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PaccMoTpeHbl  BBIHYXKAECHHBIE  OCECUMMETPUYHBIE  KOJeOaHUs  KpyIJIOi
MEMOpaHbl C Y4YeTOM JHUCCUIATUBHBIX TMOTEPh. [IpemyiokeH MeTox pacuera
aKyCTHYECKON KoJeOaTeIbHOW CHCTEMBI, B COCTaB KOTOPOW BXOJHT KpYyIJias
MeMOpana. Mpes Meroma 3akiro4aeTcss B TOM, YTO MPH pacdeTe CHCTEMBI
MCM6paHa 3aMCHACTCA TakK Ha3bIBACMbIM OKBUBAJICHTHBIM MMOPIIHEM C
napaMeTpamMu, 3aBHCSAIIMMU OT YaCTOThI BO30YKIICHHsI BBIHYXICHHBIX KOJICOaAHH
CUCTCMBEI. HapaMeprI OKBUBAJICHTHOI'O MOPHIHA OINPCACTIAIOTCA H3 YCIOBUA
TOXKJICCTBEHHOCTH  3aKOHOB  JIBUKCHHS  «YCPECOHCHHOW»  MEMOpaHbl U
3KBUBAJICHTHOI'O IMMOPIIHA, IIOMCIICHHOT'O Ha MECTO M€M6paHBI. HOI[
«YCPEIHEHHOW» MeMOpaHOH MbI TIOHMMAaeM 37IeCh IUIOCKYK) MOBEPXHOCTb,
HaxoJdImyYOCd B IOJIOKCHHUU CPCAHCIO OTKIIOHCHUSA TOYCK MGM6paHbI (OT
MOJIOKEHHSI PAaBHOBECHS), KOTOPOE MOKET OBITh BBIYMCICHO B KaXKIbIi MOMEHT
BpeMeHH. B kauecTBe mnpumepa HCHOIB30BAHUS METOAA peIlIeHa 3ajada o
BBIHYK/ICHHBIX KOJICOaHUSIX KpyTJION MeMOpaHbl OapabaHa.

KiroueBble  cioBa:  Kpyrmas  MeMOpaHa, BBIHY)XKICHHBIE  KoJjeOaHWS,
aKycTUdeckas KoyiebarenbHas cucrema, bapadas.

BBEJIEHUE

MemOpaHbl UMEIOT MIUPOKOE PACTIPOCTPAaHEHHE BO MHOTHX OTPAC/IAX TEXHUKHU, SBISSCH
OpU 5TOM, KaK MPaBHJIO, YacThl0 aKyCTHUYECKHMX Koyie0aTelbHbIX cucteM. PazpaboTka
npoctoro ¥ 3¢G(GEeKTUBHOIO METOJAa pacyeTa TaKUX CHCTEM HPEJCTABISIETCS JOCTAaTOYHO
aKTyaJIbHOM 3a/1auei.

[IpennaraemMelii B cTaThe METOJ ObUI Pa3BUT B MPOLECCE PEHICHMS 3a/ay, CBSI3aHHBIX C
KOJIEOAHUSIMU TIOABM)KHBIX JJIEMEHTOB B CHCTEME CpEIHEro yxa 4YeloBeKa, BKJIoYas
OapabanHyro mnepenoHky. Hac uHTepecoBanum pe30HAHCHBIE CBOICTBA CHUCTEMbI, a TaK¥kKe
UMIIEIAHCHbIE XapaKTEPUCTUKU M OOIlee IOTJIONEHUE aKyCTHUYECKONH SHEPruM CHCTEMOM
cpeanero yxa. CtpaTernueckoil 3amadeid Oblia pa3paboTka HOBBIX BHJIOB JUATrHOCTHYECKOTO
000py0BaHHUs C UCTIOIb30BAHUEM aKyCTUYECKOTO 30HIUPOBAHUS.

[ToctpoenHas Teopusi ObUIa MpOBEpEeHAa HA MAKPOCKOIMMYECKHUX MOJEINAX, COAEpMKAIIUX
MeMOpaHBbI, U Jlaja Xopolllee COorjiacue C SKCIIepUMEHTAIbHBIMU JaHHbIMU. [IpeacraBnsercs,
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YTO METO]] UMEET MPaBO HAa CAMOCTOSITEIIFHOE CYIIECTBOBaHUE (BHE CBSI3U C KOHKPETHBIMH
NIepPBOHAYAILHBIMU 33/1a4aMH).

N3noxenne Merona HAYMHAECTCS C PACCMOTPEHHs KOjeOaHWi COOCTBEHHO MEMOpaHBI B
yIOOHOM ISl TTOCIIEAYIONIETO aHaji3a PaKypce, a 3aTeM MPEICTaBICH pacyeT aKyCTHUYECKUX
KOJIeOATENBHBIX CHCTEM, B COCTAaB KOTOPHIX BXOJIUT KpyTiias MeMOpaHa.

1. BBIHY>XJIEHHBIE OCECUMMETPUYHBIE KOJIEBAHU S KPYTJIO1 MEMBPAHBI

PaccMoTpuM BBIHYKAE€HHBIE KOJEOAaHUS KPYIVIOH 3aKpEIUIEHHOW MO KOHTYpPY MeMOpaHBI
0[] eiCTBUEM MPUIIOKEHHOTO K OJJHON CTOPOHE MEMOpaHbl PABHOMEPHO PACIIPEICIIEHHOTO
[0 IUIOIIAAN H30BITOYHOTO (3BYKOBOI'O) JaBJIEHHS, MEHSIOLIETrocsl MO TapMOHUYECKOMY
3akoHy. Jlpyras cropoHa MEMOpaHBI COMTPHUKACAETCSI ¢ HEBO3MYIIEHHON BO3IYIIHOW CPEmoH.
Takue ycinoBusi BO30OYXICHHS MOTYT OBITh pPEaIM30BaHBI, €CIIM MEMOpaHy BCTaBHTH B
KpPYIJo€ OTBEPCTHE TOHKOTO OECKOHEYHO NPOTSHKEHHOIO >KECTKOIO JKpaHa, IeJIsIlero
IPOCTPAHCTBO Ha JB€ NOJyc(epbl. YUTeM TaKK€ CONPOTHUBICHHUE JBUKEHUIO JIEMEHTOB
MeMOpaHbl, KOTOpOE, Kak OOBIYHO, OyJeM CUHTATh MPOMOPIUOHAIBHBIM CKOPOCTH STHUX
AJIEMEHTOB.

[Tonepeunsie ocecuMMETpUYHBIE KOJIE0aHUsl pacCMaTpUBAaeMO MEMOpaHbl ONUCHIBAIOTCS
Qg QepeHIraIbHBIM YpaBHEHHEM B YaCTHBIX MMPOU3BOIHBIX TUTNIEpOoIueckoro tuma [1]:

o’u ou O'u 10u

—+r,—-T| —+
IOm 812 m

ot or? rg R (1)

rae p, — TOBEPXHOCTHAS IUIOTHOCTH MaTephana Membpambl, u=u(r,t) — momepedHoe

OTKJIOHCHHEC KOJIBIICBOI'O 3JICMCHTA MeM6paHH paamyca r B MOMCHT BpEMEHH [, 7 —

m

KOA((UIIUEHT CONMPOTUBIICHHS], OTHECEHHBIN K €AMHUIIE MMOBEPXHOCTH, I — HANpsKEHUE B

CCUCHUHU MCM6paHI)I, Py — aMIUIMTyJia 3BYKOBOTO JaBJICHUS, @ — KpYyTroBas 4YacToTa

BBIHY)KJAIOIICH CHIIBI, [ =+ —1 — MHuMas eguHUUA. IMapamerper p,, r, U I cuuTaem
KOHCTaHTaMH, HE 3aBUCAIIAMHU OT 7 U [.
3aMeTHM, 9TO TIOTEPH SHEPTUH, CBA3AHHBIC C U3ITyYCHUEM MEMOPAHbI, MOTYT OBITh YITCHBI

C MOoMOIIbIO IapamMeTpa v, , a4 HAJIUIUC TaK Ha3bIBaEMOM HpHCOGI[HHCHHOﬁ MacCChbl, TaKXXC

m

CBSI3aHHOMW C M3Iy4E€HHEM, MOKHO YUECTh € TIOMOILBIO IIapaMeTpa O, .

K ypaBuenwrio (1) HeoOXoauMo 100aBUTh TPAHUYHOE YCIOBUE M YCIOBUE OTPAaHHYEHHOCTH

dysxumn u(r,t), CpaBeUIMBBIC NPH JIOOBIX £ :

u(r,t)|,_x, =0, |u(r,r)|<oo (mpu r <R)), )

rae R, — paauyc MeMOpaHbI.

Jns paccMaTpuBaeMbIX HIDKE YCTAaHOBHMBINHMXCS KoJeOaHWH HadalbHBIE YCIOBHUS HE
TpeOyIoTCsl.

B. N. Ke3snk
BblHYyXAEHHble 0CECMMMETPUYHbIE KoNebaHna Kpyrion membpaHbl, SBASIOWENCS 3/1IeMEHTOM aKyCTMYECKON
KonebaTenbHON CUCTEMBI
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Bynem uckate permenue ypaBHeHUs (1) ¢ TpaHHMYHBIMH YCIOBHSIMHU (2), ONHCHIBAIOIIEE
YCTAaHOBUBILUECS BBIHYXJICHHbIE KOJeOaHUS MEeMOpPaHbI, KOTOpPbIE MPOUCXOAAT C YaCTOTOM
BBIHY KJIAIOIIEH CHJIBI.

Bocnonbzyemcst MeTo10M pa3fesieHns NEPEMEHHBIX U 3alUIIeM HCKOMOE pEIIeHNEe B BUJIE:

u(r,t)=u,(r)e™ . (3)
I'paHIYHBIC YCIOBUS Ul AMILIUTYAHON (GYHKUMH w, (r) COBHAfaiOT C TIPAHHIHBIME

YCIOBUSAMU AJ1s1 QYHKIUHU U (r,t) (cm. (2)).

[ToncraBuB (3) B ucxoanoe ypaBuenue (1), momyduM BeIpakeHHE:

0’u, 10du
Lr——L 4k, =D , (4)
or r or T
2 .
) P00 —ir, .
roe k :#. IMapameTp %k wWMeEeT CMBICI MOCTOSIHHOM paclpoCTpaHEHUs

MIOTIEPEYHOMN BOJHBI Ha TIOBEPXHOCTH MEMOPAHHBI.

Unewn, crosimuii cnpaBa B ypaBHeHUU (4), He sBisieTcs QyHKuued pamuyca r. Eciu Obl
STOT YICH PaBHsUICA HYJIO, TO PEIICHUEM 3TOTO ypaBHEHHsI (IPEBPATUBIIETOCS B YpaBHEHUE
Beccenst) Ob110 OBI BRIpasKEHUE:

u, = AJ,(kr) + BY, (kr),

rie A 1 B — He 3aBHCAILUE OT ¥ NOCTOsiHHBIE, J, U ¥, — QyHkuuu beccens nepsoro u

BTOPOI'0 PO/ia HYJIEBOI'O MOPSIIKA OT KOMILIEKCHOIO apryMeHTa kr .
Pemenuiem xe ypaBHeHUs (4), oueBUIHO [2, 3], ABIsETCS BhIpaXKEHUE:

2

U, = —If—OT+ AJ,(kr) + BY, (kr).

IlpumenuM rpaHnuHele ycmoust (2) mist GyHkimu u, (r). YcnoBHe OrpaHHYEHHOCTH
byHKIIUN u(r,t) (a, cienoBatenbHO, U QYHKLIUH U, (r)) TpeOyeT MOJOKUTh MOCTOSHHYIO B
paBHOM Hymo, T.K. Y (kr) —>—oco npu r — 0. IlocrosHHas A HaXoIUTCA U3 IPAaHUYHOIO

ycioBus (2) ¥ onpeaensieTcsl BRIpaKeHUEeM

A _ pO
=
K°TJ, (kR,)

B pesynbraTe penienue ypaBHeHUs (4) ¢ TPAaHUYHBIMU YCJIOBUAMHM (2) MOXEM 3aIlUCcaTh B
BUJIE:

Py | k)

4 =757 Jo(kR,)

CooTtBeTcTBEHHO, penieHue ypaBHeHus (1) (¢ yuerom (3)) 3anuiuercs B BUJE:

B. N. Ke3snk
BblHYyXAEHHble 0CECMMMETPUYHbIE KoNebaHna Kpyrion membpaHbl, SBASIOWENCS 3/1IeMEHTOM aKyCTMYECKON
KonebaTenbHON CUCTEMBI



DNEeKTPOHHbIN XypHan «TexHuyeckas akycTtmka» 2013, 9 4 (12)
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OTO BBIp@XEHHE TMOJHOCTHIO OIpENeNsIeT TOBEACHHE MeMOpaHbl B  YCIOBHUSX
BO30YKICHMUS.

2. MEMBPAHA B COCTABE AKYCTUUYECKOM KOJIEBATEJIbHOU CUCTEMBI

Hanee pemaeM 3a1auy OnpeAesieHUs] CBOMCTB aKyCTHYECKOM K0ie0aTebHON CUCTEMBI, B
COCTaB KOTOPOI BXO/JUT ONMCAHHAs Bblllle MeMOpaHa. 3ajjaua pelaeTcs B TpH 3Tara.

2.1. IlepBbiii 3Tan

Ha nepBoM »3Tame ompeneiauM cpegHee OTKIOHEHHE TOYEK MEMOpaHbl OT IOJIOKEHHS
paBHOBECHs B KaX/blii MOMEHT BpeMeHHU. JlJI1 3TOro NpouHTerpupyem u(r,t) Mo IUIOIIAIH
MeMOpaHbl U NOJTYYHM:

Ry

Uyiq (1) :%JU(V,I)'zﬂ}”d}’ = IZO 2J,(kR,) _1 e
Ry % k°T | kRyJ,(kR,)

rae J, (kR,) — (ynkumst Beccenst iepBoro poja mepBoro mopsiaka.

[Ipy BbIYMCIEHMHM HHTErpaia BbIpakeHHs (5) HCHOIB30BAIOCH HHTETPaJbHOE
COOTHoOLIEHHE MeXay pyHKuusaMu beccens:

IZJO (2)dz=2zJ,(2).

I7ie z — KOMIUIEKCHOE 4Hcio (aprymeHnT ¢pyHkuuid beccens).

3aBUCUMOCTh CpPEIHET0 OTKJIOHEHHS TOYeK MeMOpaHbl OT BpEMEHH, ompezessemas
dbopmyoii (5), mpencraBiseT coO0i TapMOHHUYECKHE KOIeOaHusl, aMILTUTY1a U a3a KOTOPBIX
3aBUCAT OT YaCTOTHI BO3OYXKAEHHS @ . DTH KOJIeOaHHS MBI MOXKEM pacCMaTpHBaTh Kak
KoJIeOaHHS TNIOCKOH MOBEPXHOCTH «YCPEIHEHHOI» MEMOpaHBI.

Beipaskenue (5) Mbl MOXeM 3anucats B Bune u,, (1) =U, e, rue

m

o Py 2J,(kR,) 1
"R | kR, (kR,)

(6)

— KOMILJIEKCHAs aMIUIUTY1a KoleOaHUl «yCpeHEeHHOH) MeMOpPaHBI.

AMuTyna KojeOaHUW «yCpeJHEHHOW» MeMOpaHbl paBHA MOIYNI0 KOMIUIEKCHOU
ammutyasl U, ., a ¢da3a KkonebaHMH «yCpeJHEHHOID» MeMOpaHbl paBHAa AapryMEHTy
KOMILIEKCHOU ammumiTyasl U, ., .

B kauectBe wimocTpanuu Ha puc. | mpeacTaBieHa 3aBUCHMOCTb aMIUIUTYbl KoieOaHU
«yCpemHEHHOU» MeMmOpaHbl OT dYacToThl Bo30Oyxaenus f (I'm) mma memOpaHbl ¢
ONpEeNeICHHBIMU  TlapaMeTpamMH, ONU3KMMH K TlapaMeTpaMm pealbHOW  MeMOpaHbI,

HCIIONB3yeMoit B 3kcepumentax (o, =0.063 xr/m?, r, = 5 kr/m’c, T=10 H/m, R,=0.027 m).

Pacuer caenan nna p,=20 I1a (120 ob).

B. N. Ke3snk
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Puc. 1. 3aBuCHMOCTb aMILTUTYABI KOJIEOAHUH «yCpPETHEHHOI» MEMOPaHBI OT YaCTOTHI
B030yx1eHus. Ilo ocu aberuce — vactora B ['11, Mo ocu opAMHAT — aMILTUTYAa KoneOaHui
«YCpEIHEHHO» MeMOpaHbl B METpax

B npezncraBieHHOM auanazoHe 4acTOT Mbl HAOJIOJIa€M YEThIpe PE30HAHCA C YaCTOTaMH
178.3, 411.0, 644.5 u 878.1 I'm u COOTBETCTBYIOLIMMU UM amIUIUTygaMu 2.468x 10'3,
2.117x10, 5.857x10° u 2.498x10° wm. [loTepu mpu pacuere ONpeAENAIOTCS 3aJaHHBIM

napameTpoMm 7, =5 Kr/M°C.

2.2.  Bropoii 3Tan

Janee (BTopoil sTam pemieHHs 3afaud 00 aKyCTHYECKOW KOeOaTeNbHON cHcTeMe)
pacCMOTPUM JIMHEHHBIM OCIIILIATOP (CHCTeMa Tpy3—TIPY>KHHA), MAacCOBBIM JJIEMEHTOM
KOTOPOTO SIBJISIETCS TJIOCKUW KPYTJIBIN TOPIIEHb TOM K€ TUIOIIAAM, YTO M paccMaTpuBaemast
HamMu MemOpana. OmnpenenuM mapameTpbl 3TOr0 OCHUJUISITOPA, MPU KOTOPHIX TOPIICHB,
Oylydd TIOMEIIEHHBIM Ha MECTO MEeMOpaHbI, IPH T€X K€ YCIOBHUSAX BO30YKICHHS IBUTAIICS
OBI TTO TOMY K€ 3aKOHY, UTO M «yCPEIHECHHAs» MeMOpaHa.

JIB>KeHUE MOPIIIHS ONKCchIBaeTCs TudPepeHIINATbHBIM YPaBHEHUEM

m,X+r,x+k,x=p,S,e", (7)

e m, — Mmacca NOpuIHs, 7, — KOO(QQHUIMEHT CONPOTHBICHUS ABUKCHUIO MOPIIHS, Kk, —

KECTKOCTh MPYKUHBI OCHMIUISITOPA, X — OTKJIOHEHHE MOPIIHS OT MOJOKEHUS paBHOBECHS,
S, = 7 R; —— NUIOIWa/1b NOPIIHS, pABHAs TIOMIAI1 MEMOPAHDL.
Pemenuie ypaBHenust (7) aasi yCTaHOBUBLIETOCS PEKMMa MOKET OBbITh HalJEHO METOJIOM

KOMIUIEKCHBIX aMIUTUTY 1 [4] 1 3aMiCcaHo B BUJIE:

S eia)t
x(t) = — 20

(8)

2, . :
kp —m,w” +ir,0

B. N. Ke3snk
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B cooTBeTCcTBUM ¢ M3JI0KEHHBIM BHIIIE (TOKACCTBEHHOCTh 3aKOHOB JIBUKCHUS TIOPIIHS H
«YCpeIHEHHOI» MeMOpaHbl), IPUPABHUBAEM IpaBble 4acTh ypaBHeHUU (5) u (8) m mocie
HECJIOKHBIX ITPE0Opa30BAHUHN TIOTyYaeM:

2,6k |

k —m o +iro=_S k*T
P r P P kR,J,(kR,)

)

Cuuras mMaccy MOPIIHs paBHOW Macce MeMOpaHbl, U3 ypaBHeHUs (9) onpenenseM HCKOMBIE
napamMeTphl OCIUILISTOPA:

m =p,S,, (10)
2J, (kR i
k,=m,w"+S TRedk’ 2GR g\ (11)
kROJ 0 (kRo )
ST :
r =— Imik? M_l , (12)
o w kR,J,(kR,)
rne k= —  JOeHCTBUTEJIbHAS W MHHMAas COCTaBIISIOIINE

KOMIIJIEKCHOT'O YMCJIa, CTOSAIIETO B PUTYPHBIX CKOOKaX.

B pesynmprare MBI ONpENENWIM TMapaMeTpbl OCIILIATOPA, MPU KOTOPBIX IOPIICHb
OKBUBAJICHTEH «yCPEIHEHHON» MeMOpaHe B JIIOOBIX YCIOBHSIX BO30YXIEHHUS C PABHOMEPHO
pacripesielieHHOW TI0 TIOBEPXHOCTH MeMOpanbl cuie. C OIHOW CTOPOHBI, TOPIICHb
HKBUBAJICHTEH «yCpPEIHEHHON» MeMOpaHe MO peakIiy Ha BHEIIHEE BO3JCHCTBHE, C APYrou
CTOPOHBI, Onarojapsi KHHEMaTHYECKOW HIACHTUYHOCTH, OH TOXKIECTBEHEH «YyCPEIHEHHOID
MeMOpaHe IO BO3JICUCTBHIO Ha OKpYXKalollee MPOCTPAHCTBO (€CIM MeMOpaHa OKpyXKeHa
MOJIOCTSIMA KOHEUHOT'O 00beMa).

TakuM 00pa3oM, Mbl MOXEM IOMEIIATh MOPIIEHb HA MECTO MeMOpaHbl, rae Obl OHa HU
HAXOJMJIAaCh B aKyCTHMUYECKOW CHUCTEME, MPU 3TOM aKyCTHUECKHE CHCTEMBI C MEeMOpaHO# u ¢
3aMEHSIONINM €€ MOPIIHEM OyIyT SKBUBAJICHTHBI.

OTOT mOpuIeHb B JalbHEHIIEeM Mbl OyAeM Ha3bIBaTh HSKBUBAJICHTHBIM IIOPUIHEM, a
HalJIeHHBIE TIapamMeTpbl OCHWUIATOPa — IapaMeTpaMd OKBUBAICHTHOTO  IOPIIHS

(B yacTHOCTH, napameTp k, OyneM Ha3bIBATH KECTKOCTHIO SKBUBAIEHTHOIO MOPLIHS).

Ha puc.2 u 3 mpencraBiieHbl 3aBUCUMOCTH TMApaMeTPOB SKBUBAJICHTHOTO TOPIIHS OT
yacToTel BO30yxkzaeuus f (I'm) nmns Toill ke MeMOpaHbl, aMIUIUTYIHO—4acTOTHAs
XapaKTepUCTHKA KOTOpOH mpezcTaBieHa Ha puc. 1. CTouT oOpaTUTh BHUMaHHE Ha TO, YTO
JKECTKOCTh SKBUBAJICHTHOTO MOPIIHS B HEKOTOPBIX 00JACTSIX YACTOT UMEET OTPHIATEIbHBIC

3HAa4YCHUA.

B. N. Ke3snk
BblHYyXAEHHble 0CECMMMETPUYHbIE KoNebaHna Kpyrion membpaHbl, SBASIOWENCS 3/1IeMEHTOM aKyCTMYECKON
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Puc. 2. 3aBUCHMOCTB JKECTKOCTH KBUBAJICHTHOI'O MOPIIHA &, OT 4acTOTHI BO30Yyxkaenus. Ilo

ocHn aGCL[I/ICC — 4acToTa B FLI, IO OCHU OpAUHAT — KCCTKOCTb KBUBAJICHTHOI'O ITOPIIHA B KF/C2

10
1 h n n
)
=4 p(f)
£ —
0.01
0 200 400 600 800 1><103
f
f, Hz

Puc. 3. 3aBucuMocTb KOB(I)(bI/II_II/IeHTa COIIPOTUBJICHUS 9KBUBAJICHTHOI'O ITOPIIHA I"p oT

gyacToThl B30y xkaenus. [1o ocu abcuunce — yactota B ['11, o ocu opauHaT — BeIMUMHA
Koa(puIeHTa COMpOTUBICHUS YKBUBAJICHTHOTO TIOPIITHS B KI/C

2.3. Tpernii 3Tan

W, HakoHel, Ha TpPEThEM OJTame peleHHs 3anaud 00 aKyCTHYeCKOW KoJieOaTenbHOM
cucreMe chopMyIUpyeM HJICI0 MpepiaraeMoro meroaa. Mies 3akirodaercss B TOM, YTO

KaXayl0 MeMmOpaHy, BXOJSIIYyI0 B COCTaB aKyCTHYECKOH KojeOaTenbHOH CHCTEMBI, MbI
3aMEHSIEM  OJKBUBAJIEHTHBIM  IIOPIIHEM €  YacCTOTHO

3aBUCHUMbIMH napamMeTpamu,

B. N. Ke3uk
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onpenensieMbiMu Gopmynamu (10) — (12), u cocrabmsiem auddepeHraIbHbIe YPAaBHCHHS
JBUKEHHS JIEMEHTOB CHCTEMbI, COBEPILIAIOIINX KOJEOaHUs MOJA JIEHCTBUEM BBIHYXAAIOIIEH
CUJIBI, B COOTBETCTBUHU C 3TOM 3aMeHOW. PemuB cucremy auddepeHnnaibHbIX ypaBHEHUH,
ONMCHIBAIOIIUX JIBIJKEHUE 3JIEMEHTOB CHUCTEMBI, MOJTYYUM 3aKOHBI JBMKEHHS KaXJ0ro W3
DIIEMEHTOB CHUCTEMBI (B TOM YHCJIE U SKBHBAJCHTHOTO TIOPIIHSI — OJHOTO MJIM HECKOJIBKHX),
B KOTOpbIE OYyIyT BXOJIUTH MapaMeTpbl SKBUBAJICHTHOTO TOPIIHS (OHOTO WIJIM HECKOJIBKHX).
Tem cambIM 3amaya oOnucaHusl IBUKEHHMSI CHCTEMbI (YaCTOTHBIE CBOWCTBA, COOTHOILIEHHUE
aMIUIMTY/ KoJIeOaHMIl 3JIEMEHTOB CHCTEMbl Ha pa3HbIX YacTOTax, a Takxke (a3oBbie
COOTHOIIIEHUS dTHX KoJieOaHWi) OyJeT NMOJTHOCTBIO pemieHa. IIpn HEOOXOTUMOCTH MOTYT
OBITh HAl/IEHBI U MMITEAAHCHI SJIEMEHTOB CHCTEMBI.

3. BBIHYXXJIEHHBIE KOJIEFAHUS KPYTJIOM MEMBPAHBI BAPABAHA

B kaudecTBe nmpumepa NpUMEHEHUs MPEAJIAraéMoro MeTo/la pacCMOTPUM MPOCTEULIYIO U3
AKyCTHYECKHX KOJIeOATEeIbHBIX CUCTEM, B KOTOPYIO BXOAWT MeMOpaHa, — OapabaH [5, 6].

PaccMoTpuM 3amauy O BBIHYKJIEHHBIX KOJ€OaHUSAX Kpyrjaod MeMmOpaHbl, HATSHYTOH Ha
OTBEPCTHE 3aMKHYTOro cocyna odbema V' (OapabaH), cuMTasi CKOPOCTh PACHpPOCTPaHEHUs
HOTNIEPEYHBIX BOJH Ha MOBEPXHOCTH MEMOpaHbI MAJION MO CPABHEHHUIO CO CKOPOCTHIO 3BYKa B
npuieratomeil cpere. Pasmepsl 6apaGana cuuTaeM MalbIMH [0 CPaBHEHHUIO C JUIMHOU
paccMaTpUBaeMbIX 3BYKOBBIX BOJH. B kadecTBe MemOpaHbl OapabaHa paccCMOTpPHM Ty XKe
MeMOpaHy, 4YTO HCHOJb30Bajlach paHee (CM. KOMMeHTapuu K puc. 1). Bo3OyxnaeHue
KoJieOaHUi MeMOpaHbl IPOM3BOJUTCS, KaK U paHee, JeHCTBHEM IMPHUIIOKEHHOTO K BHEIIHEH
CTOpOHE MEMOpaHbl PABHOMEPHO PACIpPEAEICHHOrO IO IUIOAaaAd U30BITOYHOTO (3BYKOBOTO)
JABIICHNUS, MEHSIOLIETOCs 110 TApPMOHMUYECKOMY 3aKOHY € aMILIUTYAOH p,, .

3aMeHsieM MeMOpaHy OSKBUBAJICHTHBIM IIOPLIHEM C IapaMeTpaMu, ONpeAesieMbIMU

dopmynamu (10) — (12). Cxematudeckoe m3obpaxeHue OapabaHa, B KOTOPOM MeMOpaHa
3aMEHEeHa YKBUBAJICHTHBIM TOPIITHEM, TIPUBEACHO Ha puUC. 4.

Sy, m,

p(H)

o

Puc. 4. Cxema 6apabana ¢ 5KBUBaJCHTHBIM MOPIIHEM BMECTO MEMOpPaHBI

B. N. Ke3snk
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Cuutas mporecc B oObemMe V' anmabaTHbIM, a KoOJeOAHWS TOPIIHS MalbIMH, MOXEM
OTIPENICTTUTh CUJTy, JACHCTBYIOIIYIO Ha TMOPIICHh CO CTOPOHBI BO3AYIIHOTO o0beMa V mpu
MaJiblX CMEUIeHHUsX mopiiHs [7]. OTHOLIEHHE S5TOM KBa3UyNpyrod CHIIBI K BEIHYUHE
CMEUICHUS MOPILHS, €€ BBI3BABLICH, ONPEAEAeT JKECTKOCTS (&, ) CHCTEMBI OPIIEHb-00bEM:

22
pcS
k=, (13)
%
rie p — IUIOTHOCTh BO31yXa, ¢ — CKOPOCTH 3BYKa.
C yuyeToMm JOTMOJHUTEIHHON >KECTKOCTH, CO3[aBa€MOU MPHUCOSAMHEHHBIM O00BeMOM V

ypaBHEHHE JBHKEHHS SKBUBAJICHTHOTO HOPIIHSA MOXET OBITh 3aIIMCAHO B BUE:
. . _ it
m,X+r,x+(k, +k,)x=p,S,e". (14)

Pemenuem ypaBHenus (14) ans yCTaHOBMBIIETOCS PEXHMA, MOJYYEHHBIM C IMOMOILIBIO

METO/1a KOMIUIEKCHBIX aMIUTUTY/ [4], sBIsieTCS QYHKITHS:

iot
pOSpe

x(t) = (15)

2 . ?
k, +kp —m,®" +ir,@
KOTOPYIO MOYKHO 3alHcaTh Kak
x(t) = Xe™",

pOSp
2 .
ky +k,—m, 0" +ir,0

rne X = — KOMIUICKCHAas aMIUTUTy/a KoJieOaHUN SKBHBAJICHTHOTO

TTOPIIHS.
Amvrmutyna v Qasza xKonedaHuil SKBUBAJICHTHOTO TOPIIHS PaBHBI MOAYJIO M apTyMEHTY
KOMIUIEKCHOW aMIIUTyAbl X COOTBETCTBEHHO.

JlaBnenue B monoctu 6apadaHa MOXKHO OMpeneuTh o popmyre [7]:

2

peS,

Py (1) = =——=x(0),

KOTOPYIO 3aIlMIIEM B BUJIE
iot
pin (t) = Pe B

2
pcS, .
rae P=—-——->%X — KOMIUIEKCHasl aMIUTUTy1a KOJIeOaHU JaBJICHHs B IOJIOCTH OapabaHa.

Amvmmutyna u Qasa konebaHW NaBleHUS B TOJOCTH OapabaHa paBHBI MOAYIIO U
apryMeHTy KOMIUIEKCHOM aMIUIUTYy1bl P COOTBETCTBEHHO.

Ha puc.5 mnpencraBneHbl pacyeTHblE 3aBUCHMOCTH aMIUIMTYIbl M (a3l KoJjeOaHHi
JTaBJICHUSI B IOJIOCTU OapabaHa OT YacTOThl BO3OYXKAECHHUS JUIsl UEThIpEX 3HaUeHU oobeMa V.

Pacuer caenan mna p, =20 I1a (120 ob).
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I[OHOJ'IHI/ITGJ'II)HO K 5TUM JaHHBIM B Ta6J'II/IH€ 1 MPUBCACHBI 3HAYCHUS IICPBBIX YCTBIPEX

PE30HAHCHBIX 4aCTOT f; , 4 TAK)KC 3HAYCHUA aMIIJIUTY KoJIeOaHMI SKBHUBAJICHTHOTO MOpIIHA

X o W aMINIMTYl JAaBJICHUS B IIOJIOCTH 6apa6aHa PO Ha 3TUX 49aCTOTax IJIsd YCTBIPEX 3HAYCHUM

o0bema nostoctn GapaGana V. Ilpusenensl Takke f, u X, ( f;) ms V =00

Tabnuna 1. 3HaueHus MEPBBIX YETHIPEX PE30HAHCHBIX YACTOT, @ TAK)KE 3HAYEHUS aMIUIUTY 1T
KoJIeO0aHU SKBUBAJIEHTHOIO MOPIIHS X, U aMIUIUTYJ AaBJICHUs B 0J0CTU Oapabana F, Ha

ATHX YaCcTOTaX JJIS MSATH 3HAYCHHI 00beMa mojIocTu 6apabana V', BKIIlo4as 3Ha4eHHE J =00

Von | £, T | Xo(f) | Po(f), | £, T | Xo(fs) | Po(f), | £5, T | Xo(fs) | Po(£3), | £, Tix | Xo(fs) | Po(fa),

MM Ila MM Ila MM Ila MM Ila

0 178.3 | 2.468 - 411.0 | 0.212 - 644.5 | 0.059 - 878.1 | 0.025 -

10 201.3 | 2.116 | 67.51 | 413.0 | 0.237 | 7.559 | 645.0 | 0.062 | 1.967 | 878.3 | 0.026 | 0.819

1 317.4 | 0.702 | 223.8 | 448.0 | 0.580 | 185.0 | 651.2 | 0.104 | 33.22 | 880.3 | 0.034 | 10.71

0.2 370.0 | 0.027 | 42.78 | 601.6 | 0.086 | 137.0 | 777.3 | 0.369 | 588.7 | 912.6 | 0.200 | 319.0

0.15 1 371.7 | 0.017 | 35.12 | 609.3 | 0.038 | 79.99 | 820.9 | 0.167 | 3554 | 957.6 | 0.324 | 689.4

[To 5TUM JaHHBIM JIETKO TPOCIEIUTh, KaK MEHSIOTCS PE30HAHCHBIE YacCTOTHI C
yYMEHbLICHHEM 00beMa MOJIOCTH, @ TaKXKe KaK MEHSIOTCS aMIUIUTY/Ibl KojeOaHHii 1aBJIeHUS B
nojoctd OapabaHa Ha pPE30HAHCHBIX YacToTaX. VIHTEpEeCHO NPOCIHEAUTh TaKXKe 3a
u3MeHeHussMU (da3bl KoneOaHuii JaBlieHUs (1O OTHOWIEHUIO K ¢a3e BO3MYINAOIIETO
BO3/ICUCTBUS) C U3MEHEHUEM 00BEMa MOJIOCTH.

MOoHO CKa3aTh, YTO IPHUBEICHHBIC JaHHBIC MOJHOCTHIO OIMUCHIBAIOT BBIHYKICHHBIC
KOJIEOAHUsI PACCMOTPEHHON KOJIeOATEIbHOM CUCTEMBI.

Crnenyer OTMETHTh, UTO ONPEAETICHUE MacChl SKBUBAJICHTHOTO nopuIHs 1o gopmysne (10) B
paMKax IMpeACTaBICHHOTO METOAa SBIISAETCS HW30BITOYHBIM. PaccuuThiBacMble BEJINYHMHBI
CMelleHN (uiau JAaBieHuil) U a3 KoneOaHWil JIIOOBIX 3IIEMEHTOB AaKyCTHUYECKUX
KOJIOATENbHBIX CHUCTEM paccMaTpUBAaEMOr0 THIA OT JTOr0 IlapamMeTrpa He 3aBHUCHT.
®opmynoii (10) MbI BBOJUM 3TOT HapamMeTp MpOCTO AJISl ONPEAETICHHOCTU U Ul TOTO, YTOOBI
MOCTPOUTD MOJIE3HBIN /IS HATJITHOCTH U3JI0XKEeHUS IpaduK Ha pHc. 2.
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Puc. 5. 3aBucuMocTh aMmuTyAb! U (ha3bl KojaeOaHH JaBiieHus B ojgocTy OapadaHa oOT
4acCTOTHI BO30YKICHHMS JIJIs1 YEThIpEX 3HAUeHUI oO0bemMa Oapabana (a, b, ¢ u d). ITo ocu
abcuucc — vacrora B ['11, o ocu opAMHAT — aMIUIUTYa KoneOanuii gapnenus B [1a u
¢daza xosebanuii naBiaeHus B paguaHax. OObeM MOJIOCTH OPEICTICH B JIUTPax
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3AKIIIOYEHUE

B 3akmiouenue, emie pa3 MosiCHUM HACIO MpejiaraéMoro MeTtoja (Ha3o0BeM €ro MeToJIoM
SKBHUBAJIEHTHOTO MOPILIHS).
Ecnu MBI MMeeM aKyCTHYECKYyI0 KoJeOaTelbHYI0 CHCTEMY, B COCTaB KOTOPOW BXOJUT

Kpyriaasg MemOpaHa ¢ ONpeJeleHHbIMU mapameTrpamu (R,, p,, 7, W T), TO pacdeT 3TOH

CHCTEMBI MOXHO CYIIECTBEHHO YIPOCTUTh, 3aMEHUB MEMOpaHy 3KBUBAJIEHTHBIM IMOPIIHEM C
napameTpami, omnpenenseMbiMu Gopmynamu (10) — (12) gepe3 mapameTpsl MeMOpaHbl Jis
KaKI0W 9acTOThl BO30YykaeHus. OCylIecTBUB 3Ty 3aMeHy, cocTaBisieM auddepeHuanbHbIe
YpaBHEHUS [IBIXKEHHUS JJIEMEHTOB CHCTEMBI, COBEPIIAIOIIMX KONeOaHUs TMOJ AeWCTBUEM
BBIHY>KJarolme cuiel. Hampumep, [Uisi CUCTeMbl, NpPEICTaBISIONICH co0oil pe3oHaTop
['enpMrosbila, 4acTbl0 CTEHKM KOTOPOTO SBISIETCS Kpyrias MeMOpaHa, MOABUKHBIMU
AIIEMEHTaMU SBIISIOTCS KBUBAJICHTHBIN MOPIIEHb U BO3MYyIIHAsA MPOOKE B ropje pe3oHaTopa.
3amaya cBeleTCs K PEUICHUI0 CHCTeMbI U3 IBYX IuddepeHIanbHbIX YpaBHEHUN, KOTOpas ¢
MOMOIIBI0 METOAAa KOMIUIEKCHBIX AaMIUIUTYJ JIETKO MpeBpaliaeTcs B CHCTEMY IBYX
anreOpanvyeckux ypaBHEHHH C JBYMsS KOMIUIEKCHBIMU HEU3BECTHBIMH, PEIIaeMyl0 METOJ0M
Kpamepa. Pemienue Oyner oTpaxarbh CBOMCTBA CHUCTEMBI C JIByMSI CTENEHSIMHU CBOOObBI, a
TaK)Ke 4Yepe3 TmapaMeTpbl SKBUBAJICHTHOTO TMOPIIHS OyJIeT OMHChIBaTh OCOOEHHOCTH,
npucynpe MeMmOpaHe. Y4eT IUCCHMATUBHBIX MOTEPh (T.€. COMPOTHBICHUS [BUKEHUIO
AIIEMEHTOB CUCTEMbl) HE MPHUBOJUT K 3HAUUTEIBHOMY YCIOXKHEHUIO aHanu3a. B pesynbrare
3a/laya peraeTcs aHAIUTUIECKH.

MeTo SKBUBAJICHTHOTO TMOPIIHS MOXET ObITh MPUMEHEH U ISl pacuera BBIHYKICHHBIX
KOoJIe0aHUN aKyCTUYECKUX KOJIeOaTeNbHBIX CHUCTEM, B COCTaB KOTOPBIX BXOMAST KPYTJbIe
TUTACTUHBI.
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