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Modeling methods for acoustic electrodynamic transducers

Pegepar (yxp.)

BosikoB [I.[I. MeToau MOJENOBaHHS aKyCTUYHMX €JIeKTPOJMHAMIYHUX nepeTBopioBadiB — KeasidikawiitHa HaykoBa mpaus Ha
npasax pykonucy. [lucepraiis Ha 3000yTTsi HaykoBoro crymneHs Jokropa dinocodii 3a cneujianbHicTio 171 «EneKTpoHiKa». —
HauioHanbHuit TexHiYHMI yHiBepcuTeT YKpainu «KuiBchkuil noslitexHiuHmii iHcTUTYT iMeHi Iropst Cikopcbkoro», MOH YkpaiHu,
Kuis, 2022 p. [luceprauiiiHa po6GoTa MpHUCBAYEHA MOOCJIMKEHHIO JHHIAHUX Ta HENiHIMHUX Mopesei aKyCTUYHHX
€JIEKTPOAMHAMIYHUX NEPETBOPIOBAYIB 3 METOIO BJOCKOHAJIEHHS! iCHYIOUHMX Ta PO3POGKHM HOBMX OibLI TOYHUX Ta 3PYYHUX METOZIB
i3 BUKOPHUCTAaHHAM Cy4aCHHMX TMiJXOZiB, K TO: METOJAM ONTHMi3allii, FfeHETUYHI AJITOPUTMM Ta LITYYHIi HEUPOHHI Mepexi. Po6oTa
CKJIAJIAETHCS i3 YOTMPHOX OCHOBHMX PO3/iiB. ¥ BCTYIi ONMMCAHO aKTYaJIbHICTb NPOGNEMH Ta 3p06JIEHO OIS CYYaCHUX METOZIB
MOJIeJIIOBaHHS, Yy APYrii YaCTUHM JIETaJIbHO PO3JIANAIOTHCS JIiHIMHI MOZeJi nepeTBOpIoBayiB, BKIIOYHO i3 KJIACHYHOIO MOJEJIIIO
Tins/CMona Ta CTaHIAPTHUM METOJOM 3HAXOIKEHHS ii IapaMeTpiB - METOLOM [0JaHOi MacH. 3armpONOHOBAaHO HOBI METOMH IS
GisibLI TOYHOTO Ta FHYYKOTO 3HAaXOJKEHHs NMapaMeTpiB JiHIHUX Mozienel, ik TO MeToz ninbopy mapamerpa Bl Ta 3actocyBaHHs
F€HETUYHOTrO aJropuTMy. 3arnporoHOBaHi MeToau G6ysI0 MOPIBHSIHO i3 KJIACMYHMM METOJOM IOJAHOI MacH Ta OGroBOPEHO
nepeBark Ta HEAOJIKMA Pi3HUX METOJIB. Y TPETbOMY PO3Jisli pO3rIsSAAIOTLCS HEJIiHINHI MOoJesli nepe- TBOpIOBayiB. BUBOAUTHCS
HeJliHiiHA MOoZe/Ib TYHOMOBLS Yy (ha3oMy NpOCTOPY Ta NE€MOHCTPYETbCS il NMPUBEAEHHS AO KAHOHIYHOrO BUrAAmY. TaKoX,
NPOTIOHY€ETbCSI MPUHLMIIOBO HOBMM IAXiZl [0 MOMEJIOBAHHS €JIeKTPOAMHAMIYHUX I1€pPEeTBOPIOBAYiB i3 BMKOPHUCTAHHAM
PEKYPEHTHUX HEHPOHHUX Mepex. O6uiBa MeTOOM MOPIBHAHO MDK COGOI0 Ha OCHOBI MPAakKTMYHO BUMIPSIHMX JAaHMX Ta
TMPOBEJEHUX EKCIIEPUMEHTIB. Y OCTaHHbOMY PO3JiJIi JalOThCS 3arajibHi BUCHOBKM i3 BUKOHaHOI poGoTh. V pesysibrati po6oTn
BAJIOCS OTPUMATH TaKi HOBi pe3ysbTaTH: 1. 3arIpONOHOBAHO HOBITHIM MOBHICTIO aBTOMATU30BAHMII METOJ, AJISI 3HAXOMKEHHS
koediujeHTy enekrpomexaniyHoi Tpanchopmauii Bl Ge3 yniMBy iHWMX napameTpiB MOZENi BMKOPHMCTOBYIOMi BMKJIOYHO
BUMIpPIOBaHi BE/IMYMHM, SIK TO: HANpyra Ha KJIe€Max, CTPyM 4epe3 KOTYLIKY Ta 3MillleHHs PyXOMOi 4aCTMHM nepeTBopioBava. Takuii
METO/] MOKHa BBa)XaTH HaMGi/IbIl TOYHUM HENIPSMUM METOZOM BUMIipioBaHHS Bl Ha JaHuit MOMEHT. 2. Ha OCHOBI MeTozy niadopy
napamerpa Bl, 3anpornoHOBaHO METOJ 171 BiNOKPEMJIEHHS] MEXaHiYHOrO Ta €JIeKTPUYHOIO iMIIEJAHCIB €JeKTPOAMHAMIYHOrO
NIepeTBOpIOBaYa BMKOPHMCTOBYIOYI TaKOX BMKJIIOYHO BHMIDIOBaHi BEJMYMHM [JISl JOCATHEHHS MAKCHMMaJbHOI TOYHOCTI. VY
pesysbTaTi, Ui iMIEJAHCH MOXYTbh PO3I/SJATMCS OKPEMO OJMH BiZ OJHOrO, WO BiKpMBAE Giiblle MOXIMBOCTEH IS iX
HOCTIKEHHs. Ta PO3pOoOKM Oilbll TOYHMX Mopjeneil. 3. Brepuie 3aCTOCOBAaHO TEHETUYHMI ANTOPUTM ISl 3HAXOJPKEHHS
napaMmeTpiB JIHIMHOI MOZIEN €/IEKTPOAMHAMIYHOrO MEPeTBOPIOBAYa Ta MPOBEEHO MOro NMOPIiBHSHHSA i3 KJIACUYHUM METOJOM
AonaHoi Macu. 4. Ha OCHOBi reHeTHYHOro aJrOpUTMY 3aNpONOHOBAHO YHIBEPCAJIbHY y3araJibHEeHy CTPYKTYPY ISl 3HAXOMKEHHS



napameTpiB JIOBUJIbHUX MOJ€eJieil e/IeKTPOAMHAMIYHMX MepeTBOPIOBaYiB, WO 3HAYHO TNOJIernlye Ta IMPUCKOPIOE Mpouec ix
JOCHKEHHs. 5. Brepume 3acTOCOBaHO pPEKYPEHTHY HEHPOHHY MepexXy [Jisi MOJENOBAHHS HENiHiHHOI MOBeHiHKK
€JIEKTPOJJMHAMIYHMX NepeTBOpIoBaYiB. [IpeAcTaBI€eHO MOBHUI NPOLEC TPEHYBAHHS Ta TECTYBAaHHS JaHOI HEMPOHHOI Mozeni. 6.
[lpoBesieHO MpaKTMYHE MOPIBHSAHHSA HEJIHIMHOI MOJEJi i3 BUKOPUCTAHHAM DEKYPEHTHOI HeMpOHHOI Mepexi i3 HaiGinbim
YKMBAHOIO Y iHAYCTpii Mozienmo y pa3oBomy npoctopi. 3 [IpakTH4YHE 3HAYEHHS OTPMMaHMX PE3YJIbTATIiB [10JISATa€ Y MiABULIEHH]
TOYHOCTI Ta MoJierweHHi ineHTudikawii JiHIMHMX Ta HENIHIMHUX MOJIeIel eNeKTPOJMHAMIYHMX nepeTopioBayis. [IpeacTasneHi
METOZIM MOXYTb OyTM BUKOPUCTaHi 6e3rnocepegHbO Y MPOMHCIIOBOCTI @ TaKOX, Y JOCJIGHUUBKUX UISX s Gl rmmbokoro
aHani3y NoBeZiHKM I'yYHOMOBIIiB, a came: GyJI0 MPOAEMOHCTPOBAHO MOMJIMBICTb LIBMJKOI ajianTauii FeHETUYHOrO AJIFOPUTMY 10
Ginbm cklagHUX Mogesell i3 6iNbWIO KiNBKICTIO ifeHTH(iIKOBaHMX mapameTpiB 6e3 BTpaTH NPOAYKTMBHOCTI Ta IIBUJKOI
CXOOMMOCTi anroputMmy. lle IeMOHCTpye YHiBe€pCasbHICTh F€HETUYHOrO aJrOPUTMY Ta MOMUIMBICTb MOrO BUKOPMCTAHHS MJIS
TOYHIIMX MOJesiell 1o € CKIANHUMU s imeHTudikauii kracuyHumu mertogamu. [Jisi MOMEJIOBAHHS HEJHINHOI MOBEIiHKU
€JIEKTPO/IMHAMIYHUX MEPETBOPIOBayiB GysI0 Breplle 3anpONOHOBAaHO BUKOPUCTAHHS PEKYPEHTHHUX HEMPOHHUX mepex. Takui
MiJXig [103BOJISIE WIBUIKO 3HAMTH MOZEJb MEPETBOPIOBAYa TUIY "YOPHHMH SIMK'SKAa MoXe GyTH Ge3nocepegHbo 3aCTOCOBAHA Y
AKoCTi uudpoBOro ABiHMKA MOJETbOBAHOTO T'yYHOMOBLSI Y SIKOCTi KOMIIOHEHTa Gilbll CKIAAHUX CUCTEM. 3alporOHOBaHY
Mozienb 6ys0 MOPIBHSHO i3 HaMGiMbII y)KMBAHOIO y iHAYCTPii HEJNiHIHO MOAEIUII0 eeKTPOJMHAMIYHOrO MepeTBOpIoBavya y
(}azoBoMy MpOCTOPi Ha OCHOBI aHaNi3y BUMIPSIHMX BiJIIyKiB y 4aCOBOMY Ta CIIEKTPAJIbHOMY IPECTaBIEHHSIX.

Pedepar (anr.1.)

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.
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