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MICROPROCESSOR DEVICE DETERMINING DIRECTION OF SOUND TO IMPROVE TECHNICAL
EQUIPMENT AT WEAPONRY

I.B. Trach, H.1. Klym, R.V. Diachok, 1.D. Karbovnyk

In this work development of an effective microprocessor device for determining the direction of the sound source with high
accuracy and algorithm for calculating directions to the sound source were performed. The basis is a 32-bit STM32
microcontroller, which performs the necessary actions for the implementation of sound processing algorithms by the designed
device. Electrical oscillations in analog form at the outputs of three microphones were used as input signals. The received
signals are amplified by microphone amplifiers with a software-controlled transmission ratio to the nominal level of ADC
operation. The use of such microphone sound amplifier with a software-controlled gain level made it possible to respond
sensitively to the sound signal level of the environment and maintain the nominal level of the input signal at the ADC input. This
approach made it possible to reduce the level of noise (at a low level of the input signal) and the level of signal distortion (at a
powerful signal).

The device proposed in the work includes three remote microphones connected by a cable. The microphone amplifiers of
each channel are divided into two parts. The first is placed near the microphone and converts the output signal into a differential
signal with low internal resistance, the second is placed inside the device itself and converts the differential input signals into a
normal form, removing interference of the common type. The amplifiers of the second part of the microphone amplifiers are
software controlled, which allows adjustment to the nominal levels required by the ADC inputs. This design uses a built-in MCU
ADC, which allows easy conversion of analog signals into digital form and process them according to the necessary algorithms.
The obtained results are displayed on the display panel and transmitted over the Ethernet channel for further analysis. The full
functioning of the device requires an autonomous power source to provide energy to all nodes.

The developed microprocessor device for determining the direction to the sound source can be used for military purposes
with the joint use of algorithms and approaches to determining the direction proposed by other developers.

Key words: microprocessor device, design, direction on sound source, reliability, microphone amplifier.
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AHAJII3 BAJIICTUYHOI 3BYKOBOI XBUJII KYJI ABO CHAPSIJIA JIJI51
BU3HAYEHHS TOYKH BJIYYEHHA B MIIIIEHb

Cmeopennsi 6imyu3HIH020 030POCHHSA MA HAGYALLHO20 GILICbKOBO2O OONAOHAMHA 3 MemOol) NOKPAUEeHHS
3abe3nevenocmi niopo30ilie Ma NPUCKOPEHH s | NIOBUUEeHHS SIKOCTE NIO20MOBKU IlICbKOBOCIYHCO0BYI8 — 3A80AHHS,
sKI I paniute 6yIu 8adNCIUSUMU MA HAOYIU 0COOAUBOL npiopumemHocmi 6 yMosax GitiHu. JJoCHiONceH s ICHYIOUUX
MEeXHON02I ma Memooie NOKPAWEHHS NPOYECi8 HAGUAHHS ma 6edeHHsl O0tosUX OIll 6KA3VE, WO NEPCNEeKMUGHUM
HanpsiMKOM y YbOMY BIOHOUIEHHI € AHAI3 38YK0B020 NOJISL OJsL OMPUMAHHSL po3uuperol inghopmayii upo0o nooii ski
8I00y8arOMbCsl HA NOJIE OO YU HA MICYT NPOBEOCHHS 3AHAMMSL 3 602HEB0I Ma MAKMUYHOL Ni020MOBKU.
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Ananiz 36yk06020 noJi5 N0 4AC NOALOMY KV € 8AXHCIUSUM Ol BUKOPUCMAHHA K 8 HABYANLHO-MPEHYBATLHOMY
npoyeci, max i nio 4ac UKOHAHHs OOUOBUX 3a60aHb. Benukow nepesazoo makux mMemooie € 8iOHOCHA NPOCMOMmA,
HeGeluKa 6apmicms 00IAOHAHHA MA GIOCYMHICMb OeMACKYIOUUX (Gakmopie y 6ueisidi eneKmpoMAacHimHO20
BUNPOMIHIOBAHHSA 3 PI3HUX CNEKMPANbHUX Olana3onis. Ilepesazoro maxkodic € MoAHCIUGICMb MOOEpHIZayii iCHYIOH020
001a0HaHHA ma 030pOeHHs 6e3 HeOOXIOHOCMI 6HeCeHHs KAPOUHATbHUX 3MIH Y KOHCMPYKYilo ma cxemy QYHKYio-
HYBAHHSA UKOPUCOBYBAHO20 030POEHHS MA 0ONAOHANHS.

Y cmammi 3anpononosano memoo euznauenHs mpackmopii Kyai uu cHapsaoa OAs 6CMAHOGNEHHS MOYKU
8IyYanHA abo, Wo 0CODIUBO BANCIUBO, BUSHAYEHHSA HANPAMKY GIOXUJNEHHs 8i0 Yini uu MiweHi Y paszi He@nyUaHHs.
Hagedeno mamemamuuni aneopummu, ompumani Ha OCHOBI 3aNPONOHOBAHOI Di3uyHOi MoOeni OemeKmySaHHs
HPOILOMY KVJIi 8 OKOJII cucmemu MIKPOQOHI8, KA 3HAXOOUMbCS NOOIU3Y MieHi, KOMIAKMHO PO3MIUWEHUX HA
neeHuUx BIiOCMAHAX OOUH 8i0 O00HO020 HA HCOPCMKOMY Wmamusi O/ Npo8edeHHs GiON0GIOHUX PO3PAXVHKIE.
Ilposedeno ananiz mexuiuHoi MONCIUBOCMI peanizayii 6i0N0GIOHO20 RPUCIPOIO A 1020 DYHKYIOHYBANHS 8 YMOBAX
PeanvHo20 eKCnepumMeHmy .

IIpusedeno pesynomamu excnepumMeHmanbHoi nepegipKu MONCIUBOCTI MemOOdy 3 Memolo NiOmeeporiceHHs
NPABUTLHOCHTT MAMEMAMUYHUX PO3PAXYHKIE 4 MAKOXHC BUSHAUEHHS MONCIUBUX HANPAMKIE PO3GUMKY OAHO20 NiOX00y i
WIAXY RIOBUIEHHS MOYHOCTNI BUSHAYEHHA Napamempis, wo po3paxogyiomucs. Excnepumenmansho ompumani oami
000pe y320024CYIOMbCA i3 Pe3yTbmamamy meopemuyHux po3paxyHKis.

Buxopucmanna pazom i3 miuenegum O00OIAOHAHHAM 3ANPONOHOSAHOI AKYCMUUHOI CUucmeMu GUSHAYEHHs
KOOPOUHAMU GIYHAHHA O0360J4€ NPUCKOPUMU NPOYec HABUAHHA 3 602HE80I MA MAKMUYHOI Ni020MOeKU ma
NOKpAaWye 3Ac60€HHA HAGUANbHO20 Mamepiany. [Ipuckoproe ananiz pesyibmamie GUKOHAHHA 6NpA8 ma 00360JU€
SMeHwumu eumpamu Ooenpunacie 6 npoyeci HasuawHs. Ananiz b6anicmuuHol 38yK0GOI XU KYi, 3 Memow
BUBHAYUEHHS KOOPOUHAMU MPAEKMOPII NONbOMY KYJi, MONCIUGUL OISl BUKOPUCMAHHA AK 6 HABUATILHOMY HpOYeci
BILICLKOBOCIYHCOOBYI6 MAK [ NIO 4aAC BUKOHAHHS OOUOBUX 3A80AHD.

Knrouoei cnosa: banicmuuna 38ykosa xeuns, kowyc Maxa, miuiernege 0O1a0HAHHSA, AHANI3 36VKOBOT XBUI

IHocTanoBka npodJjemu

Bropraenns 30poiHUX cuil pociiickkol ¢eneparii
Ha TEPUTOPIF0 YKpalHU BHUKIMKAIO HEOOXiTHICTH B
KOPOTKI TepMiHM MOOLUTI3yBaTH 1 MiIATOTOBUTH BEIHKY
KIJIBKICTh BICBKOBOCITY)KOOBLIIB. J[J1s1 BUKOHAHHS 1ILOTO
3aBJaHHs HEOOXiZHO oONaHaTH 3HAYHY KUJIbKICTh
HABYAIBHHX MICIb 1 3a0€3MCUUTH IIBUAKE Ta CHSKTUBHE
HABYAHHS B MpoOlleCci BUKOHAHHs BIPaB 3 BOTHEBOI Ta
TaKTUYHOI MiITOTOBKHU. [CHYrOUE MillleHeBE 001aTHAHHS
3 (hikcalliero BIyYaHHS B IIUJIh 1 OITYCKAHHSIM MIiIlICHI
MOXe€ TTBKH 3adikcyBaTH (akT BIydaHHS abO HEBIY-
yaHHsA. Takuid MiAXiJg He Na€ MOXKJIHMBICTH MOKPAIIUTH
HABUYKH TIPUIUTIOBAHHS, SKIIO BC1 MIIlICHI BpakeHi. A
came, B OUTBIIOCTI BUMAJKIB HEMOXJIMBO OICPATUBHO
orpumary iH(pOpMaIliio mpo Te, B IKy TOUYKY BiIOyI0Ch
BIy4aHHs 0e3 Bi3yasbHOTo orisiny MimeHeid. 1lle Oinba
npobsiemMa IocTae, KOMM BIy4aHHS HE BinOymaoch. Y
TAKOMY BHIIQJIKy B3aralii HEBiJIOMO, B SIKOMY HAMPSMKY
mojeriia Kymsi 1 SK TIPOBECTH KOpEKTyBaHHA. [l
CTPLIBIIB-TIOYATKIBINB IIe 0COOIMBO BAXKIIMBA IpoOIEMa.
Kpim TOro mo mpoGiieMd HEJOCKOHAIOCTI OCOOUCTHX
HABHYOK CTPIJbLS JIONAIOTHCS 1€ MOXIIMBI TeXHIYHI
npoOIieMu 31 30poer0. Y BUMAKy YHUCICHHUX HEBIYYaHb Y
MIIIICHb MPOBECTH aHAJI3 SKOCTI CTPUILOM Ta BHECTH
BIiJINOBI/THI KOPEKTYBaHH;I B3arajli HEMOXXJIUBO.

IcHytoue cyuacHe oOyiaJHaHHS 3 IOKPALIEHUMHU
MOJKJTMBOCTSIMH aHAJIi3y SKOCTI CTPUTLOU € JTOpOoroBapTic-
HHMM Ta NoTpeOye BiAnoBiqHOT iHQPACTPYKTYPH IiNISTHOK
JUTSI IOJTbOBUX HABYAHb.

TakuM YMHOM, TOCTPO IIOCTA€ TUTAHHS TEPMIHOBOI
MoOJIepHi3allii iCHYI04Oro HaBYaNbHOTO OONagHAaHHSI B
yMOBax OOMEKEHOro (piHaHCYBaHHS Ta PECYPCHHX MOXK-
JIMBOCTEH IS TIOKPAIIICHHS] HABYAJIbHOI 0a3H.

AHAaJIi3 OCTaHHIX J0CTiKeHb Ta MyOJaiKanii

[cHytoue oOyaqHaHHs T Bi3yani3allii BUKOHAHHS
BIpaB 3 BOTHEBOI IATOTOBKM Yy BHIJISII NanepoBHX
MillleHeH Xo4a 1 € HaWOlIbII AEIIEeBUM, OCOOJIMBO Ha
MOYaTKOBOMY €Talli BIPOBADKCHHSI Ta BCE JK TaKU He
BIJNIOBiJJa€ BHMOTaM Cy4YacHUX HporpaM HaBYaHH,
OCKIJIBKH TIepe0avae Micisi KOYKHOTO BUKOHAHHSI BIIPABH
BHUXiJI B TOJe, I Bi3yaJIbHOI OIIHKK pe3yJbTaTiB
cTpikOn. Takuii MeTon MOKe JHIIe OOMEKEHO BHKO-
PUCTOBYBATHCh JJIS CTPUTROM HAa HEBEIWKY BiIajb,
IHaKIIe Yyac Ha MEepeMiIIeHHs 10 MillleHi 1 Ha3a/[ Ha BOr-
HEBY TI03HLIT CTa€ HEMPUITYCTHMO TPUBAJIHM.

BorueBi BmpaBu 3i crpinmernpkoi 30poi mepemba-
YalOTh BUKOHAHHS CTPIIhOM MO MINIEHSX Ha BiACTaHb
noHag 300 M. B Takux ymMoBax BHUKOPHCTAHHS JaHOIO
METOMy CTa€ HemominbauM [1-4].

Merta cTarTi — JOCIIPKEHH TEXHIYHOI MOYKIIUBOCTI
BUKOPHCTaHHsI OOJIaJHaHHS Ha OCHOBI CHCTEMH YKOPCTKO
3B’3aHUX MIKpOQOHIB [uisi  (iKCyBaHHsS OamiCTUYHOI
XBWI KyJIl 1 MOAAJBIIOro aHalli3y CHTHajl1y 3a JOIOMO-
roro mudpoBoro ociuiaorpada i MepCoOHAIHHOrO KOM-
n’rorepa Ui BU3HAYEHHS TPAEKTOPIi MOJIBOTY Ky i
TOYKH BIIyYaHHS y MiIIeHb YW MNPOJBOTY ITOB3 Hei.
MOXJIHMBICTh aHaJIi3y TPAEKTOPii KyJb, IO HE BIYYHIH
y MillIeHb, € 0COOJIMBO BAaroMoI0 IepeBaroxo.
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IIpoananizoBani B niteparypi po3pobiieno meromm
BH3HAUCHHS JpKepena IOCTPUTy Ha OCHOBI peecTparii
pi3HHMLII Yacy peecTpauii 3BykoBoi XBrii [5-7].

Y pobori, Ha BiAMiHy BiJ ICHYIOUHX CHCTEM 1
METOJIIB, J¢ BU3HAYAEThCS TOYKA BIJIBOTY Ky HAMH
po3po0iieHa MeETOIMKa Ta 3alpOoNOHOBaHA (i3MIHA
MOZCNIb BU3HAYCHHS TOYKM BIIyYaHHS Ta BU3HAYCHHS
TpaeKkTOpii TPOIBOTY Kyl 3a JOMOMOTOI CHCTEMHU
JKOPCTKO 3B’S3aHUX Ha CIUILHOMY HITATHBI MIiKpO(OHIB,
mo posmimeHi y 6esneynoMy (3axXHIEHOMY) Miciii B
OKOJII MillIeHI Ta MPOBEACHO BIANOBIHI TEOPETUYHI PO3-
PaxyHKH, Ha OCHOBI SIKMX 3alpOIIOHOBAHO AaITOPHUTMHU
BU3HAYEHHS TPAEKTOPil MOJBOTY Kyl depe3 YABHY
BEPTUKAIIbHY TUIOMIHHY, B SKifl 3HAXOIAUTHCS MIIIICHb.
Po3rstHyTO MOXKITMBOCTI 3HIDKEHHS BapTOCTi 00J1aTHaHHS
IUITXOM BHUKOPUCTAHHS PO3IMOBCIOPKEHOI TOO0YTOBOT
CNEKTPOHIKH (SIK TO MiKpO(hOHH, IUIAHIIETH Ta HOYTOYKH)
Ta MarepiaiiB. [IpoBeCHO BiIMOBITHI €KCIIEPUMEHTH Ta
nepeBipeHa MOXKJIMBICTh peaji3allii 3arporoHOBaHOTO
METO/y Ha OCHOBI BHPOOIiB, III0 BUITYCKAIOTHCS CEPIHHO.

Buksan ocHOBHOro Martepiany

IMoctpin 31 cTpinerpkoi 30poi Ui rapMaTH CTBOPIOE
B arMocdepi AK MiHiMyM maBi 3BykoBi xBwii [8], sxi
MOJKHa BUKOPHCTATH JUIsl BU3HAYCHHS TPAEKTOPIT MOMBOTY
Kylli 94 CHapsiia. 3BYKOBa XBHJIS, SIKA YTBOPIOETHCS
BHUXOJIOM TIOPOXOBHMX Tra3iB 3i CTBOJIAa TrapMaTH, Mae
chepuyHnii GPOHT 1 MOIIMPIOETHCS BiJl 3pi3y CTBOJA
PIBHOMIPHO B YCiX HaIpsIMKax 3i MIBUJKICTIO 3BYKY, Ha3u-
BA€ThCsI TYJTBHOK 3BYKOBOKO XBHJICKO MOCTpiny (maimi -
I3X) [1, crop. 34]. Pyx cHapsima Ta Ky/di B TOBITpi 3
HAJ3BYKOBOIO INBHIKICTIO TaKOX CTBOPIOE 3BYKOBY
xBwiIr0. L[ 3ByKoBa XBWJISI TOLIMPIOETHCS Y BUIIISAII
KOHYCa, SKUH Ha3uBaroTh KOHycoM Maxa. I{to 3ByKoBY
XBUJIIO HA3MBAIOTh OAliCTHYHOI 3BYKOBOK XBHIICHO
cHapsiia abo kyii (mani - B3X) [9, crop. 35].

VY nonanbuioMy, B TEKCTi MU OyAeMO BHKOPHCTO-
BYBaTH TEPMIiH «KyJIsS», MAlO4d Ha yBa3i «Kymss» Ui
CTpinenpKoi 30poi Ta «CHApS I IS rapMar.

Y poboti s peectparii 3ByKOBUX XBWJIb BHKO-
PHCTOBYETBCS TIPOCTOPOBA KOMITAKTHA CHUCTEMA i3 IISCTH
JKOPCTKO 3B’S3aHUX MIKpPO(OHIB Ha CIITBHOMY IITATHUBI
(puc. 1). B 3amexxHocTi Bim moTpeb 3aIiroeThest pisHa
KUTBKICTh MiKpogoHiB. i1 BCTaHOBIEGHHS KOOpIWHAT
BEpIIMHKA KOHyca Maxa 10cTaTHbo Tpu Mikpodonu. st
I IBUILICHHS] TOYHOCTI €KCTIEPUMEHTAJILHOTO BU3HAYCHHS
MU BUKOPHCTOBYEMO YOTHPH MiKpo(oHH.

Puc. 1. Cucrema i3 1IeCTH 5KOPCTKO 3B’SI3aHAX MiKpod oHiB
Ha CMILHOMY IITATHBI

301IbIICHHST KIJTBKOCTI 3aJiTHUX MIiKPO(OHIB 103-
BOJISIE MIZBUIMTHA TOYHICTh BM3HAYEHHS KOOPIHMHAT KyJi
3a PaxyHOK OTPUMAaHHS KUIbKOX HaOOpIiB €KCICPUMCH-
TaIBHUX PE3YJbTATIB JUIA PI3HUX KOMOIHAIH 3 TPHOX
MIiKpPO(OHiB.

YV nporieci po3oBCIOKEHHS 3BYKOBa XBHIIS JI0XO0-
JIUTH IO KOXKHOTO 3 MIiKPO(OHIB, i TAKIM YHHOM MIKpO-
(OHM peecTPYIOTH BIAIOBIAHI MOMEHTH 4Yacy MpOXO-
JUKeHHST (PPOHTY 3BYKOBOI XBHJII Yepe3 HUX.

I1ix gyac 3arajabHOBIMCEKOBOro 0010 a00 MOIBLOBUX
3aHATh 3 BOTHEBOI ITIATOTOBKH MOKE 3IMCHIOBATHCH
BeJIMKa KiJIBKICTh MOCTPLNIB Ta MiApUBIB Ooempumacis a
TaKOX MpoIiT B atMocdepi Kynb. Bel i moii cTBOPrOOTH
B atMocdepi 3BYKOBI XBHII, SIKI OYIyTh peeCTpyBaTUCS
Mikpodonamu. HeoOXiHO po3aiisiTH, 10 SIKOi 3BYKOBOT
XBHJII HAJIEXKUTh PAKT peecTpaliii KOKHUM MiKpO(hOHOM
3BYKOBOTO iMIyiibcy. [ist BupiteHHs 1iei 3a1a4i HeoO-
XiJHO 1JeHTU(IKYBaTH MaKeTH 3BYKOBHUX IMIYIbCIB B
MeXaX MaKCHMaJIbHOrO 4acy pyXy 3BYKOBOI XBWJII uepe3
00'eM mpOCTOpy, OOMEKEHHI CHCTEMOI MIKpO(OHIB, a
TaKOX PO3MI3HABATH 3BYKOBI IMITYJIbCH 32 CIIEKTPaJIb-
HUM CKJIaJIOM YacTOT 1 TIepeBipsTH BUSBICHUI 3BYKOBHH
(pOHT Ha BIANOBIJHICTH PO3PaXOBAHOI IIBUIKOCTI 3BYKY 3
BUMIpSHOIO. 3BYK KyJi, IO MPONITaE Ha HEBENUKiH
BijICTaHI Bii MIKpo()OHa, PEECTPYETHCS HUM SIK 3BYKOBHN
IMITYJIbC 3HAYHOI aMIUTITY/M 1 CYIIPOBOKYETHCS IITyMOM
i3 CYyTTEBMM BMICTOM BHCOKHX YacTOT Ha BiIMIiHY BiJI
J3X, sxa peecTpyeThCs 31 3HAYHO OLIBIIOL Biggali, Mae
3HaYHO MCHIIY aMIUTITYyAy i OUIBINI HU3BKI YaCTOTH Y
CBOEMY CHEKTPi.

binburicts crpinerpkoi 30poi 1 rapmar crpiisie
KYJISIMH Ta CHapsIaMH 3 TI0YaTKOBOIO MIBUIKICTIO, BUIIIOKO
BiZ mBuaKkocTi 38yKy [1-4, 10]. BimnosigHo, crovaTky
JI0 JIeTeKTopa Jojitae Kyns 31 cBoero b3X, 1 Tutbku
yepes Jeskuid yac peectpyerbes J3X. 3po3yminio, 1o y
BUIAJKy, KOJH INBUIKICTh KyJi Maja€ HACTUIbKH, IO
BUSBJISIETECS MCHIIIOK BiJ IIBHAKOCTI 3BYKy, J13X
MOXE BHUIIEPEIUTH KYJII0. AJle y TAKOMY BHIAJIKy KYJIs
He crBoproBaTiMe b3X, 1 Takuii BUIAIOK MH HE PO3-
rsiiaeMo. Mu Takox He OyJeMo pO3TIIsIaTH ITOCTPiIH,
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Jie TI0YaTKOBa IIBWAKICTH KYJi, CHapsjia, MOCTpily 4u
pakKeTH HIDKYE MIBUIIKOCTI 3BYKY, SIKI TEX HE CTBOPIOIOTH
b3X.

Jlnst BU3HAUEHHST TPAeKTOpii Kyl METOIOM aHAJI3y
B3B posmictuMo cructeMy MiIiKpo(OHIB B OKOJI MillleHi,
niepen Hero. Kyist, pyxarodnch Ha3ycTpid MillieHi, CTBO-
proe B atmMocepi 3a coO0r0 3BYKOBY XBIIIFO Y BUTJIAL
KoHyca Maxa.

Bubepemo mpaBy mpsmokyTHY JlekapToBy cucremy
KOOpJIMHAT Tak, 1o ii Bick X CIpsSMOBaHa MapaienbHO
TOPU30HTAJIFHOMY HAIpPSIMKY TPAEKTOPIii KyJi, HazycTpid
NoJIbOTY Kyii. Bick Y 3HaXomUThCS Y TOPU3OHTAJIBbHIN
TUTOLIMHI NEePIEeHANKYISIPHO TUIOLIMHI TPAaeKTOpii Ky,
a BiChb Z, BI/INOBIZIHO, CIIPSIMOBaHa BEPTHKAJIBHO BropYy.
LleHTp cHcTeMH KOOpAMHAT PO3TAIIOBAaHUN B IEHTPI
CHUCTEMH MiKpOQOHIB, TIOKa3aHoi Ha puc. 1.

3aBISIKM HACTLIBHOCTI TpaekTopii cy4acHol cTpi-
Jenbkoi 30poi Ha Bincrausax g0 500 M, a ans rapmat —
Ha BigcTani g0 1500 M KyT mamiHHS, a OTXKE, i BiAXU-
JICHHS TPA€EKTOPIi MONBOTY KyJIi BiJ| HANIPAMKY Ha TOUKY, 3
sKoi OyB 31iHCHEHHH TOCTPIiJ, € MEHIIMM BiJ OJHOTO
rpagyca [1-4, 10], i, TaAKMM YHHOM, MOXHA BBaXKAaTH 3
NPUAHATHAM HAOIIDKEHHAM, IO KYJSI JISTHTH B3JIOBXK
TIPSIMOT JTiHIH.

[IBuAKICTE Kyl B OKOJNi MillleHi BU3HAYAETHCS 3
OamictryHUX TabmHIe 30pOi, MO BHKOPHCTOBYETHCS
BiJIMIOBiTHO 1T0 BiJICTAaHI, 3 IKOi BUKOHYETHCS TTOCTPIIL.

KoopauHatu kys1i B 3aJI€KHOCTI BiJl 4acy B paiioHi
MillIeH] B TaKili CUCTeMI KOOpPAUHAT HAOIMKEHO MalOTh
TaKy aHaJiTH4HYy (opmy

[x, —vT;vy; Zo], (1)

1e Xo, Yo, Zo— KOOPAUHATH KyJli B moyaTkoBuit yac T=0;
V — mBHAKICTh Ky, 7 — MOMEHT 4Yacy, B sSIKHH BH3Ha-
Yal0ThCsl KOOPAUHATH KYJIi.

Juist Toro, 100 OTpUMATH PIBHSHHS ITOBEPXHI
OasicTHuHOI 3BYKOBOI XBHIII, IIO PYXAEThCS 3a KYJIEIO,
PO3IIISTHEMO KOHYC 13 BEPIIMHOIO y OYaTKy KOOp/AMHAT,
a Horo Bick 30iraerscs 3 Biccto X. Takuii KoHyC omnm-
cyetbes piBasHHEM [10, ¢ 93]

2 2 2

RZ 52 T2

me S i T BiamoBimHO TIBOCI ENINTHYHOTO Tepepisy B
mwromyHi YZ Ha Bigctadi R B3moBxk oci X

BaxyimBo 3ayBakuTH, 1o piBHAHHA (2) ommcye
JIBOCTOPOHHIN KOHYC, CHMETPUYHHI BIIHOCHO MOYATKY
KOOpAMHAT B oOumBa Ooku B30BXkK oci X. PeanbHuii
OamicTuuHMi KOHYC (OpMYEThCSl NUIIE B OIUH OiK
1o3ajy BiJ Kyii. BinnoBinHo BBOAUTHCS yMOBa

X>0. (3)

OTKe, BCi TOUKH, IO HaJeXaTh MMOBEPXHI KOHYCA,
OynyTh MaTu KoopauHaTy X, Oiiblly, HK KOOpAWHATa
X BepIIMHU KOHYCA.

Kpim Toro, cnin 3ayBaxkut, mo b3X posmnoscro-
JDKYETHCS 3 OTHAKOBUMH IIBHKOCTSIMHU Y BEPTHKAIbHIN
Ta TOPU3OHTANBHIN TUTOmMHAX. ToOTO, KOHYC € KpYro-
BUM, 1, BiAMOBimHO, mapametrpu S i T € piBHUMH Mixk
coboro [10, ¢ 93], Tomy Bupas (2) HabyBae BUIIISLY

—(£)2><X2+Y2+Z2 =0, (4

SIKIO PO3MIISTHYTH TIepepi3 KOHyca IUIOMIMHOK), 10
MPOXOAUTH Yepe3 BiChb KOHYCA, TO OTPHUMAEMO MPSMO-
KyTHH TPUKYTHUK 3 katetamu R ta T (pmec. 2). Kyt
KOHYCa 0. 33JJa€ThCsI BiJHOIICHHSIM TPOTHJICKHOrO Karera
JI0 TIPUIIETJIOro, 10 € PIBHUM tg a. I3 aepoakycTHKd
[12, c. 55] Bimomo, 110 KyT KOHYca Maxa BH3HAYAETHCS
3a (hOpMYIIO0

1 C
= arcsin— = arcsin—,
@ M v

ne C — mBHAKICTh 3BYKY, V — HIBHIKICTH PYXy Tijia
(TyT — kymi) B atmMocepi, M — gucino Maxa.

Puc. 2. CxemaTnuHe 300pa:keHHsI Konyca Maxa

I3 puc. 2 orpumyemo

T ¢ ¢c 1 1
R A Wz-cz [i2 VMZ -1
&

[TincraBuBIIM Lie PIBHSHHA y piBHSHHS (2), OTpH-
MaeMO PIBHSHHS ITOBEpXHI KoHyca Maxa B JlekapToBiit
cHCTeMi KOOpJMHAT Yy 3aJIeKHOCTI Bix umcia Maxa y

bopmi
2
vM?z -1

I3 mporo BUpa3y BUAHO, IO TaKHUI IMiJIXill HE MOXKeE
OyTH BUKOPHUCTaHWH I KYJIb 13 JO3BYKOBOIO IIBU/IKICTIO.

Konyc Maxa y BuOpawiii cucrtemi € pyxomum. Bick
X 306iraeTbcst 3 BEKTOPOM LIBUIKOCTI KYIIi 1, BIATIOBIIHO,
i3 Biccio koHyca Maxa. Taka MOBEpPXHS OIMHCYETHCS
BUPa30M

(X—Xg+VT)?

= (- Yo)? +(Z = Z)* =0, ()

VYmoga (3) nabysae hopmu

X>X,—VT, (6)
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Konyc Maxa, pyxarouuch B OiK MillleHi i CHCTEMU
MiKpoOHaMH, B MEBHUI MOMEHT 4Yacy HOYMHAE JOCH-
rae TOYOK, B SIKUX po3MimieHi Mikpodonu. B moment
yacy, komu b3X i mikpodon 3 HOMepoMm N mepeTH-
HAIOTHCS 1 (IKCYeThCs 3BYKOBHH IMITYbC, MU Oymemo
MaTh KOOPIMHATH TOYKH, 5IKa HAJICSKUTh KOHycy Maxa.
Koopmunatu mikpodona X, Yn, Z, Bimomi, a T, — 1€
4ac, KOMH MiKpogoH 3a(ikCyBaB MEPETHH 3 KOHYCOM
Maxa.

TakuM YMHOM MOXXHAa BH3HAUMTH KOOPOHHATH
TPbOX TOYOK, sIKi HaJleXaTh KOHycy Maxa, 1 CKiacTu
CHCTEMY 3 TPbOX PIBHSHb JPYroro CTereHs, MiacTa-
BuBmM 3amicth X, Y, Z, T y piBusuus konyca (5) 3Ha-
YeHHs KOOp/IMHAT 1 Yacy peecTpalii iMIyJIbCy KOXHUM
Mikpodorom Xy, Yy, Zn, Th.

(X1—Xo—VTy)?

| Vmz-1
4 XO VTZ)
I
e

+ (Y _Yo)2 +(Z, _Zo) =0

+ (Y, =Y+ (Z, - Zy)* =0. (7

(X3 Xo VT3)

+ (Y3 —Y)?+(Z3—Z,)* =0

st 3pyqHOCTI po3B’si3anHs cuctemu piBHSHB (7)
BBOAMMO HACTYIIHI 3MiHHI:

n=1(1,273)
Xn1 = 2K?X,
Yoo =-2Y,

Zpy = —2Zy

M,, = —K*X;+YZ2+Z2

m=(1,2)
Yo=Y, — Y1) (Xo1 — X31)
Z1, =211 - 7,1)(Xp1 — X31)
My, =My, —Myy)(Xpq — X30)
Xpz = (Xp1 — X31) (X101 — X21)
Voo = (Vo1 — Y51)(X11 — X21)
Zyy= (231 —Z31) (X011 — Xo1)
My, = (Myy — M) (X1 — Xp1)
Zi,—Z
T
My, —M
e

Z34=2Z3My3+Z 331+ 723,
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M3, =M;3+ M 3Y;, +M;,

224—

2, =—22t
2,5 Zzyz
M24—

M, =——2%
2,5 X2v2

A=—K?Z; +7Z};+1
B =-2K?Z,sMy5 + Zp5X31 % Z34
C=—K?M35+ X5, M5+ My,

D = B2 — 4AC

Po3B’s130K cucTeMH piBHSHB (7) Ma€ BUTIIS:
-BFD
(, _—BFVD

{ 0 24
Xo =ZoZys+ Mys
Yo = 20213+ M3

Taxum urHOM, OTpEMYEMO KopeHi X, Yo, Zo, sIKi €
KOOpJIMHATAMH BEPIIMHU KOHYCA B TIOYATKOBHIA MOMEHT
gacy 7=0 a omxe, i KOOpAUHATH Ky B OyIb-IKuil yac
T, siKi MO’KHA BH3HAUYHTH i3 Bupasy (1).

BaxximBo Takox 3ayBaxkurty, 1mo mpu D>0 cucrema
Mae 2 po3B’sI3KH, OCKUIBKH 1Ie CHCTeMa PIBHSIHB JPYroro
crerieHs. [ BU3HAYCHHS, SIKUH 13 IBOX PO3B’S3KIB Mae
¢bi3nuHUiA 3MICT, BBEIEMO JOIATKOBI YMOBH JIO YMOBH
(6). A came: mpuiiMaeMoO JIHIlIE TAKAH PO3B’SA30K, VIS
SIKOT'O:

Xo <X, +VT,

s Beix n = (1,2, 3). Taka yMoBa 3yMOBIICHA TUM, IO
KOHyC Maxa Moxke (HOpMYBATHCh JIMIIE IM033aay KYJIi.
Kpim Toro, sikmo MikpooHM 3HAXOAAThCS HAa piBHI
3emuti BinoBigHO Z, > 0, ockiibku, (i3HMYHO KyIsi HE
MOJKE CTBOPIOBATH OAJICTUYHY 3BYKOBY XBHIIIO, PyXaro-
YHCh i1 TOBEPXHEIO 3EMIIL.

Jist miABUIIICHHST TOYHOCTI, MOXKHA BHUKOPHUCTOBY-
BaTH OiybIne, HOK TPU MIKPO(QOHHU 1 pO3B’s3yBaTH CHC-
TEeMY PIBHSAHb Ul Pi3HUX KOMOiHaIiil 3 TPHOX MiKpO-
¢oHiB. Po3B’s13kH, sIKi MatOTh (i3WYHHIN 3MICT, TOBHHHI
BiZMOBiIaTH GIM3EKUM (TIPUOIM3HO THM CAMHM) TOYKAM Yy
TIPOCTOPI.

JI1st iepeBipKy aeKBaTHOCTI MOZENTI Ta OTpuUMa-
HUX MaTeMaTHIHHX AJTOPUTMIB OYIIO IPOBENICHO BUIIPO-
OyBaHHS B yMOBax moiirony. Crucrema MikpooHiB Oyma
po3mitnenuii Ha Biactani 200 M Bix Miclst 3AiMCHEHHS
noctpiny. IlocTpinm 3milicHIOBaBcs 31 CHaifnepchKol
reunTiBkn CBJI. IlIBuzkicTh Kyai Ha Takid BiAcTaHi
3rigHo 3 OamictuuHuMu Tabaumsamu [3] ckmamae 685m/c,
Curnan 3 Mikpo(oOHIB 3alMCyBaBCS OaraTOKaHaJbHUM
USB ocumiorpadom 3 yacrororo 125k[1 y KoxkHOMY
kaHayi. OcnuiiorpaMy 3BYKOBHX CHTHAJNIB, 3apEeECTpPO-
BaHux Mikpodonamu 1, 2, 5, 6 (quB. BiAMOBiAHI MO3HA-
YeHHs Ha puc. 1) mokasaHo Ha puc. 3.
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[T I, B - }

6+

Aen. no ropusontann: 0.2 ms.; Kawan 1: in1, 1 V/gen.; Kanan 2: in2, 1 V/gen.; Kanan 5: in5, 10
Vinen.; Kanan B: ing, 10 Vigen

Puc. 3. OcunyiorpamMu 3ByKOBHX CHTHAJIIB 0aJiicTHYHOT
XBWJIi, 3apeecTpoBaHux Mikpodonamu 1, 2, 5, 6 (nuB. puc. 1)

ITpocTopoBi xoopanHaTH MikpodoHiB y BUOpaHiii
cHCTeMI KOOpJMHAT Ta 4Yacu peecTpamii HAMH Oaic-
TUYHOT 3BYKOBOi XBWJIi TogaHo B Ta0mmri 1.

Tabauys 1
IIpocTopoBi koopaunaTu MikpodoHiB i yac peecrpauii
OasticTH4HOI 3BYKOBOI XBIJIi Y BUOpaHiii cucremi

KOOPAUHAT

Mikpodon XM Y.M ZM T,
Kananl -0.1528 0.1979 0.0015 | 0.000824
Kanan 2 0.1551 -0.1961 0.0015 | 0.000000
Kanan 5 -0.0003 -0.0021 0.2500 | 0.000072
Kanan 6 -0.0003 -0.0021 -0.2500 | 0.000840

Jlis BU3HAYEHHsT KOOPIMHATH KyJi B YMOBHHM
MoMeHT yacy T=0 Tpeba miicTaBUTH KOOPANHATH TPhOX
Mikpo(hOHiB 1 BiIMOBIHUIA Yac B cucTeMy piBHsHB (7) i
po3B’s3at ii. Po3B’s13ku cuctemu piBHSAHB (7) IS eKc-
MEpUMEHTAIFHO OTPUMAaHUX JTaHuX Bia MikpodoHiB 1,
2, 5, 6 (1uB. mMo3HAYEHHS MOKa3aHUX Ha puc. 1) HaBe-
neno B TaOmumi 2.

Tabauys 2

Po3B’s13Kku cuctemu piBHAHD (7) A/ €KCIEPHMEHTAIBHO
OTpUMAaHUX JAaHUX Bix Mikpodownis 1, 2, 5, 6,
MOKA3aHMX Ha puc. 1

x | Yy [ z
Mikpodonu Poss’szox 1
Po3B’s130k 2
0.77 01| -0.13
! 2 > -0.27 -0.12 0.19
0.79 0.11 | -0.19
! 2 6 -0.2 -0.1 0.18
0.71 0.06 | -0.14
! ° 6 -0.1 -0.08 0.14
1.04 0.22 | -0.25
2 ° 6 -0.32 -0.14 0.22

VY 1iif Tabnuii >KUpHUM MPHGTOM BHIUICHO pO3-
B’s3kH, fKi 1A dacy T=0 BiamOBiZarOTh KOOpAWHATAM
KyJi, IIO yXKe TpoJeTiia TMOB3 CHUCTEMY MIKpO(OHiB,
TOOTO BIATIOBIZAIOTH KOHYCY T03aay Ky, i, BIATIOBIIHO,
3BYK Kyl Mir OyTH 3apeecTpoBaHM MiKpo(OHAMH.
3HaueHHs, TO3HAYCHI HEXUPHUM KYpPCHBOM, BiIITOBi-
JTAIOTh HEPI3UIHOMY PO3B’SI3KYy ISl KOHyca TOIepeny
Kylli, [0 O3HaJae, IO Kyl IIe He AOoJNeTina [0
MIKpPO(OHIB.

CepenHe 3HaYeHHsI NOMYCTUMHX PO3B’S3KIB s
4OTUPHOX HAOOpIB JAHUX /A€ TaKi KOOPAMHATH KyJIi
(B MeTpax):

[-0.22; —0.11; 0.18].

Omxe, B MoMeHT 4yacy T1=0, xonu MikpopoH «2»
3apeecTpyBaB 3BYKOBY OalliCTUUHY XBWIIIO, KM IIPO-
nerita 11 cm miBime, 22 cM Bumie Ta 18 cM riuGiue
BiJJHOCHO ICHTPY CHCTEeMH MIiKpO(OHIB, MOKa3aHOI Ha
puc. 1.

Cucrema Mikpo(oHiB, Toka3aHa Ha puc. 1, € yHiBep-
CaJbHOI0 KOHCTPYKIIEO, SIKa BUKOPHUCTOBYETHCS HaMU
JUTS. Pi3HOMaHITHUX 3aja4, y TOMY YHCIi JUIs BU3HA-
YeHHsS KOOpAWHAT MOCTplTy Ta imeHThdikamii 30poi, 3
SIKO1 TIPOBEJEHO MOCTPIJI.

Puc. 4. Posmimenns mikpodoniB peectpanii 63X B
TpaHuei nepea MillIeHHIO

CrenmdivyHo X A1 3a7adi BIy4aHHS y MiIIeHb
cUCTEeMy MIKpO(pOHIB MOXHA CIPOCTUTH, BUKOHABIIHA 11
y ¢GopMi TOPH30HTAIBHOI KOPCTKOI Oanmku, Ha SKid 3
MIEBHUM KPOKOM pO3MilIeHi MiKpodoHH, SK HOKa3aHO
Ha puc. 4. MinimanbHa Kinbkicth — 4 mr. banka pos-
MIIIyeThCS TEpeA MIIICHEBUM OOJaIHAHHSAM Ha piBHI
3emili 200 Moke OyTH po3MilleHa B HETJIMOOKiH, aje
IIMPOKIA TpaHIIei 3 METOI0 YHUKHECHHS MOITKOKCHHS
o0NaJHAHHS KYJISIMU ITi/1 YaC BUKOHAHHS BIIPAB 3 BOTHE-
BOI MArOTOBKU. Taka KOHCTPYKIIsl JO3BOJISE IIETKO
TPaHCIOPTYBATH BUMIPIOBAJIbHE O0JIaIHAHHS SIK B TIIIOMY
HOPSZIKY, TaK i Ha JIETKOBOMY YH BaHTa)KHOMY TpaHC-
nopti. Peectpytoue obnagHanHs MOXKe OYTH PO3MIIIIEHO
Ha BOTHEBiM mo3uiii abo mo3amy Hel 1 3’enHaHe 3
Mmikpodonamu kabenem. [ 3MEHIICHHs piBHS 3aBaj
PEKOMEH/IOBaHO BHKOPHCTOBYBATH Kalenb 3 JIEeKUIbKOMa
BUTUMHU Napamu. Takuii kabenb NpH BiTHOCHO HEBENH-
Kili BapTOCTi 1 JOCTYIHOCTI 3a0e3reuyBaTHME 3aXHCT
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Bl 3aBaj 1 Tepenavy CUTHAB HA 3HAYHY BiICTaHb.
JKusnennst mikpodoHiB Oyne BinOyBaTHCS 1O IILOMY X
kabemo. B sKkocti peecrpyrodoro obGiamHaHHS MOXKE
Oyrn BuKopuctanuii mmdposuit USB ocmmorpad.
O06pobka Ta BigoOpaxkeHHs iH(pOpMalii BixOyBaeThCA
Ha HOYTOYII.

BucHoBku

Y poboTi 3ampoIOHOBAaHO CXEMYy KOMIAKTHOI
aKyCTUYHOI CHCTEMH Ha OCHOBiI MiKpoQoOHIB I aHa-
i3y OaiCTUYHOI 3BYKOBOI XBHIII KYIi, sIKa BIIPI3HAETHCS
BiJl CXeM, sIKi paHillle BUKOPHUCTOBYBAJIHUCh HAa OCHOBI
PO3HECEHHX 3BYKOBHUX 0a3. 3alporoHOBaHa cXeMa TaKOXkK
BIJIPI3HSAETHCS BiJl CHCTEM aHTHCHAHIIEPChKOI OOPOTHOU.
[lepeBaroro BUKOpUCTaHHS MPSIMOTO PO3PAXYHKY KOOP-
JIMHAT KyJIi € MOXJIMBICTh BU3HAUEHHS TPAEKTOPIi MOIBOTY
kyni. Lle Hagae MOXIHMBICTH BU3HAYCHHSI TOYKH BITY-
YaHHs IPH BUKOPHUCTAaHHI B SIKOCTI MIIIIEHEBOTO 00Ja/1-
HaHHS, HaBITb SIKIIO MIIlICHb € BIPTYaJIbHOIO.

ITix yac BeneHHs OOHOBMX Hiil TaKWH INIAXIJN JO3-
BOJIUTH PO3PI3HATH LTI TIO BAXKITUBOCTI. BimkpuBaeThes
MOXJIUBICTh PO3PI3HATH I, SIKI BEyTh BOTOHb 0O€3110-
cepeHbO 10 HAIIOMY MiApo3/iry a0 HaBiTH MOJEIIO-
BaTH MOXJIMBI YpakKeHHs 1 B pealbHOMY 4Yaci OTpHMY-
BaTH iH(OpPMAILIO IIOA0 HAIIOTO YpaKEHHS i MPOTHO-
3yBaTH TONANBITY MOXJIMBICTh BHKOHAHHS OOHOBOTO
3aBJAHHS.

[IpoBeneHa ekcriepIMeHTaIbHA TIepeBipKa IiATBep-
JUKYE aJleKBAaTHICTh (DI3MYHOI MOJEN Ta TEOPETHYHO
BUBEJICHUX AJITOPUTMIB PO3PaXyHKY KOOPIMHAT KYJIi.
3anpornioHoBanuii miaxia no ananizy b3K 3 meroto Bus-
Ha4yeHHs TPAEKTOpil MOIBOTY KyJi MOKe OyTH BHUKOpHC-
TaHWHA I SIK Y HABYAILHOMY IPOIIECI BiHICBKOBOCITYIK-
OOBLIB, TAaK 1 MiJ Yac BUKOHAHHS OOMOBMX 3aBIaHb. A
camMe, BUKOPHCTaHHS 3aIIPOIIOHOBAHOI aKYCTHYHOI CXEMH
Ta BIJIOBIJHUX aJITOPUTMIB PO3PAaXyHKY H03BOJISE IPHU-
CKOPWUTH TIpOIIEC HAaBYAHHS 3 BOTHEBOI Ta TaKTHYHOI
IATOTOBKYM Ta TIOKPAIIye 3aCBOEHHSI HABYAILHOI'O Mate-
piaiy, a TakOXX NMPUCKOPIOE aHaNi3 Pe3ybTarTiB CTPLILO
Ta J03BOJISIE 3MEHIIMTH BHUTpaTH OOempHmaciB sK y
nporieci HaBYaHHS TaK i NPH BUKOHAHHI OOHOBHX BOT-
HEBHX 3a71a4.
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ANALYSIS OF THE BALLISTIC SOUND WAVE OF THEBULLET TO DETERMINE THE POINT
OF HITTING THE TARGET
A.V. Shulgin, O.V. Tymoschuk, D.Ye. Khaustov, O.0. Burashnikov, D.V. Vilgush, Yu.A. Nastishin

Development of armament and training military equipment aimed to improve the support of units as well as to speed up and
improve the quality of training of military personnel are the tasks that remains important and gained special priority in the
conditions of war. The study of existing technologies and methods for improving the processes of training and conducting combat
shows that a promising direction in this regard is the analysis of the sound field to obtain detailed information about the events on
the battlefield or at the place of firing and tactical training classes.

The analysis of the sound field during the flight of the bullet is important both for use in the educational and training process
as well as during the performance of combat missions. The great advantage of such methods is the relative simplicity, low cost of
equipment and the absence of unmasking factors in the form of electromagnetic radiation from various spectral ranges. Another
advantage is the ability to modernize existing equipment and weapons without the need to make drastic changes to the design and
operation scheme of used armament and equipment.

The paper proposes a method for the determination of the trajectory of a bullet or projectile to establish the point of impact or
to determine the direction of deviation from the real or training target in the case of a failed shot. Mathematical algorithms obtained
on the basis of the proposed physical model for detecting the flight of a bullet in the vicinity of a system of microphones located near
the target, compactly placed at certain distances from each other on a rigid tripod, are presented. An analysis of the technical
possibility of implementing the corresponding device and its functioning in the conditions of a real experiment was carried out.

The results of the experimental verification of the capability of the method are presented in order to confirm the correctness of
the mathematical calculations, as well as to determine the possible directions of development of the approach and the ways of
increasing the accuracy of the determination of the calculated parameters. The experimentally obtained data agree well with the
results of theoretical calculations.

Employment of the proposed acoustic system for the determination of the coordinate of the target hitting point together with
the traditional target equipment allows one to enhance the training process in firing and tactical training as well as improves the
learning of the training issues. It also shortens the time needed for the analysis of the results of the shooting exercises and allows one
to reduce the consumption of ammunition in the training process. The analysis of the ballistic sound wave of a bullet, in order to
determine the coordinates of the bullet flight path, can be used in the training process of military personnel and during real battles.

Keywords: Ballistic sound wave, Mach cone, target equipment, sound wave analysis-
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