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AHHOTALUSA

B macrosimee BpeMsi akTHBHO BEAyTCS pa3paOOTKH BONHOBBIX TBEPIOTEIBHBIX TMPOCKO-
noB — BTT. Pe3onaropst BTT" umeroT quHaMU4eCcKyl0 aCHMMETPHIO, KOTOpast MPUBOIUT K
CTIETIU(UIECKIM 0COOSHHOCTSIM MPH M3THOHBIX KOJEOAHUAX KOJEIl, 4TO, B CBOIO OUEpPEb,
MOJKET TIPHBECTH K HeycToiunBoi padote BTI. B HayuHOI MuTepaType pe3yabTaThl Teope-
THYECKUX NCCIIET0BAHNIT HE BCET/Ia COMIACYIOTCS C SKCIIEPHMEHTATbHBIMA JaHHBIMA. B psie
paboT aBTOpa YTOYHEHNE MAaTEMaTHIECKON MOJIENH TPUBENO K PSALY HOBBIX PE3yJbTaTOB.
Tak, Hanprumep, B paboTax MoKa3aHo, YTO HEKOTOPBIE HAYaIbHBIE HECOBEPIIEHCTBA (hOPMBI
¥ TIPHCOEAMHEHHBIE MACCHl MIPUBOAAT K MOSBICHHUIO paananbHeIX (Gopm Komebanuid. [Ipn
3TOM YaCTOTHI, COOTBETCTBYIOIINE paanaIbHBIM (hopMaM KOJIeOaHWi MPH OMpeIeNeHHBIX
TeOMETPUYECKHIX M BOIHOBBIX TTApaMeTpax KoIbla, MOTYT OBITh CON3MEPHUMEI C YaCTOTAMH,
COOTBETCTBYIONIUMH M3THOHBIM (hopMam Konedanwit. OqHAKO IUCICHHO U SKCTICPUMEHTAITh-
HO MOATBEPAUTH 9Ty 0COOEHHOCTH JI0 HACTOSIIETO BPEMEHH, K COXaJCHHI0, HE yIaBanoCh.
Cuamraercs, 4To 4acTOTHI paIHaIbHBIX KOJIEOAHNH OO0 MPHCYTCTBYIOT B CIIEKTPE YaCTOT, HO
BCET/a HaXOAATCS Ha 9aCTOTaxX BBICIINX OCHIIIIAIMIL, MO0 OTCYTCTBYIOT BOBCe. B HacTos-
I CTaThe MAHHBIN BEIBOJ ITOCTABIICH MO cOMHEHNE. Ha KOHKpeTHOM IpuMepe KoeOanuii
M30JIMPOBAHHOTO KOJIbI[A MOKA3aHO, YTO YACTOTHI PaualbHBIX KONeOaHWil MOTYT OBITH HE
TONBKO OJHOTO MOPS/IKA C YACTOTAMHU M3THOHBIX KONeOaHHi, KaK TIOKa3aHO B MPeIbITyIINX
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paboTtax aBTOpa, HO U MOTYT HaXOJUTHCS B CHEKTPE HU3LIUX YAcCTOT (BTOPOTO, TPETHETO
TOHA), COOTBETCTBYIOIIMX U3THOHBIM hopMaM KoseOaHuid.
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BBenenue

B HacTosiiiee Bpemsi akTUBHO BeTyTCS Pa3paOOTKU BOJTHOBBIX TBEPIOTEIBHBIX THPO-
ckonioB — BTI [2, 3, 29]. PacueTrHas Momens MpOCTOTO PE30HATOPA BOJHOBOTO
TBEPIOTEIHHOTO THUPOCKOIIA SBIISETCS 000JI0YKA BPAIICHHS JTUOO YIPYroe KOIbIIO
[12, 13, 18, 30], 3akperieHHBIE OTHOCUTEIHHO OCH YYBCTBUTEILHOCTH. Pe30HaTOpEI
MMEIOT HadaJIbHBIE OTKIIOHEHUH OT HJIeaTbHOMN KPYTOBOM (POPMBI [6], HEOTHOPOTHOE
pacrpeneneHue IWIOTHOCTH Matepuana [14, 15, 17] u npucoequHeHHbIe Macchl [ 16,
21, 22]. Takue HENMPABWIBHOCTH MPHUBOAAT K CIICIH(PUICCKAM OCOOSHHOCTSIM TPH
W3THOHBIX KoNleOaHusx kojet [9, 16, 21, 22], 4to, B CBOIO OYEPE/Ib, MOKET IPUBECTH
K HeycToiunBoil padore BTT.

B HayuHoOIT TuTEpaType UMErOTCS pabOThI IO U3YYEHUIO THHAMHYECKOTO TTOBe-
JIEHUsI TOHKUX Kosell. OJHaKO Pe3yabTaThl HCCICIOBAHUM HE BCET/IAa COTIACYIOTCS C
9KCHEPUMEHTAIbHBIMH JAHHBIMH.

Tak, nanpumep, B padotax [8, 21, 22, 25] aBTOpBI, NPEJIOKUB YTOYHEHHBIH O/
X0/ K IOCTPOCHHUIO0 MaTeMaTHIECKON MOJIEIH, TTIOKa3aJIi, YTO HEKOTOPBIC HadaIbHbIC
HECOBEPIIICHCTBA OPMBI M TPUCOESTNHEHHBIE MAaCChI TPUBOIAT K TIOSBICHUIO PaJli-
ajgbHBIX (GopM KoseOanwmid. [Ipu 3TOM 4aCcTOTHI, COOTBETCTBYIOLIUE PaJHalbHBIM
(hopmam koeOaHuil, IpH OTIPEAETICHHBIX TEOMETPHUYECKHUX U BOTHOBBIX TTapaMeTpax
KOJIbI[A MOTYT OBbITh COM3MEPHMBI C YaCTOTAMH, COOTBETCTBYIOIIUMH H3THOHBIM
(hopmam xonebanwmii. [lodydeHHbIe HOBBIE PEIIEHUS Ka4eCTBEHHO M KOJIMYECTBEHHO
Jy4IlIe CONIACYIOTCS C AKCIEPUMEHTAILHBIMU TaHHBIMHU, YeM OOMICTIPUHSITHIE Tpa-
TUITHOHHBIC pertenus [ 7]. OmHaKo YUCIEHHO U YKCTICPUMEHTAITBEHO TOATBEPIUTE TY
OCOOCHHOCTH JI0 HACTOSIIIETO BPEMEHH, K COXalleHUI0, He ynaBaiock [20, 23, 27].
Cuurtaercs, 4TO 4aCTOTHI PaJHalIbHBIX KoJIeOaHHil 100 MPUCYTCTBYIOT B CIIEKTPE
JacTOT, HO BCETIIa HaXOMSITCS Ha YaCTOTaX BRICIIMX ocIwuminmid [4, 10, 11, 19, 24,
26, 28], mub0 0TCyTCTBYIOT BOBCe [7]. IMEHHO TIO3TOMY, YaCTOTHI paHalIbHBIX KO-
nebaHuii He OKA3hIBAIOT HUKAKOTO BIIMSHHS Ha HAIPSDKEHHO-IE(POPMUPYEMOE CO-
CTOSIHME KOHCTPYKLUU U HE YUUTBIBAIOTCS IpU pacuerax [7].

B nacTos1eli cTaThe JaHHBIN BBIBOJ] HOCTABJIEH 0]l COMHEHUE. Ha KOHKpeTHOM
npuMepe KolleOaHni N30JMPOBAHHOTO KOJIbIIA TTOKAa3aHO, YTO YacTOTHI paAHalIbHBIX
KOJICOAHUH HE TOJBKO MOTYT OBITh OHOTO IOPSIKA C YaCTOTaMHU M3THOHBIX KOJieha-
HUH, KaK 1mokazaHo B [8, 21, 22, 25] nns xonsiia u B [8, 10, 19, 21, 24, 26] ansg 060-
JIOYKH KOHEYHOU JUTUHBI, HO ¥ MOTYT HAXOIUTKLCS B CIIEKTPE HU3IIUX JaCTOT (BTOPO-
TO, TPETHETO TOHA), COOTBETCTBYIOIINX U3TUOHBIM (hopMaM KojeOaHuil.
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AHaJIMTHYECKOE peuaieHue

Ecnu KonmpIo eAMHUYHON MIMPHHBI, PAAMyCOM R, TONIIMHOW /i MMEeT HavajbHbIC
OTKJIOHEHHUs OT MAEaNbHOH KpyroBod Gopmbl w (1), H3MEHAIOMHUECS 110 3aKOHY

wo () = hlayg sin Boy +an cos fyy),tae ajg = ag cos @g; g =dgSingy; a,—
Oe3pasMepHasi aMIUIUTYIa HECOBEPIIICHCTB; ¥ — KPYTroBas KOOpJAWHATA HECOBEP-
WEHCTB; 3, = n /R, n, — 4YMCII0 BOJIH HECOBEPLIEHCTB (DOPMBI B OKPY’KHOM HaIpaB-
JICHUH, TO, COTTIACHO YTOUHEHHOMY TOJIXO/TY K TOCTPOSHHUIO MAaTEeMaTHIECKON MOJIEITH
[25], ucniosnb3yst ypaBHEHUS ABMIKSHHS TEOPHUH MOJIOTHX 000J104€eK [7], IpU ycTpeM-
JICHUH JJTUHBI 000JI0UKH K OECKOHEUHOCTH MOJYYHM CUCTEMY CBSI3aHHBIX MOJAJIbHBIX
ypaBHeHUi cieayroniero Buaa. O0o3HaueHus oomenpuusTeie [21]:

12
. 2 2 2 .
a, +w,a, - 203 ,aa,, + 60, alO(alaIO + azazo): 0;
12
. 2 2 2 .
a, +tw,a, - JE @, a;a,, + 6, azo(azazo + alalo): 0; (1)

2
X @, (alalo + azazo): 0.

. 2
a,+—w, a, —

&
I/I3 CUCTEMBI IMHAMHNYCCKUX ypaBHeHI/Iﬁ (1) BUJIHO, YTO HA4YaJIbHbBIC HeCOBepIHeH—
CTBa (pOpMLI HpI/IBO,Z[SIT K «CBA3aHHOCTH COHpH)KeHHI;IX I/I3FI/I6HI>IX (1)0pM " B3anMO-
,I[eﬁCTBPIIO HHU3KOYAaCTOTHBIX I/I3FI/I6HI>IX q)OpM KOJ'IGGaHI/Iﬁ C BBICOKOYACTOTHBIMU pa—

JUanbHBIMU (opMaMu (a),f =Dn*/ phR* — npubmmwKenHoe 3HaueHUWE KBaapaTa

4acTOThl CBOOO/IHBIX M3TUOHBIX KOJIICOAHUH TUHAMUYECKA CHMMETPUIHOTO KOJIBIIA,
& = n*(hW/R)*> — mapameTp BOTHOOOPA30BaHMUsA, XapaKTEPU3YIONTHIH OTHOCUTEIHHYIO
TOJITMHY KoJbITa). YacToTHOE ypaBHeHUE (1) ompenenseT Tpu COOCTBEHHBIC YaCTOTHI
Q =w lo (i=1,2,3). llepsbiM 1Bym Q , )  COOTBETCTBYIOT MPEUMYILECTBEHHO
M3rHOHBIE KOJIEOaHUs, & TPETheH (2 , — NMPEUMyYIIECTBEHHO paJHalibHbIe (OPMBI
KoJIeOaHui».

B TpagunmonHoM penieHnH, cucteMa (1) HMeeT TONBKO JIBa MEePBBIX ypaBHEHUS
¥ a, = 0. XapakTepuCTHYECKOE YPaBHEHHE OTIPEIEIIACT JIBE PACIIETLICHHbBIE COOCTBEH-
HBIC YaCTOTHI, COOTBETCTBYIOIINE N3THOHBIM hopMaM KosteOaHui. T. €. TpaauIiinoHHOe
perIeHre He TIpemycMaTpruBaeT BO3SHUKHOBEHUE palallbHBIX (opM KoseOanuit [7].
«MeHbIas 13 paciIerUIeHHBIX COOCTBEHHBIX YaCTOT PaBHA YaCTOTE KOJICOAHMI Hie-
aJTbHOTO KoJblia | = 1, a GoIbIas — yBEIMYMBACTCS C POCTOM aMIUTUTY/IbI HA9aTh-

HBIX HECOBEPIIEHCTB Q5 = 4/1+ 6a§ . Paccrpoiika yactoTHoro cnektpaA=€Q —Q

MOKET OBITH JOBOJIBHO CyHIeCTBCHHOfI. Ilocnennee 00CTOATENHECTBO IMPOTUBOPECUYUT
N3BCECTHBIM 3KCIICPUMCHTAJIbHBIM JJaHHBIM [7], KOTOPBIC CBUACTCILCTBYIOT O HE3HA-
YUTCJIBbHOM PACHICIITICHUU YaCTOTHOT'O CIICKTpPa».

B HOBOM PCHICHUHN HaYaJIbHbIC HECOBCPIICHCTBA «YMCHBIIAOT HU3IIYIO U3 pac-
IICTIIICHHBIX COOCTBEHHBIX YaCTOT in, IIpU 5TOM €€ CHUIKCHUEC 3aBUCUT U OT aMILJIN-
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Ty/Ibl HAYaJIBHOU TIOrMOM, U OT MapaMerpa BoJHOOoOpa3oBaHus €. borbInas yactora
an paBHa 1. PaccTpoiika 4acToT 0Ka3blBaeTCA HE3HAUYUTEIBHON.

Ecnu xone10 naeaipHOE, a, = 0, a,, = 0, To cucTemMa TUHAMUYECKUX YPABHEHUI
(1) umeer Oostee IPOCTON BU:

i, +w’a, =0;

i, +w’a, =0;

0 2
i, +—am.a, =0.
&

B aToM cnyyae, Kak BUAMM, YaCTOTHI HE PACIICTUISIOTCS, @ YaCTOTa PaJAuaIbHBIX
xonebanuit €, = 12/ BO MHOTO pa3 OOJIbIIE YaCTOT, COOTBETCTBYIOIMX U3TMOHBIM
(hopmam KosieOaHU.

YucaenHoe pemenue MKJ

B nporpamvuom xomriekce MSC «Nastran» cMoeIpoBaHa 1 peleHa 3a1ada Ko-
nebannii H30IMPOBAHHOTO Kojbla (R/A = 200, E = 2-10' mITa, p = 7 800 kr/m* mmu-
punoit a = 0,005 M, Tommuao# /2 = 0,005 M, pagumycom R = 1 m). KomudecTBo kKoHEY-
HbIX 37eMeHTOB 3 150. Kosbiio coBepiiraet kosiebaHus B CBOeH IIockocTu. Jist us-
y4YeHHUs YCJIOBHH BO3HHMKHOBEHHS W IMOWCKA paJualbHBIX (opM KojeOaHWi
MPOBEICHO MHOXKECTBO PACYETOB U HCCIICIOBAHO BIIMSHHE BCEBO3MOKHBIX BAPUAHTOB
IpaHUYHBIX YCIIOBHA. B pe3ysbrare pacueToB 0OHapyKeHO BOSHUKHOBEHHUE paidalib-
HBIX (1)OpM KoJie0aHMii Ha YacToTax HU3IINX OCHI/UIJ'ISIHI/Iﬁ IIpyu OJHOM €CIMHCTBCHHOM
BapUaHTE 3aKPEIUICHUs] — 3TO B CiIydae, KOrja OTCYTCTBYIOT MOMEHTBI 110 BCEM
CTeTIeHsIM CBOOO/IbI M TIEpEMEIIICHUS BJIOJIb TOPIIEBOTO CeUeHUs. Pe3ynbrarsl pacyera
CIIEKTpa 4acTOT JUIS UICATBHOW 000IOUKH MpeJICTaBIeHbI B Tabmuie 1.

Buaum, gTo wactotam mepBoro (n = 2), TpeThero (n = 3) u uerBepToro (n = 4)
TOHOB COOTBETCTBYIOT M3THOHBIE (popMBbl KosebaHuii. YacToTe BTOPOTO TOHA
2.=805,91 I'ti cooTBETCTBYIOT pajuaibHas hopma kosiebanuii. Busyanusaius npej-
CTaBJIeHa Ha puc. 1.

Tabnuya 1 Table 1
CnexkTp HH3IIHKX YacTOT KoJIedaHmii The spectrum of the lowest vibrational
HIEATHLHOI0 KOJIbLIA frequencies of an ideal ring
KonnuecTBo BoiH 7 A, T
2 541,76
(dopma pauanbHBIX KoJIeOaHuUit 805,91
3 1 057,8
4 15533
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b)

9.03-001

9.03-001

Puc. 1. a) ComnpspKeHHBIC U3THOHEIC
Gopmer pu A, =4, = 541,76 I'n;
0) PammanpHas Gpopma KomedaHwi
2, =80591T'n

Fig. 1. a) conjugate bending molds
at 4, =4,, = 541.76 Hz;

0) the radial mode shape

4, =805.91 Hz

3akiroueHne

TakuMm 00pa3oM MokazaHo, 4TO paguaibHble GOPMbI KOJIeOAHHI MOTYT BO3HUKATh HE
TOJIBKO Ha YacTOTaX BHICHIMX OCUMJIISILIKN, KaK 3TO NPUHATO CUUTATh B HACTOSILIEE
BpEMs1, HO U Ha HU3IINX YaCTOTaX CIEKTPA.

CTOouT ynoMsiHyTh BBIBOJBI, IIOJYUCHHBIC B PE3YJIbTAaTe HKCIIEPUMEHTA, IIPOBE-
JeHHOTO B padorte [1]. ABTOpBI 0OTMEUAIOT, YTO IIPU BO30YKICHUH PaguaIbHbIX (HOpM
kojieOaHuil BO30yxknairch (popMbl, OTM3KKE K N3THOHBIM opMaM KojieOaHuil 1 Ha-
000pOT. DTO O3HAYAECT, YTO MPU KOJIEOAHUAX OCHOBAHMS BOJHOBBIX TBEPIOTEIIBHBIX
THPOCKOIIOB B KOJIBLIEBOM PE30HATOPE MOTYT BO30Y>KAATbCs ()OPMBI, OTJIMUHBIE OT
B030yX1aeMOil. A mapuuanbHble YacTOThI KOJbIIa OyIyT B3aMMOACHCTBOBATh C Ya-
crtotamu Konebannii ocHoBanus BTI, B pe3ynbrare Takod «IepeKadykiy» dHEPTHU
MOT'YT IIPOUCXOUTH CIOKHBIC U clieliudruueckue sSBieHus [5] Ipu U3ruOHBIX KoJie-
Oannsx pesonaropos BTT.
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Abstract

Nowadays, Hemispherical Resonator Gyroscope (HRG) are actively developed. HRG resonators
have dynamic asymmetry, which leads to specific features in bending vibrations of rings,
which in turn can lead to unstable operation of HRG. In the academic literature, the results of
theoretical studies do not always match the experimental data. In some of the author’s works,
the refinement of the mathematical model led to a number of new results. They show, for
example, that some initial imperfections of form and attached masses lead to the appearance of
radial modes of oscillations. In this case, the frequencies corresponding to the radial oscillation
forms for certain geometric and wave parameters of the ring can be commensurable with the
frequencies corresponding to the flexural modes of oscillations. However, it has not been
possible to confirm this feature numerically and experimentally up to this day, unfortunately.
It is believed that the frequencies of radial oscillations are either present in the frequency
spectrum, but always at frequencies of higher oscillations, or absent altogether. In this article,
this conclusion is questioned. On the example of oscillations of an isolated ring, the paper shows
that the frequencies of radial oscillations can be not only of the same order as the frequencies
of bending vibrations (as shown in the author’s previous works), but they can also be in the
spectrum of lower frequencies (second, third tone) corresponding to bending modes.
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Ring, resonator wave solid-state gyroscope, bending, radial oscillations, splitting, frequency
spectrum, resonance.

DOI: 10.21684/2411-7978-2018-4-1-132-143

Citation: Seregin S. V. 2018. “On the Existence Possibility of Radial Forms of Oscillations of
Ring Elements”. Tyumen State University Herald. Physical and Mathematical Modeling. Oil,
Gas, Energy, vol. 4, no 1, pp. 132-143.

DOI: 10.21684/2411-7978-2018-4-1-132-143

© University of Tyumen



On the Existence Possibility of Radial Forms... 141

REFERENCES

1.

10.

Abakumov A. I, Yegunov V. V., Mokhov V. N., Pevnitskaya A. V., Solovyev V. P.,
Uchayev A. A. 1984. “Povedeniye sfericheskoy obolochki s prisoyedinennoy massoy pri
impul’snom nagruzhenii” [Behavior of a Spherical Shell with an Attached Mass under
Impulse Loading]. Prikladnyye problemy prochnosti i plastichnosti, pp. 109-113. Gorky.
Basarab M. A., Lunin B. S., Matveyev V. A, Fomichev A. V., Chumankin Ye. A.,

Yurin A. V. 2014. “Miniatyurnyye volnovyye tverdotel’nyye giroskopy dlya malykh
kosmicheskikh apparatov” [Miniature Hemispherical Resonator Gyroscope for Small
Space Vehicles]. Vestnik MGTU im. N. E. Baumana. Ser. Priborostroyeniye, no 4,

pp- 80-96.

Dzhandzhgava G. 1., Bakhonin K. A., Vinogradov G. M., Trebukhov A. V. 2008.
“Besplatformennaya inertsial’naya navigatsionnaya sistema na baze tverdotel’nogo
volnovogo giroskopa” [Strapdown Inertial Navigation System Based on Hemispherical
Resonator Gyroscope]. Giroskopiya i navigatsiya, no 1, pp. 22-33.

Yegorychev O. A., Poddayeva O. 1. 2007. “Sobstvennyye prodol’no-radial’nyye
kolebaniya uprugoy tsilindricheskoy obolochki zhestko zakreplennoy po tortsu” [Own
Longitudinal-Radial Oscillations of an Elastic Cylindrical Shell Rigidly Fixed at the
End]. Vestnik MGSU, no 1, pp. 35-36.

Karpova A. P., Sapronov Yu. I. 2008. “Priblizhennoye vychisleniye amplitud tsiklov,
bifurtsiruyushchikh pri nalichii rezonansov” [Approximate Calculation of the Amplitudes
of Cycles Bifurcating in the Presence of Resonances]. Vestnik Udmurtskogo universiteta.
Matematika. Mekhanika. Komp’yuternyye nauki, no 3, pp. 12-22.

Kozubnyak S. A. 2015. “Rasshchepleniye sobstvennykh chastot kolebaniy
tsilindricheskogo rezonatora volnovogo tverdotel’nogo giroskopa, vyzvannoye
vozmushcheniyem formy” [Splitting of the Natural Frequencies of Oscillations of a
Cylindrical Resonator of a Wave Solid-State Gyroscope, Caused by a Perturbation of the
Form]. Vestnik MGTU im. N. E. Baumana. Ser. Priborostroyeniye, no 3, pp. 39-49.
Kubenko V. D., Kovalchuk P. S., Krasnopolskaya T. S. 1984. Nelineynoye vzaimodeystviye
form izgibnykh kolebaniy tsilindricheskikh obolochek [Nonlinear Interaction of the Flexural
Vibrations of Cylindrical Shells]. Kiev: Nauk. dumka.

Leyzerovich G. S. 2011. “Issledovaniye dinamicheskikh kharakteristik krugovykh
tsilindricheskikh obolochek s nachal’nymi nepravil’nostyami” [Investigation of the
Dynamic Characteristics of Circular Cylindrical Shells with Initial Irregularities].

Dr. Sci. (Phys.-Math.) diss. Komsomolsk-on-Amur: KnAGTU.

Leyzerovich G. S., Prikhodko N. B., Serogin S. V. 2013. “O vliyanii maloy
prisoyedinennoy massy na rasshchepleniye chastotnogo spektra krugovogo kol’tsa s
nachal’nymi nepravil’nostyami” [On the Influence of a Small Added Mass on the
Splitting of the Frequency Spectrum of a Circular Ring with Initial Irregularities].
Stroitel’naya mekhanika i raschet sooruzheniy, no 6, pp. 49-51.

Leyzerovich G. S., Seregin S. V. 2016. “Svobodnyye kolebaniya krugovykh
tsilindricheskikh obolochek s prisoyedinennoy maloy sosredotochennoy massoy” [Free
Oscillations of Circular Cylindrical Shells with Attached Small Concentrated Mass].
Prikladnaya mekhanika i tekhnicheskaya fizika, vol. 57, no 5, pp. 90-96.

DOI: 10.15372/PMTF20160510

Physical and Mathematical Modeling. Oil, Gas, Energy, vol. 4, no 1



142 S. V. Seregin

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Leonenko D. V. 2010. “Radial’nyye sobstvennyye kolebaniya uprugikh trekhsloynykh
tsilindricheskikh obolochek™ [Radial Eigenvibrations of Elastic Three-Layered Cylindrical
Shells]. Mekhanika mashin, mekhanizmov i materialov, no 3 (12), pp. 53-56.

Lysov A. N. Vinichenko N. T., Lysova A. A. 2009. Prikladnaya teoriya giroskopov:
uchebnoye posobiye [Applied Theory of Gyroscopes]. Chelyabinsk: Izdatel’skiy tsentr
YUUrGU.

Martynenko Yu. G., Merkuryev 1. V., Podalkov V. V. 2009. “Dinamika kol’tsevogo
mikromekhanicheskogo giroskopa v rezhime vynuzhdennykh kolebaniy” [Dynamics of a
Circular Micromechanical Gyroscope in the Forced Oscillation Mode]. Giroskopiya i
navigatsiya, no 3 (66), pp. 10-22.

Martynenko Yu. G., Merkuryev 1. V., Podalkov V. V. 2008. “Upravleniye nelineynymi
kolebaniyami vibratsionnogo kol’tsevogo mikrogiroskopa” [Control of Nonlinear
Vibrations of a Vibrating Annular Micro Gyroscope]. Izv. RAN. MTT, no 3, pp. 77-89.
Maslov A. A., Maslov D. A., Merkuryev L. V. 2014. “Identifikatsiya parametrov
volnovogo tverdotel’nogo giroskopa s uchetom nelineynosti kolebaniy rezonatora™
[Identification of the Parameters of the Wave Solid-State Gyroscope with Allowance for
the Nonlinearity of Cavity Oscillations.]. Pribory i sistemy. Upravleniye, kontrol’,
diagnostika, no 5, pp. 24-29.

Matveyev V. A., Lunin B. S., Basarab M. A., Chumankin Ye. A. 2013. “Balansirovka
metallicheskikh rezonatorov volnovykh tverdotel’nykh giroskopov nizkoy i sredney
tochnosti” [Balancing of Metal Resonators of Wave Solid-State Gyroscopes of Low and
Medium Accuracy]. Nauka i obrazovaniye. Elektron. izdaniye, no 6.

DOI: 10.7463/0613.0579179

Merkur’yev 1. V., Podalkov V. V. 2005. “Vliyaniye maloy anizotropii materiala
rezonatora na sobstvennyye chastoty i ukhody volnovogo tverdotel’nogo giroskopa”
[Influence of the Small Anisotropy of the Resonator Material on the Natural Frequencies
and Departures of the Wave Solid-State Gyroscope]. Pribory i sistemy. Upravleniye,
kontrol’, diagnostika, no 10, pp. 33-36.

Merkuryev 1. V., Podalkov V. V. 2009. Dinamika mikromekhanicheskogo i volnovogo
tverdotel’nogo giroskopov [Dynamics of Micromechanical and Hemispherical Resonator
Gyroscopes]. Moscow: Fizmatlit.

Seregin S. V. 2016. “Vliyaniye asimmetrichnykh nachal’nykh nesovershenstv formy na
svobod-nyye kolebaniya tonkikh obolochek” [Influence of Asymmetric Initial
Imperfections of Form on Free Oscillations of Thin Shells]. Vestnik Samarskogo
universiteta. Aerokosmicheskaya tekhni-ka, tekhnologii i mashinostroyeniye, vol. 15,
no 3, pp. 209-222. DOI: 10.18287/2541-7533-2016-15-3-209-222

Seregin S. V. 2014. “Vliyaniye ploshchadi kontakta i velichiny lineyno raspredelennoy i
sosredotochennoy massy s krugovoy tsilindricheskoy obolochkoy na chastoty i formy
svobodnykh kolebaniy” [Influence of the Contact Area and the Magnitude of a linearly
Distributed and Concentrated Mass with a Circular Cylindrical Shell on the Frequencies
and Shapes of Free Oscillations]. Vestnik MGSU, no 7, pp. 64-74.

DOI: 10.22227/1997-0935.2014.7.64-74

Seregin S. V. 2016. Dinamika tonkikh tsilindricheskikh obolochek s prisoyedinennoy
massoy [Dynamics of Thin Cylindrical Shells with Attached Mass].
Komsomol’sk-na-Amure: KnAGTU.

Seregin S. V. 2017. “Kachestvennyye effekty pri kolebaniyakh kol’tsevykh
podkreplyayushchikh elementov s prisoyedinennoy massoy, kak chastnyy sluchay tonkoy

Tyumen State University Herald



On the Existence Possibility of Radial Forms... 143

23.

24.

25.

26.

27.

28.

29.

30.

beskonechno dlinnoy krugovoy tsilindricheskoy obolochki” [Qualitative Effects with
Oscillations of Annular Reinforcing Elements with an Attached Mass, as a Special Case
of a Thin Infinitely Long Circular Cylindrical Shell]. Izvestiya vysshikh uchebnykh
zavedeniy. Mashinostroyeniye, no 1 (682), pp. 31-43.

Seregin S. V. 2014. “Ob effekte rasshchepleniya izgibnogo chastotnogo spektra tonkikh
krugovykh tsilindricheskikh obolochek, nesushchikh prisoyedinennuyu massu” [On the
Effect of Splitting the Flexural Frequency Spectrum of Thin Circular Cylindrical Shells
Carrying an Attached Mass]. Stroitel’naya mekhanika i raschet sooruzheniy, no 6 (257),
pp. 59-61.

Seregin S. V. 2014. “Svobodnyye izgibno-radial’nyye kolebaniya tonkoy krugovoy
tsilin-dricheskoy obolochki, nesushchey prisoyedinennuyu massu” [Free Flexural-Radial
Oscillations of a Thin Circular Cylindrical Shell Carrying an Attached Mass]. Vestnik
MGSU, no 11, pp. 74-81. DOI: 10.22227/1997-0935.2014.11.74-81

Seregin S. V. Leyzerovich G. S. 2014. “Svobodnyye kolebaniya beskonechno dlinnoy
krugovoy tsilindricheskoy obolochki s nachal’nymi nepravil nostyami i maloy
prisoyedinennoy massoy” [Free Oscillations of an Infinitely Long Circular Cylindrical
Shell with Initial Irregularities and a Small Attached Mass]. Uchenyye zapiski
Komsomol’skogo-na-Amure gosudarstvennogo tekhnicheskogo universiteta, vol. 1,

no 4 (20), pp. 36-43.

Seregin S. V. 2014. “Chislennoye i analiticheskoye issledovaniye svobodnykh kolebaniy
krugovykh tsilindricheskikh obolochek, nesushchikh prisoyedinennuyu massu, lineyno
raspredelennuyu vdol” obrazuyushchey” [Numerical and Analytical Study of Free
Vibrations of Circular Cylindrical Shells Carrying an Attached Mass Linearly Distributed
Along the Generator]. Vychislitel’naya mekhanika sploshnykh sred, vol. 7, no 4,

pp. 378-384. DOI: 10.7242/1999-6691/2014.7.4.36

Seregin S. V., Leyzerovich G. S. 2015. “Vliyaniye prisoyedinennoy massy na
dinamicheskiye kharakteristiki tonkoy obolochki” [Influence of the Attached Mass on the
Dynamic Characteristics of a Thin Shell]. Problemy mashinostroyeniya i avtomatizatsii,
no 4, pp. 83-89.

Tarlakovskiy D. V., Shcherbakov V. A. 2016. “Nestatsionarnyye radial’nyye

kolebaniya elektro-magnitouprugogo krugovogo tsilindra” [Nonstationary Radial
Oscillations of an Electro-Magnetoelastic Circular Cylinder]. Problemy prochnosti i
plastichnosti, vol. 78, no 4, pp. 396-405

Trutnev G. A. 2015. “Model’ tverdotel’nogo volnovogo giroskopa v medlennykh
peremennykh” [Model of a Hemispherical Resonator Gyroscope in Slow Variables].
Vestnik Udmurtskogo universiteta. Matematika. Mekhanika. Komp’yuternyye nauki,
vol. 25, no 3, pp. 421-429.

Ayazi F., Najafi K. 2001. “A HARPSS Polysilicon Vibrating Ring Gyroscope”. IEEE,
Journal of Microelectromechanical Systems, vol. 10, no 2, pp. 169-179.

DOI: 10.1109/84.925732

Physical and Mathematical Modeling. Oil, Gas, Energy, vol. 4, no 1



