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AHHOTALUA

PaccmoTpenbl mapanienbHOE W MOCHEI0BATEIbHOE COSIUHEHMS TOTpeOUuTeei
MeXaHM4eCcKo MoOIIHOCTU. [lo M3BECTHBIM MapaMeTpaM CHUCTEM U BO3MYIIAIOLIEMY
TapMOHUYECKOMY BO3JICHCTBUIO alreOpanyecku OMPENeNIOTCS CKOPOCTH DJIEMEHTOB
MEXaHMYECKUX CHUCTEM U MPWIOKEHHBIE K HUM CHUbl. Vcronb30BaHHE CHUMBOJIAYECKOTO
(KOMIIJIEKCHOTO) OTMMCAaHMsI MEXaHMYECKHX CHUCTEM IPH BBIHYKICHHBIX TapMOHUYECKHUX
KojeOaHusAX (B YCTAaHOBHUBIIEMCS PEXKHUME) IMO3BOJUIO OTKa3aThbCsl OT Ype3BbIYAHO
TPOMO3JIKOTO M  TPYJOEMKOI0 ajJropuTMa pacuera, CBSI3aHHOTO C PpEIICHUEM
muddepeHaabHbIX  YPaBHCHUH M 3aMEHHTh €r0  NIPOCTBIMH W HarJISIHBIMHU
anreOpanyecKuMU orepanusiMu. biaromaps 3 ToMy BpeMs pacueToB YMEHBIIIACTCS B pa3bl.
BektopHble amarpamMmbl, HE SBISISICH HEOOXOIMMOM COCTABJISAIONICH HCCICAOBAHUS
MEXAaHUYECKUX CHUCTEM, HMMEIOT CYIIECTBEHHOE METOJUYECKOE 3HAYCHHUE, ITOCKOJIBKY
MTOKa3bIBAIOT KOJIMYECTBEHHBIC U (Da3HBIE COOTHOMICHUS MEXKAY IMapaMeTPaMHu CUCTEM.
KiroueBble cjioBa: MoTpeOUTEIN MEXaHUUYCCKOW MOIITHOCTH, BBIHYKJICHHBIC KOJICOaHUS,

mapauIiCJIbHOC, IOCJICIOBATCIbHOC COCAMHCHNC, PC30OHAHC CHUJI, pE30HAHC CKOpOCTCfI.
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BBeaenne

TpaguMoHHBIA pacuyeT MEXaHW3MOB NPHU BBIHYKICHHBIX KOJEOaHUSAX 3a4acTyro
npeacTaBisgeT co0oit HempocTyio 3a1ady [1-5].

Yarie Bcero pacyeTYMKOB MHTEPECYIOT YCTAHOBHBIIMECS PEXHUMBI KoJeOaHui [6—
11].

[lenpro WCClIEIOBaHUS SBISICTCS 3HAYMTEIHLHOE YIPOIICHHE BBIYUCICHUN IMyTeM
3aMEHbl HeOOXoauMOCTH pemieHus nuddepeHanTbHbIX YpaBHEHH Ha anreOpandecKue
METOJIBI.

AxTyanbHOCTh PabOThl OOYCIIOBJIEHA TEM, YTO MEXaHMYECKHE KOJEOAHHs HIUPOKO
pacnpocTpaHeHbl B Pa3HOOOpa3HbIX TexXHoJormueckux mpomeccax [12-14]. Ocoboe
3HauEHHUE y4eT KoyieOaHui nmpuolOpeTaeT B pakeTHOM oTpaciu [15, 16]. B aBuanuu 6opnda
C BUOpoIeperpy3kamMu HECYIEero BHUHTAa M HM3THOHBIMU a’pOyNPYrUMHU KOJeOAHHUSIMU
KpbUIa camMoJieTa SIBJISTFOTCS )KU3HEHHO BaXKHBIMU Meporpustusimu [ 17-19].

Hcnonb3yeTcsi KOMIUIEKCHOE MPEICTaBIEHUE TapMOHUYECKUX U CBSI3aHHBIX C HUMH
BeanuuH. [Tog00HBIN MOAX0/ MIMPOKO UCTIONIB3YETCS B JIEKTPOTEXHUKE.

CxeMa napaJjjiejibHOro coeIMHEeHHUs1

CKopoCTh 37IEMEHTOB MEXAHUYECKON CUCTEMBI OJJuHaKoBas (puc. 1)

v=Vsinot. 1)

f—»
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2
r

Puc. 1 — Cxema nmapamieibHOrO COECIMHECHUS
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IIpu 5TOM CHIIBI OTINYAKOTCSA

f. = mﬂ =MV cost, (2)
dt
k
f, =—kx = kjvdt =——V cosot, (3)
Q)]
f =rv=rVsinwt. (4)

PesynbTupyromas cuna:

f=f +f +f =V Kmm—EJcosa)H rsincot}:
Q)

mo—K/® r :
cosmt + Sinmt |.

:V\/(m(;)—k/co) +r \/(mm—k/oa)2+r2 \/(m(o—k/(o)2+r2

Y 100HO BBECTH 0003HAYECHUE

(p:arctgw. (5)
[Tpu 3TOM
f :V\/(moo— k/co)2 +r? (sinpcoswt + cosgsinot ) =
—V{(mo—k/o)’ + 1 sin(t +¢) = Fsin(ot + ). (6)

OTO KJIacCHYECKOe BBIpaXKeHUE (pe3yibTaT pemieHus audQepeHnrnatbHoro
YpaBHEHHS ).

B paccmarpuBaemom cirydae HeoOXoauMocTh B MU PpepeHInanTbHOM YpaBHEHUN HE
BO3HUKAET.

AMIIUTYAa pe3yJbTUPYIOLIEH CUIIBL:

F=Vz, @)
3
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Z:\/(mco—k/oa)2+r2 (ke-c™). (8)

[lepBas (MakcBeIOBCKAsI) CUCTEMA MEXaHO-3JIEKTPUUECKUX aHAIOTUNA UMEET BUJL:
— V = | (CKOpOCTh = TOK),
— F = U (cwia = HanpsiKeHue),
— m= L (Macca = UHIYKTUBHOCTH),
— k=1/C (x03pduuueHT ynpyrocti = BEJIUYMHA 00paTHAsI EMKOCTH),
— r= R (k03¢ GHUIIHEHT BI3KOTO COMPOTHUBICHUS = COMPOTUBIICHHE).
AmepukaHckuit pusuk Bedctep JOMOMHUI 3TH aHATIOTHH:
— om= oL (unepmmuuiii peaxmanc = WHAYKTUBHOE COMPOTUBJICHHE),

— k/o=1/(0C) (ynpyeuii peaxmanc = €MKOCTHOE CONIPOTHBIICHUE).

VYuurtsiBasi MpUBEACHHBIE MEXaHO-IJIEKTPUUECKUE aHanoruu, popmymna (7) sBisieTcs
aHaJIOrOM M3BECTHOTO 3akoHa OMa

Uu=IZ.

31ech Z :\/[mL—]/ ((DC)]2+ R? — comporuBinenue. Takum obpazom, popmyna (8) — 3To

mexanuyeckuti umnedarc (impedance).

CoOTBETCTBEHHO ATOMY Mexanuueckuti peakmanc (reactance):

K
X=MmMw-——.
®

Ecmn x=0, To o=./k/m — Kiaccudeckoe BBIpaXCHHE, MOTYYCHHOEC 3HAYUTEIIBHO

Ipole Kiaccuueckoro pemenus. Ilpu atom npoucxomaut peszonawnc cun [20]. Ipu r=0,

z =0. MexaHu3M He MPENATCTBYET UCTOUYHUKY KOJICOaHMIA.
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[To aHaNOTHMHM ¢ AMEKTPOTEXHUKOMN I —mexanuueckuil pesucmanc (resistance).
KoMiiekcHOe onHcaHue IS MapajiebHOi cXeMbl COeTHHEHHUSsI

CuHycouianbHas BeIMYMHA UMEET CIIEYIOUTYI0 (OpMY 3aIlUCHU:

a= Asin(ot + ¢) = Im[Ae‘("’““’)] :

3neck Ae'“?) _ KxoMILIEKCHEBII BEKTOD.

Takue BCKTOPBI, KaK MPAaBUJIO, 3alIUCBIBAIOT IJISI MOMCHTA t=0. B coorBeTCTBMU C

9TUM

Aei(co0+(p) — Aei(p — A

IMPUHATO CUUTATH KOMNJIEKCHOUL aMl’lJlle_)/OOIz.

®opmyina (1), Takum oOpa3oM, UMEET CAEAYIOUINI BapUaHT 3alUCH:

v=Vsinot = Im(vVe"™"),

V =Ve".
U3 Beipakenus (2) ciaemyer, uro v orcraeT o ¢ase or f na 1/2 .Takum obpasom,

F =moVez=xV.

T

— ome'2 =iom. )

X
DTO uHepmmblll peakmanc B KOMIJIEKCHOM 3aInCH.

HeCI/IHYCOI/II[aJ'IBHBIC BCIIMYKNHBI B KOMIIZICKCHOM IIPCACTABJIICHHU ITOAYCPKHUBAIOT

(cuHycouanbHbIE OTMEUYAIOT TOYKOM).

AMIITUTY1a THEPTHOU CUJTBI (B KOMIUIEKCHOM M300paKE€HUH ) HMEET BUI:

iz iz
F, =ome Ve = omVe 2.

5
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TouHo Takxe, umes B Buay (3) u (4),

F, __Kyeo =%V .
(O

&:—Ke.zz—e '2:—% (20)

D10 pe3ucmanc B KOMILUIEKCHOM 3aUCH.
B coOTBETCTBUU C 3TUM aMIUIATY/Ibl YOPYTOW U PE3UCTUBHOUN CHJI (B KOMIIJIEKCHOM

U300pakKeHNN) UMEIOT BU/I:

R = Keavgo —Kye ™.
(6 (6

IEr — 1V =re'Ve.

KommniekcHbie MMpCACTABICHNUA MCXaHUYICCKUX pCaKTaHCa U UMIICaHCa:

[l
X=X, +X =| Mo—— |e?,

Q)

AOGCom0THAs BeIMYMHA TTOCIIETHETO COBMaaeT ¢ (§)

2
Z =\/r2+(mm—£j .
()]

daza umnenanca onpeaensercs Gopmynoi (5). moaTromy
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z=276".

Cua BHEIIHETO HCTOYHUKA UMECT BU:

F =2V =2Ve". (11)
Oto noatrBepxkaaeTcs hopmynon (6).
IIpumep 1. F —100¢" (H), ®=2pan/c, m=10kr, kK=20(xz-c?), r=7(xe-c™).
OmnpenenuTh BCE OCTABHBIC TTAPAMETPHI.

=ome'®” =20 (kz-¢ ™),

Xn

k 1 o i o —
X, :ae 90" =106 (ke - ™).

Z =1 +(x, %)} =7 +(20-10)° =12,207 (ke-c").

Xy — Xy 20-10

@ =arctg =arctg

=55°,

7=27e"=12,207e" (ke-c™).

= ogrg < 819267 (m-c), (12)

F 100€°
z

F, =X,V =20 .8,192¢ "™ =163,8466 (H),

F, = x V =106 .8,192¢ " 81,923 (H),

F =rV =7¢°.8,192¢ ™ =57,344¢ ™ (H).

Kak n cnenoBaiio oxugaThb,

F +F +F —163,8466 +81,923¢ " 4 57,344¢"" —100¢° (H) = F .
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Pacuer ¢ npumeHenuem nud@epeHIHaNIbHbIX YpaBHEHUN 3aHsAJ Obl HECKOJIBKO
CTpaHULI.

JlaHHBIM TTpuMeEpa 1 COOTBETCTBYET BEKTOPHAs AUarpaMMa Ha PUCYHKE 2.

Puc. 2 — IapannensHoe coequHEHNE

Ilpumep 2. J{na pezonamca cun. OTinvume oT mpuMepa 1 COCTOMT B TOM, YTO
k=40 (ke-c7?).
X, =206 (ke-c™),

=r= 7e'” (ke-c™),

_F_100€°
z 7"

Y, ~14,2866" (m-c?),

F = x V =206 .14,286¢' = 285 726" (H),

F. = x V = 20e* .14,286¢" = 285 72¢ % (H),
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Kak u cnenoBaio 0XujaaTh,

F =rV =7¢° 14,286 =100e'® (H).

http://trudymai.ru/

F.+F +F =285726" +285,72e" +100e'” =100¢° (H)=F =F. .

JlaHHBIM TIpuMepa 2 COOTBETCTBYET BEKTOpHAs JUarpaMMa Ha pUCYHKe 3.

viv

Puc. 3 — Pe3onanc cun

v
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Cxema mocjIea0BaTeJIbHOIo COCANHCHUA

Cuiia Ha 3JIeMEHTaX MEXaHUYECKOM CUCTEMbl OiMHaKoBas (puc. 4)

f =Fcoswt.

—1__ "W
r K -

Puc. 4 — Cxema IIOCJIEA0OBATCIBHOI'O COCANHCHUA

[Ipu 3TOM CKOPOCTH OTINYAIOTCS

v, :ijfdtzismmt,
m

_lk%—li—_ﬁsinwt,

vV, = = =
k dt kdt k

PesynbTupyromas cCKopocTsb:

1 o). 1
v=Vv_+V, +V,=F|| ———|SInot +—cosot |=
om r

Y(om) —o/k sinwt +

JIW(om) —o/kT +@ry?

— Fy[Y(om)—o/k] +¥r)’

]/I’ cosmt |.

+ 2
JIY(om) -o/k] +@ry?

10

(13)

(14)

(15)
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Y(om) —o/k:
1r

@ =arctg

V= F\/[]/(com) — oa/k]2 +(1/r)? (singsin ot + cospcosmt ) =

= F\/[]/((om) —co/k]2 +(1/r)? cos(wt — @) =V cos(ot — @) .
910 BBIPAXXCHUC CHHYCOHI[aHBHOfI CKOpPOCTH [JId CXEMbI ITIOCJICAOBATCILHOI'O
COCANHCHUSA 2JICMCHTOB MEXAaHNYECKOU CUCTEMBI.
AMIUTUTYAA PE3YJIBTUPYIOILIE CKOPOCTH:

V=Fy,

y:\/[]/(oam)—oa/k]z Q). (16)
13 ycmosus 1/(wm)—w/k=0 cueayer kiaccuueckoe BhIpaXKeHHE o=./k/m,

IMOJIYYCHHOC 3HAUUTCIIBHO IIPOIIC KIACCHUYCCKOIO pPCUICHUA. HpI/I 9TOM IIPOUCXOOAUT

peszonanc ckopocmeti [20]. Ilpu 1/r=0, y=0. MexaHu3m npensartcTByeT (aOCOIIOTHO)

HUCTOYHHUKY KOJICOaHHUH.
KommiekcHoe onncanue VISl MOCJe10BATEIbHOI CXeMbI COeTHHEHHS

AJNTOpUTM pacCMOTPEHHS TAKOM K€, KaK U MU MapaieIbHOM COSINHEHUH.

f = F cosot = Re(Fe'"),

F=Fe?.
U3 Beipaxenus (13) cmemyer, uro f omepexaer mo ¢ase Vv, wa 7/2.Takum

obpazom,
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pm :ie_igz_ii:i
®m om X

310 unepmmuull caccenmanc (susceptance) B KOMIUIEKCHOM 3aIIUCH.

AMIUIUTY1a MHEPTHOU CKOPOCTH (B KOMIUIEKCHOM M300paXXEHUN) UMEET BUJL:

V, = L epeo L ped
®m ®m

Touno Takxe, umes B Buay (14) u (15),

V=CFe - LEopF.
k X

Na

Q)
=]—=
k

Q) 1
Q—Ee g

DTO ynpyeuil caccenmanc B KOMILUIEKCHOM 3aMUCH.
B coorBercTBHM ¢ 3TUM aMIUIMTYAbl yOPYrod M PE3UCTUBHOW CKOpocTel (B

KOMIIJICKCHOM I/I306pa}KGHI/II/I) HUMCIOT BU:

310 Konoaxmanc (conductance) B KOMITJICKCHO# 3aIHCH.

KommnnekcHbie nNpcaAcCTaBJICHUA MCXAHHMYCCKHUX caccenmaHca N aomumanca

(admittance):
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1) 7
y=g+b=g+| ———le?.
k
AOcoutoTHas BeIMYMHA TTOCJIEIHETO coBmnaaaet ¢ (16)

Y =g*+ (b, -b,)’ = i{@_ij
<o r2 {k om

@ =arctg*—" b - g =arctg /k - ]/( =arctg [(mm— k/@)#} :

X=Ye“9.

CKOpOCTB IIITOKA BHCIIHCTO UCTOYHHUKA UMCCT BU .

y . o 1> i(p+7)
V=yF=Ye"Fe2=YFe 2. (17)
Ilpumep 3. Otnuume oT mpumepa | COCTOMT B TOM, YTO DJIEMEHTHI COEIUHEHBI

ITOCJICIOBATCIIBHO.

t_)m zm 5102 —i90° (2—1.0)’
b =x"=10-107e"" (xr"-c),

g=r"=14,286-107 (xe"-¢).

Y =g+ (b —b,) =\/(14,286-10‘2)2 +(10-102-5.10?)" =15,135-10 (™" - ).

[— 2 p— B
by =arct glo 107 =5 1? =19,29°,
14,286 -10

¢ =arctg b
X =Ye'* = 15,135 10721192 (Kr_l <),
V= y F = 15,135-102e"9%".100 =15,135e™**" (m-c ™),

—b, F =5-10%".100=5¢" (m-c),
13
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V, =h F =10-10%€" -100 =10¢'" (m-c ™),

V. =g F =14,286-107-100 =14,286 (m-c ).
Kak u cienoBano 0XuaaTh,
V.4V, V. =5e% 4 106" 114,286=15,135¢""%" (m-c )=V
Pacuer ¢ mpumeHeHuneMm aup(epeHIMANTbHBIX YpPAaBHEHUH 3aHsI OBl HECKOJBKO

CTpaHHIL.

JlaHHBIM TTpUMeEpa 3 COOTBETCTBYET BEKTOPHAs AUarpaMMa Ha PUCYHKE S.

o A

Vi

<.

A 4
\ 4

Puc. 5 — IlocinenoBarenbHOE COEUHEHUE

IIpumep 4. J{na pezonanca ckopocmeti. OTIinune OT MpUMepa 2 COCTOUT B TOM, YTO
3JIEMEHTBI COEAMHEHBI MTOCIIEI0BATENBHO.
b, =5-107e"" (xkr*-c),
Y =9=14,286-107 (ko' -¢),

14
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¢=0°,

y=Ye' =14,286-107'" (xr™*-¢),
\} = XlE =14,286-107-100=14,286€'" (M-c™),

V, =b F =5-10%€"® -100 =5 (m-c ™).

Kak u CJICA0BAJIO OKUAATh,

V4V 4V =5 % 1 5’ 414 986=14,2866" (m-c )=V =V.

JlaHHBIM TTpuMeEpa 4 COOTBETCTBYET BEKTOPHAs AUarpaMMa Ha PUCYHKE 6.

\4

[ ]
22 A

n
<

-

Puc. 6 — Pe3onanc ckopocTteit

3akia0ueHne
Hcnonb3oBaHne CUMBOJWYECKOTO (KOMIIJIEKCHOTO) ONMMCAHUS MEXaHUYECKUX CUCTEM IPHU
BBIHY)KJICHHBIX TapMOHUYECKHX KOJICOAHHMSAX (B YCTAHOBHBIIEMCS PEXKHUME) ITO3BOJIHIO
OTKa3aThCs OT YPE3BBIYAHHO TPOMO3JKOTO U TPYJOEMKOIro ajropuTMa pacuera,

CBSI3aHHOTO C pernieHueM AuQdepeHIUaATbHBIX YPAaBHEHUH W 3aMEHHUTH €ro MPOCTBIMHU U

15
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HarJISIAHBIMU - anreOpandyeckuMu  onepanusMu. biarogapss 3ToMy BpeMsi pacyeToB
YMEHBIIAETCS B Pa3bl.

BekTopHbie AuarpamMmbl, He SIBISSACH HEOOXOIUMOW COCTABISIONICH HCCIETOBAHUS
MEXaHUYECKUX CHUCTEM, HMEIOT CYIIECTBEHHOE METOJAMYECKOE 3HAYEHUE, IMOCKOIBKY

IIOKAa3bIBAOT KOJIMYCCTBCHHBIC 1 (1)3,3HBI€ COOTHOIICHUS MCKIAY MapaMCTpaMu CUCTCM.
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Calculation of mechanical oscillations in the field of complex numbers
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Abstract

It was noted that traditional calculation of complex mechanical devices at forced
sinusoidal oscillations is, as a rule, a rather difficult task. Most often, calculators, designers
and technologists are interested in steady-state oscillation modes. The goal of this study
consists in significant calculations simplifying by replacing the need to solve differential
equations with simpler algebraic methods. The author employs complex representation of
harmonic values and the values associated with them. Such approach is widely used in
theoretical electrical engineering. The main research methods within the framework of this
work are methods of mathematical modeling and analysis. With this, a mathematical
model, i.e. the object “equivalent”, reflecting its basic properties, namely the laws it obeys,
bonds peculiar to its constituent parts, etc., is being studied, rather than the physical object
itself. The article considers the scheme of parallel connection, in which the speeds of all
mechanical system elements iare equal, while the forces are different, as well as the
scheme of series connection, in the forces applied to the mechanical system elements are
equal, while speeds differ. Application of symbolic (complex) description of mechanical
systems at forced harmonic oscillations (in the steady-state mode) allowed abnegate the
extremely cumbersome and laborious computational algorithm, associated with
differential equations solving, and replace it by the much simpler algebraic operations.
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Due to this fact, the computation time was reduced manifold. Being an unnecessary
component of the mechanical systems studying at harmonic impact, vector diagrams are of
significant methodological meaning, since they demonstrate quantitative and phase

relationships between the system parameters.

Keywords: consumers of mechanical power, forced oscillations, parallel, series

connection, resonance of forces, resonance of speeds.
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