta AEMOHCTPYETHC ii IpUBENEHHS A0 KAHOHIYHOTO BUTIIAAY. TakosK, NPOIIOHYETHCS
MIPUHLUIIOBO HOBUH MifIXif 10 MOMEJIIOBAHHS €JIEKTPOAUHAMIYHUX IIE€PETBOPIOBAYIB i3 BUKOPUCTAHHSIM
PEKYPEHTHHUX HEPOHHUX Mepexx. O61ABa METOLY MOPIBHSIHO MixK CO6010 Ha OCHOBI TPAKTUYHO BUMIPSIHUX JAaHUX
Ta IPOBEJIEHMX €KCIIEPUMEHTIB. Y OCTaHHbOMY PO3[iJli Jal0ThCS 3arajlbHi BUCHOBKY i3 BUKOHAHOI po6oTH. Y
pe3yJbpTaTi po60TH BIIAJIOCs OTPUMATH TaKi HOBi pe3ysbTaTu: 1. 3arporoHOBaHO HOBITHIN [TOBHICTIO
aBTOMAaTH30BaHUI METOJ, 1151 3HaXOIpKeHHs KoeillieHTy eslekTpomexaHiqHoi Tpancdopmauii Bl 6e3 ynnusy iHmmux
IapaMeTpiB MOJieJli BUKOPHCTOBYIOYi BUKJIIOYHO BUMIipPIOBaHi BEJIMYMHY, K TO: HAallpyra Ha KjleMax, CTPyM uepes
KOTYIIKY Ta 3MillleHHsI PyXOMOi YaCTUHM NepeTBoploBaya. Takuil METOM, MOKHA BBXKATU HANOIIbII TOYHUM
HEeIpSIMUM MeToZoM BuMiptoBaHHs Bl Ha manuit momeHT. 2. Ha ocHOBI MeTomy nin6opy napamerpa Bl,
3alIPOIIOHOBAHO METOJ, 111 BilOKPEMJIEHHSI MEXaHIYHOTO Ta €JIEKTPUYHOTO iMII€JAHCIB €JIEKTPOIUHAMIYHOTO
[IepeTBOPIOBAaYa BUKOPUCTOBYIOUI TAKOXK BUKJIIOUHO BUMIPIOBaHi BEJIMUMHU 151 JOCSITHEHHS! MaKCUMaJlbHOI
TOYHOCTI. Y pe3yJbTaTi, i iMrejancu MOXKYTb PO3IJISIAATUCS OKPEMO OJIVMH Bifl OZHOTO, IO BifKpuBae 6ijbie
MOKJIMBOCTEH [AJ1s1 iX MOCIiTIKeHHS Ta pO3POOKY GilbIll TOYHUX Mojesieil. 3. Brepiie 3aCTOCOBaHO reHeTUYHU
QJITOPUTM 7151 3HAXO[PKEHHS MTapaMeTPiB JIiHIMHOI MOZeJli €JIEKTPOAMHAMIYHOIO [IEPETBOPIOBAYA Ta IIPOBELEHO
MOT0 MOPIBHSIHHS i3 KJIACUYHUM METOIOM J0AAaHOI Macu. 4. Ha OCHOBI TEHETUYHOIO AJITOPUTMY 3ANIPOIIOHOBAHO
YVHiBE€pCaJbHY y3arajJbHEHY CTPYKTYPY [ 3HAXOKEHHS TapaMeTPiB JOBUIBHMX MOJEJIEN €JIEKTPOAUHAMIYHUX
[IepeTBOPIOBAYIB, 110 3HAYHO II0JIETIIYE Ta IPUCKOPIOE NIpoLiec iX HOCiIKeHHs. 5. Briepie 3acTOCOBaHO
PEKYPEHTHY HEMPOHHY MEPEXY IJIs1 MOJIeJII0OBAaHHS HEJIiHIMHOI IOBEeAiHKY €JIEKTPOAVMHAMIUYHYX [1€PETBOPIOBAYIB.
[IpencraByieHo NOBHUI NIPOLIEC TPEHYBAHHS Ta TECTYBaHHS JAHOI HEMPOHHOI Mojeli. 6. [TpoBeeHo NpakTUYHE
IIOPiBHSIHHS HeJIiHIHOI MoJeJi i3 BUKOPUCTaHHSIM PEKyPEHTHOI HeMPOHHOI Mepexi i3 HaltbibII Y)KUBAHOIO Y
ingyctpii Mogesno y pazoBomy npoctopi. 3 [IpakTryHe 3HaUY€HHSI OTPMMAaHUX Pe3yJIbTaTiB [OJIsIrae y NiBUILEHHI
TOYHOCTI Ta MOJIETHIEeHH] ifeHTudiKkauii JTiHIMHUX Ta HEJiHITHMX MoZesel eJIEKTPOOMHAMIYHUX IEPETBOPIOBAYIB.
[TpencraByieHi MeTony MOXKYTb OyT BUKOPUCTaHi 6€3[10cepeiHbO Y IIPOMUCIIOBOCTI @ TaKOXK, Y IOCIIIHUIBKUX
LIiJ1s1X 1715 GiIbII IJIMOOKOrO aHasi3y NoBeiHKM I'YYHOMOBLIB, a caMme: 0yJI0 IPOJeMOHCTPOBAHO MOSKJIMBICTDb
IIBUAJIKOI aianTallii FeHeTUYHOTO aJIFOPUTMY 10 OiJIbII CKIIALHUX MOZEJEN i3 6ibLIOI0 KiNbKICTIO ieHTU(IKOBaHUX
napameTpiB 6€3 BTPATy NPOAYKTUBHOCTI Ta IBUAKOI CXOJUMOCTI anroputmy. Lle 1eMOHCTpye yHiBepCalbHICTb
F€HETUYHOTO aJIFTOPUTMY Ta MOXKJIMBICTb HOTO BUKOPUCTAHHS JIJIS1 TOYHIIINX MOJEJEN IO € CKIaQAHUMU 14
inenTudikanii K1aCUYHUMU MeTolaMu. [I711 MOJieTI0BaHHS HeJliHiHOI TOBEIiHKY eJIeKTPOAUHAMIYHUX
[IepeTBOPIOBaYiB OyJI0 BIeplIe 3aIIPOIIOHOBAHO BUKOPUCTAHHS PEKYPEHTHUX HEUPOHHUX Mepex. Takui migxiz,
IIO3BOJISIE MIBUIKO 3HAUTU MOJeJIb IIEPETBOPIOBAYA TUITY "JOPHUI LMK IKa MOXKe OyTH 6e3rnocepesHbo
3aCTOCOBaHa y SIKOCTi IU(PPOBOro ABiIHMKA MOJIEIbOBAHOI'O TYYHOMOBIIS Y SIKOCTi KOMIIOHEHTA OiJIbII CKIIAIHUX
crcTeM. 3anpoloHOBaHy MOJesib OYyJI0 OPIBHSIHO i3 HAMOIIbII Y>)KUBAHOIO Y iHIYCTPii HEJTHIMHOI0 MOAEJLIIIO
€JIEKTPOJMHAMIYHOTO NTePEeTBOPIOBaYa y (pa30BOMY IIPOCTOPI Ha OCHOBI aHAaJi3y BUMIPSIHMX BiITYKiB Y 4aCOBOMY Ta

CIIEKTPAJIbBHOMY IIPENCTABJIEHHAX.



2. Volkov D.D.Acoustic electrodynamic transducer modelling methods - Qualifying scientific work on the rights of
the manuscript. Thesis for the degree of Philosophy Doctor, in specialty 171 “Electronics”. - National Technical
University of Ukraine "Igor Sikorsky Kyiv Polytechnic Institute Kyiv, 2022. The thesis is dedicated to the study of
linear and nonlinear models of acoustic electrodynamic transducers with the aim of improving existing and
developing new, more accurate and convenient methods using modern approaches, such as: optimization
methods, genetic algorithms and artificial neural networks. The work consists of four main sections. The
introduction describes the relevance of the problem and provides an overview of modern modeling methods, the
second part describes in detail the linear models of converters, including the classic Thiel /Smoll model and the
standard method of finding its parameters - the added mass method. New methods for more accurate and flexible
finding of linear model parameters are proposed, such as the method of Bl parameter brute-force search an the
genetic algorithm application. The proposed methods were compared with the classical added mass method and
the advantages and disadvantages of different methods were discussed. In the third section, the nonlinear
transducer models are considered. A statespace nonlinear loudspeaker model is derived and its transformation to
the canonical form is demonstrated. Also, a fundamentally new approach to modeling electrodynamic transdurcers
using recurrent neural networks is proposed. Both methods are compared with each other on the basis of
practically measured data and conducted experiments. The last section gives general conclusions from the work
performed. As a result of the work, it was possible to obtain the following new results: 1. The latest fully automated
method for finding the loudspeaker’s force factor Bl without the influence of other model parameters using
exclusively measured values, such as: voltage at the terminals, current through the voice coil and displacement of
the moving part of the transducer, is proposed. Such a method can be considered the most accurate indirect
method of measuring Bl at the moment. 2. Based on the force factor Bl identification approachd, amethod for
separating the mechanical and electrical impedances of an electrodynamic transducer is proposed using also only
measured values to achieve maximum accuracy. As a result, these impedances can be considered separately from
each other, which opens up more opportunities for their research and development of more accurate models. 3.
For the first time, the genetic algorithm was applied to find parameters of a linear model of an electrodynamic
transducer and its practical comparison with the classical method of added mass was carried out. 4. On the basis
of the genetic algorithm, a universal generalized structure is proposed for finding parameters of arbitrary
electrodynamic transducers models of, which greatly facilitates and accelerates the process of their research. 5.
For the first time, a recurrent neural network was used to model nonlinear behavior of electrodynamic transduers.
The complete process of training and testing this neural model is presented. 6. A practical comparison of the
nonlinear model using a recurrent neural network with the most widely used model in the industry - nonlinear
state-space model - is carried out. The practical significance of the obtained results lies in increasing the accuracy
and facilitating the identification of linear and non-linear models of electrodynamic transducers. The presented
methods can be used directly in the industry as well as for research purposes for a deeper analysis of the
loudspeakers behavior, namely: the possibility of rapid adaptation of the genetic algorithm to more complex
models with a larger number of identified parameters without loss of performance and rapid convergence of the
algorithmwas demonstrated. This shows the universality of the genetic algorithm and the possibility of its use for
more accurate models that are difficult to identify by classical methods. For modeling the nonlinear behavior of
electrodynamic transducers, the appliction of recurrent neural networks was proposed for the first time. This
approach allows to quickly find a model of a "black box"type that can be directly used as a digital double of a
modeled loudspeaker as a component of more complex systems. The proposed model was compared with the
most widely used in the industry nonlinear model of the electrodynamic converter in the state-space based on the
analysis of the measured responses in temporal and spectral representations.

Jep>kaBHHH peecTpaniliHuil Homep JiP:
IIpiopuTeTHHI HanIpsIM PO3BUTKY HayKH i TEXHIKH:

CrpareriyHuii npiopUTEeTHHH HaNIPsIM iIHHOBALLiMHOI AisJIbHOCTI:



ITizcyMKH JOCTiI>KEeHHS:

Iyo6sikarii:

HaykoBa (HayKOBO-TE€XHiYHa) IPOAYKILis:
ConiasIbHO-€KOHOMIYHA CIIPSIMOBAHICTh:

OxoponHi gokymeHTH Ha OIIIB:

BrnpoBaa>keHHs pe3yJIbTaTiB AHcepTalii:

3B'130K 3 HAYKOBHMH TEMaMH:

VI. BizomocCTi Ipo HayKOBOr0 KePiBHHKA /KEPiBHUKIB (KOHCYJIbTaHTA)

Baacue IlpizBume Im'a Ilo-6aTbKOBI:
1. linkoBchKuM BiTamnint CeMeHOBUY

2. Didkovskyi Vitaliy S.

KBasigikamis: n. 1. 1., 05.11.06
InenTudikarop ORCID ID: He 3acrocosyerncs
JoparkoBa iHdpopmamnist:

IloBHEe HaHMEHYBaHHS IOPHIHYHOI 0COOH:
Kopg 3a €IPIIOY:

Micue3HaxoAKeHHSI:

dopma BiracHoCTI:

Cdepa ynpasiiHHSL:

InenTudikarop ROR: He zacrocosyerscs

VII. BimomocTi npo odimiiHuX OTIOHEHTIB Ta pelleH3€HTiB
O@inifiHi OIOHEHTH
Bsacue IlpizBuuie Im's I1o-6aThKOBI:

1. Mucnosnd Muxanso Bosnogumuposud

2. Myslovych Mykhailo V.

KBasigikamis: 1. 1. 1., 05.11.16
InenTudikarop ORCID ID: He 3acrocosyetscs
JoparkoBa iHdpopmamnis:

IloBHe HaliMeHYBaHHSI IOPHUAHUYHOI OCOOH:
Kop 3a €IPIIOY:

Micue3HaxoaKeHHS:



dopma By1acHoCTI:
Cdepa ynpasiiHHS:

InenTudikarop ROR: He zacrocosyerscs

Baacwue IlpizBume Im's Ilo-6aTbKOBI:
1. Kaprawos Bosopumup Muxainaosud

2. Kartashov Volodymyr Mykhaylovych

KBasigikanis: n.r.u., 05.12.17

Inentudikarop ORCID ID: He zacrocoyerbcs
JonaTkoBa iHdopmalist:

TloBHe HaliMeHYBaHHS IOPHIHYHOI 0COOH:
Kopg 3a €IPIIOY:

Micue3Haxoa KeHHS:

dopma BiTacHOCTI:

Cdepa ynpassriHHS:

InenTudikarop ROR: He zacrocosyerscs

Penensentu

Baacue IlpizBumie Im's Ilo-6aTbKOBI:
1. Ipo3snenko Osnekcannp IBaHOBUY

2. Drozdenko Oleksandr Ivanovych

KBasmigikamis: . 1. 1., 05.09.08
Imentudikarop ORCID ID: He zactocoyeTrbcs
JonaTkoBa iHdopmalist:

TloBHe HaliMeHYBaHHS IOPHIHNYHOI 0COOH:
Kopg 3a €IPIIOY:

Micue3HaxoaKeHHS:

dopma ByracHOCTI:

Cdepa ynpasiriHHS:

InenTudikarop ROR: He zacrocosyerscs

Bsacue IlpizBuuie Im's I1o-6aThKOBI:
1. Kopxuk Osekciit BosiogumupoBuy

2. Korzhyk Oleksiy Volodymyrovych

KBasigikamis: 1. 1. 1., 05.09.08

InenTudikarop ORCID ID: He 3acrocosyetscs



JoparkoBa iHdpopmamnist:

IloBHEe HaHMEHYBaHHS IOPHIHYHOI 0COOH:
Kop 3a €IPIIOY:

Micue3Haxoa KeHHS:

dopma ByTacHOCTI:

Cdepa ynpassriHHS:

InenTudikarop ROR: He zacrocosyerscs

VIII. 3aKkJII04Hi BiZOMOCTi
BiiacHe IIpi3Buie Im'sa ITo-6aTbKOBi
TOJIOBH paju

ByacHe Ilpi3Buiie Im's ITo-6aTbKOBI

TOJIOBYIOYOTO Ha 3acCiiaHHi

BignoBigasbHUIH 3a HiATOTOBKY

00JIiKOBHX JOKYMEHTIB

PeecTpaTtop

KepiBHuk Bigginy YKpIHTEI, mpo €
BiZIOBiZaJIbHUM 32 peecTpallilo HayKOBOi

OisSIIBHOCTI

Harina Cepriit AHaTos1ifioBu4

Harina Cepriit AHaTo1iii0BUY

IOpuenko T.A.



