NEKLUMU

«[AMHaMu1Ka U peryivpoBaHue

rmapo- " NTHEBMOCUCTEM>



BBepaeHue. Llenu 1 3apaum kypca «[inHaMukKa n
perynampoBaHue ruapo- 1 NHEBMOCUCTEM>

[MHaMMYeckuii pacyeT MO3BONSIET CYLLECTBEHHO OCMabWUTb MK UC-
KNK4YUTb, WIN CYLLECTBEHHO YMEHbLLUTb BVI6paL|,VIVI 21EMEHTOB MNpuBoAa,
obecneynTb CTabuIbHOCTb CKOPOCTM MOABWKHBLIX 3/1EMEHTOB 060pyAoBaHMs
Npyu pasfiMyHbIX BO3MYLLAKOWMX BO3AENCTBUSX. MO3TOMY BOMPOCHI AMHAMUKK
rmapo- U MHEBMOMPUBOAA U BblIBOpa MX KOHCTPYKTUBHBIX NapaMeTpoB C y4e-
TOM NepexoAHbIX NPOLEcCcoB UMELOT 6onbluoe 3HadeHue [5,6].

YuebHoe nocobue coaep>XMT OCHOBHbIE MOMOXEHUSI TEOPUN aB-
TOMaTU4YECKOro perynvpoBaHusl, MeTOAbl AMHAaMWMYECKOro pacyeTta rua-
paB/IMYecKuX U NMHEBMaTUYECKMX CUCTEM, NPUMEpPLI pacyeTa rmaponpuBeo-
Ja W ero anemMeHToB Ha 2BM ¢ ucnonb3oBaHneM naketoB MathCad wm
Matlab.

B AMHaMuyeckoM pacyeTe 60sblUOE BHUMAaHWE YAENSieTCs yCTonuu-
BOCTWM OTAENbHbIX KOHTYPOB FMAPO- M MHEBMOCUCTEM, KOTOPblE CMOCO6HDI
Bbl3BaTb MHTEHCUBHblE BUOpaLMK U LWYM, a B psiae C/lydaeB HapylueHue pabo-
TOCMOCOBHOCTM BCEN CUCTEMbI. B Mocobuu paccMOTpeHbl 0COBEHHOCTU AMHa-
MUYEeCKOro pacyeta, npuBeaeHbl pacyeTHble CXEMbl rMapo- U NMHEBMOMPUBO-
[OB ANs AMHAMMYECKOro aHanusa. YAeneHo BHUMaHue creaylowmM Bomnpo-
CaM: JIMHeapu3auusl ypaBHEHUIN MaTeMaTUYECKUX MOAENeN, TUNOBble NNHEN-
Hble 3BeHbs C NMpUMepaMn 13 rmapo- 1 NHEBMOMNPMBOAA; onepaTopHas ¢opmMa
3anuMcy 1 npeobpasoBaHue Jlannaca ypaBHEHUNM MaTeMaTUYeCKUX MoAenen
rMapo- U MHEBMOCUCTEM, MOCTPOEHME TUMWYHBIX ANS FTMAPABAMKM aMIAUTYA-
HO ha30BbIX YACTOTHbIX XxapakTepuctuk (ADYX), NocTpoeHWe BeLecTBEHHbIX
YaCTOTHbIX XapaKTepPUCTUK.

PaccMOTpeHbl Takke BOMPOCbI YCTOMYMBOCTU MAPO- UM MHEBMOCK-
CTEM: MOHSTUE YCTOMUYMBOCTU U KPUTEPUWM OLIEHKM YCTOMYMBOCTM MApPO- U
nHeBMocucteM (IMIC), WCMONb30BaHWE KPUTEPUEB YCTOWUMBOCTM, aHann3
YCTOMYMBOCTM METOZOM D — pasbueHusi.

B nepeoM pazgene npoaHanuM3vpoBaHbl TWUMOBbIE CXEMbl MMAPO- U
NMHEBMOMNPMUBOAA, NPOM3BEAEH AMHAMMUYECKUIA pacyeT npouecca nycka u Top-
MOXEHUda rmaponpueoda, AaH pacyeT AMHAMUYECKUX XapaKTEPUCTUK C UC-
nonb3oBaHueM naketa MATLAB.

B nocneayrowmx pasgenax ocCyLecTBeH AMHAMMYECKUI pacyeT cu-
NOBOM Y4acTu rMApO- U NMHEBMOMPUBOAA; MpOaHanM3MPOBaHO KavyecTBO pery-
NMPOBaHMS MO pe3y/bTaTaM pacyeTa NepexoAHbIX MPOLECCOB.

YuyebHoe nocobue wCnonb3yeTcs CTyAeHTaMu CreunanbHOCTU
150802 «[vnapasnuyeckne MalwuHbl, rMApaBInNYecKne npusBoAdbl U rua-
POMHEBMOABTOMATMKa», @ TakXKe MOXET ObITb MONE3HO CTYAEHTaAM APYrux
WHXXEHEPHbIX CreumanbHoCcTeN B 0611acTy MalMHOCTPOUTENBHOMO rMapo-

npueoAa.



1. AMHAMUYECKUI PACHET rMAPOCUCTEM NYTEM
PELLEHUA YPABHEHNN MATEMATUYECKOU MOE/IN

PacyeT npouLeccoB pasroHa M TOPMOXEHMSI MPOWM3BOAWTCS Ha
npuMepe rmaponpuBoaa APOCCENbHOrO PeryIMpoBaHus.

1.1. PacuyeTHas cxeMma

CucteMa ypaBHEHWI MaTeMaTMYeCKOM MOAENN NPOLECcCOB pasro-
Ha W TOPMOXEHUS ruaponpueoAa APOCCENbHOMO PeryimpoBaHusl, Kak
NpaBuno, BK/OYAET HeNMHENHblE AnddepeHUManbHble ypaBHEHUS, Mo-
3TOMY pacyeT BbINOJIHAETCS Ha DBM.

PacueTHas cxema rugponpueoaa nokasaHa Ha puc.l.1, coaepxuT
Hacoc (H) MOCTOSIHHOM NPOM3BOAUTENBHOCTU, MNapasniesibHo KOTOpPOMY
BK/IIOYEH MpefoxpaHuTesibHo-nepenmeHoi knanaH (KM). MmapounnvHap
(TLl) MMeeT HarHeTaTeNbHYIO M C/IMBHYIO MOIOCTY OAMHAKOBOW NJioLaan.

MecTHble rmapaBnnyeckme ConpoTueeHns HarHeTanus (MCH) u
cnmea (MCC) MoryT cofepkaTb PasfiMyHyto annapatypy (pacxoaomepbl,
pacripegenuTenu, KnanaHbl, ApOCCenu, perynatopbl pacxoga). Cucrema
pa3soMKkHyTast n coaepxut 6ak (B), npeAHasHayeHHbI ANS XpaHeHus,
OYMCTKM M Aerasaumm paboyeit XnakocTu.

| | ™

MCH @S

E

Puc.1.1. PacueTHas cxema rmgponpusoga: L — rugpounnuHap; MCH — MecCTHble co-
NpoTUBNEHNs HarHeTaHus; MCC — MecTHble conpoTusneHus cnuea; H — Hacoc; K —
KfarnaH npeaoxpaHuTeNbHO-NepennBHoii; b — 6ak



1.2. lonyuweHna MaTeMaTU4YecKoin moaenm

MpU HanMcaHUWM YpaBHEHWUI MaTEMATUUYECKON MOAENWN CAENaHb
cnepyrowme AonyLweHns:

1. BonHoBble npoueccobl B MMAPOSIMHUSAX HEe YUUTbIBAKOTCH; Npu-
HATA MOAE/Nb COKUMAEMOCTM XWUAKOCTM, COCPEOTOYEHHOW B HarHeTaTesb-
HOW MONIOCTU rMAPOLUMINHAPA.

2. Pabouas nnolaab MOPLIHA B HArHETATENIbHOM W C/IMBHOW
MosIoCTSX rMAPOLMINHAPA NPUHSATA OAMHAKOBOW.

3. [IpuUHATO AaBfeHME HAcTPOMKWM KnamaHa pw = const, T.e.
knanaH, obnagas uaeanbHOW XapakTepPUCTUMKOM, NOAAEPXXMBAET MOCTOSIH-
HOe AaBfeHne B MApOCUCTEME HE3aBMCUMO OT pacxoda vepes KnanaH.

4. Pacxop Hacoca NpUMHAT NOCTOSHHBIM Qy = const, He 3aBucs-
WMM OT paboyero AaBneHUs, T.€. YTEUKM B MOABWMXXHBLIX COEAMHEHUAX
Hacoca He Y4MTbIBaloTCS.

1.3. YpaBHeHus MaTeMaTU4eCcKoi Moaenu Aa pa3roHa
M TOPMOXKEHUSA C YYETOM COCPEAOTOUEHHON CXKMMaeMOCTH
YUAKOCTU U CUJ1bl TPEHUS, NPONOPLUNOHAJIbHOW CKOPOCTH

2
1. YpaBHeHue ABUXeHUS: M% = Fn(pm _ p) —K %_ R.

2. YpaHehue pacxogos: Q. =Q, —Q_ —Q..,
rme M =M _ +M_ - npuBeaeHHas K NopLuHiO rMAPOUMAMHAPA Macca;

M ., - Macca nofBMXHbIX YacTeli U M, — Macca XuaKkocTy;

I

4

0 - NNOTHOCTb XMAKOCTK;
|- anvHa ruaponunuii;
d_, - BHYTpPEHHWI1 AMamMeTp rapONUHMIA;

dn- I'IpVIBEﬂ,EHHbIl\/II ANAMETP NOPLUHA,; S - NEPEMELLEHNE MOPLUHA TMApPOo-

UMANHAPA;
S - nepeMelleHne NopLUHs; t - Bpems;
4



T 42
F. = Z -d." - nnowaas nopuwHs rapouMMHAPa;
P, - AABNEHWNe HACTPOIKM KnanaHa;
4 2
| d ds
p=0.5p /1-i+Z§ — | - notepu aaenewus B su-
d, d, dt

HEWMHbIX U MECTHBbIX CONpoOTUBNIEHNSAX;,

64
A= R_ - KO3(PULMEHT rnapaBINYECKOro TpeHus;
€

d2
drn .V

V - KO3(hDULUMEHT KMHEMATUYECKON BA3KOCTM XXMAKOCTY;
R — nocrosiHHast Harpyska;

K — koachmumneHT TpeHus;

Q«n — pacxoq knanaxa;

Qwr — pacxofl Hacoca TEOPETUUECKUIA;

Re = -— - yucno PeiiHonbAca;

ds
Q. =F; T pacxoa rnapoumnIMHapa;

W d(pgy—p)_ W dp

Q. = S 51 S —— - pacxoj, BbI3BaHHbIN COKU-
“E dt E dt

MaeMOCTbIO XXNAKOCTU.
HauyanbHble ycrnoBus npu nycke:

ds d’s

= t=0 t=0 B
4 _FipPa-R Re|=0
° M " t=0



1.3.1. UcxonHble gaHHbIE

M - npuBeaeHHas K MOPLUHIO MAacca NOABMXKHBIX YacTei;

o4

P - NNOTHOCTb XXWUAKOCTH;

|, - AnvHa rupponuHuii;

LW =

d_, - BHYTPEHHWI1 AMaMeTp ruapOMHUIA;

u

d, - Np1BeaeHHbIN ANaMeTp MopLUHS;

. Z( - CyMMa KO3 PULIMEHTOB MECTHBIX COMPOTUBIEHWIA;

6

7. R — NOCTOsSIHHas Harpyska;

8. K — koadbhmumeHT TpeHus;

9. E — npuBeaeHHbIi 06BLEMHBIN MOAY b YNPYrocTy;

10. p,, - AaBNeHUEe HACTPOMKK KnanaHa;

11. Sp — HavyanbHOE NepeMeLleHNe NMOPLLUHS FMAPOUMIMHAPA;
12. v - KO3(pDULMEHT KUHEMATUYECKOMN BA3KOCTU XUAKOCTM

1.3.2. [peobpa3zosaHme ypaBHEHMT MATEMATUYECKON MOJE M
1.3.2.1. MNpeobpa3zoBaHne ypaBHEHUS ABUXKEHNS

Mocne noacrtaHoBkM 3HadeHnn A, Re u p B ypaBHeHue ABU-
)KEHWsI Noslyyaem:

d’s F,-p,-R [32F, -p-v-l, (d,) K

dt? M M-d ? d

I

nnn



rae

aO:Fn'pm—R;
M
2F p-vel. (d
A= B o :
M-d; d,,
05F - p- !
Bzﬁ-(d“J ]
M d.

1.3.2.2. Npeobpa3zoBaHne ypaBHEHMS PacxoaoB
Mocne noacraHoBky 3HaueHnn Q_ un Q.  nonydaem:

ds W dp
-Q, —F, - —4——,
Qu =Qu —F, dt E dt
rge
A-M ds B-M (ds)’
p: — 1+ T 7
Fdt F \dt
nnn
ds ds)’
=C:|—|[+D:|— |,
r (dtj (dtj
roe
. . 2 2
c:ﬂ, D=ﬂ, dp _..d 25+2.D.§.d_25,
F, Fooodt o dt dt dt
TOrAa
ds W-C d?s 2-D-W ds d°s
=0 -F.—=4+21=. =22
Qu=Q. -F, dt+ E dt2+ E dt dt?
dqQ,, -D.

d’%s W-C d% 2.-D-W ((d%s) ds d
_:_Fn._2+ ._3+ . — +_._3 .
dt dt E dt E dt dt dt

1.3.3. Cucrema ypaBHeHm MaTeMaTUYECKOH Mogemm

BBoa 0603HaueHui: S=Y(1), [m];
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ds_ Y(2), [m/c];
dt I r

’s
=Y(3), [m/c];

di?
d —_ 3
ae Y(4), [m/c’];

p=Y(5), [v/M];

Re=Y(6), [1];

Q= Y(7), [M¥/c]
Mo3BOMISIET MONYYUTb CUCTEMY ceMu AnddepeHUManbHbiX YpaBHEHWN
NepBOro nopsaka:

dy(d) _
" =Y(2),
Y@ . (K. v g >
2. =% (M+Aj Y(2)-B-(Y(2)) ,
Y@ _ (K Alv@-2.8-Y(2).
3=y (M +Aj Y(3)-2-B-Y(2)-Y(3),
4. %:_(%Jr AJ-Y(4)—2-B-(Y(3))2—2-B-Y(2)-Y(4),
5, d\;f’) C-Y(3)+2D-Y(2)-Y(3),
6. YO _ di .y
d¢ d,-v

L dv( W-C 2-D-W 2
dE )__ F -Y(3)+ £ Y (4)+ E '((Y(3)) +Y(2)'Y(4))'



1.3.4. HayasibHble yc/ioBuUs 4/15 CUCTEMbI YPaBHEHMH
1ipY 1ycKke rugpornpusosa

HauanbHble yCnoBus ANs CUCTEMbI YPaBHEHMWIA NpW Mycke rMapo-
npvBOAa CreayioLme:

Y@=0. Y@|=0, Y@)=a, Y<4)=_(A§+A].ao,

t=0 t=0 <0
YE)[=0,  Y@=0 Y(@)|=Q,.
t=0 t=0 t=0

YpaBHeHMS1 Mpeablaylero pasgena MoryT 6biTb UCMOsb30BaHbl
Talke ANs pacyéTa npouecca TOPMOXKEHMS MPU  COOTBETCTBYHOLIMX
HavasibHbIX YCI0BUSX, 3aMMCbiBAEMbIX aHaNorMyHo.

1.3.5. [locnefoBaTe/ibHOCTb PeLleHmns ypaBHEHM
marematudeckon mogem Ha 3BM

CxeMa pelueHns cuctembl ypaBHeHuin B Matlab [2, 3], coctout
U3 CnegyoLwmx 3Tanos:

1. HanucaHue cneumanbHoi yHKUMM (BEKTOP YHKUMKM), Ans
CUCTEMbI YPABHEHW.

2. BbI30B noaxoasLlero cepsepa.

3. Busyanusauus pesynbTara.

BekTop — dyHKLUMS MMeeT BuA:

Function F = pt(t,Y),

F =[noacTaBuTb NpaBble YacTy NoCeaHnX YpaBHEHMIN co cTp.9].

B nepBoii CTpoke ykasaHHO Ha3BaHMe BeKTop — (yHKuuMM pt —
nycK, TopMoxeHune. B ckobkax 0603HauyeHbl aprymeHT t- Bpems n dyHk-
ums Y(i). Bo BTOpoi 1 nocneaytowmx CTpokax NpuBeAeHbl 3HaYeHUs npa-
BbIX YacTell ypaBHeHWl cucteMbl. Koadduumentol nepea Y(i) A0mKHbI
6bITb B YNC/IEHHOM BUAE.

®daiin — dyHKUMS ans Bbi30Ba CepBepa M BU3yanusauum pesyib-
TaToB peleHus (B Buae rpacdvka) MMeeT BUA:



Function solvdem N2.m,
K
Y(0) = {0;0; a, ;—(M + AJ -a,;0,0;Q,. };

[T,Y]=ode4s(" pt',[0 0.12] Y (0)),
Plot (T,Y(:,i),™)
hold on
grid on
hold off

B 0603HaueHnn dyHkumMm N2 - Homep dyHKUMKU. B nepBoit cTpoke
npuBeaéH BEKTOP HayasbHbIX YCroBUA. Bo BTOpOM CTpoke npuBeaeHa
BEKTOp-NporpaMMa Ans BbiBoAa conBepa ode45, peanvsylowero MeToa
peweHus PyHre-KyTTa 4eTBEPTOro 1 NATOro NOpsiAKOB TOYHOCTU.

O6o3HauveHune pt Bbi3biBaeT Function F = pt(t,y); B KBagpaTHbIX
cKobkax yKasaH uHTepBan c4éta oT Hyns Ao 0.12 cekyHapl; 0603Ha4eHne
Y(i), roe i — HomMep dyHKUMKM, cM. pasgen 1.3.3 «CucTteMa ypaBHEHUI Ma-
TEMAaTUYECKON MOZENU».

MpuBeaéHHbIM Bbille MeToA pelleHns - 3agada Kowu npwu

HayaslbHbIX YC/TOBUSIX:

Y(ty) =Uy, V' () =U e, yo () =U, .

1.4. luHaMunueckuit pacuéT nycka rugponpusopaa
C Yy4eTOM BpeMeHM 3ana3abiBaHusa

1.4.1. YpaBHeHus MateMaTu4eckos Mogesm

B npvBeaeHHbIX Hmxe GopMynax MCnonb3oBaHbl cneaytowme
o06o3HaueHus [9]:
Qx — pencTBUTENBHBIN pacxo Hacoca (cM. puc.1.1):
dw - BHYTPEHHMI AMaMeTp rMAPOSIMHUKM OT HAacoca A0 FMAPOUMIMHAPa U
OT ruapounnuHapa ao 6aka;
E — npuBeAeHHbIN 06bEMHbIN MOAY b YNPYroCcTU XUAKOCTK;

10



¢ - cymMMapHblil KO3(DULUMEHT MECTHbIX COMPOTUBIEHUA TFUAPOSNHMIA
HarHeTaHus n CNuBa;
Qm - TEOPETUYECKUI Pacxof, Hacoca;
Qry - pacxoa rvapounIMHApa;
t - Bpems;
Vi - CKOPOCTb MOPLUHS TMAPOUMAMHAPA NPU MHTErPUPOBaHUU YPaBHEHWI
LBWKEHNS;
| - cymMMapHas AfMHa TMAPOAMHMM OT Hacoca A0 rMAapouwnanHapa v ot
ruapoumnuHapa ao 6aka;
dson - AMAMETp 30/10THMKA HaMpasnsioLWero rmapoannapara;
p - MNOTHOCTb XWUAKOCTH;
Cn - KO3(DUUMEHT MECTHOrO COMPOTUB/IEHUS NMOBOPOTA MMAPOSNHWIA;
Qyu - pacxof yTedyek Hacoca;
Fn - pabouas nnowanb rmapoumnmHapa;
Re - yncno PeliHonbaca Npy ABUXXEHWUM XXNAKOCTU B FTMAPOSINHUNK;
Remax - Uncno PeitHonbaca npy ckopocty Vi = Vinay;
Pxn - OaBEeHME HacTpolikn knanaHa K (cm. puc.1.1);
lson = LUMPWHA BbICTYMOB 30/10THUKOB;
K - k03(hPULMEHT IKCLEHTPUYHOCTU NOMNOXKEHNUS 30/I0THUKOB;
N - KOJIMYECTBO NOBOPOTOB MAPOSIMHUN;
Qs - pacxop yTeyek B 3a30pe Mexzay 30/I0THUKOM U BTYJIKOK;
Vimax - MaKCUManbHasi CKOPOCTb MOPLUHS MMAPOLMAMHAPA B KOHLE €ro pas-
roHa;
S - nepemeLleHne NOPLUHS r’MAPOLMIMHAPA;
Smax - MaKCMManbHOE nepeMeLLeHne Npy pasroHe MOpLUHS;
A - KO3(DUUMEHT rMaPaBAMYECcKOro CONpPOTUBIEHNS TMAPONVHUM;
Amax - MakcMMasbHoOe 3HaveHue KO3 dULMEHTa rMAPaBIMYECKOro Conpo-
TUBNEHUSA TMAPONNHUN NPU V = Viay;
At - War BpeMeHu Npu MHTErpUPOBaHUN YPaBHEHMUIN ABUXKEHUS;
8 - 3a30p Mexay 30/10THUKOM U BTYSIKOM;
No - 06beMHbIN KM/ Hacoca H (cMm. puc.1.1);
R - cuna conpoTtuBneHus, npeogonesaemasi NOpLIHEM rMAPOLMIMHAPA C
YUYETOM MOCTOSIHHOM COCTaBNSAOLLEN CU TPEHUS;
Qc - cpeaHuit pacxod Hacoca NpuW MOBbILWEHWW [aBfieHUst OT Hyns Ao
pAasnenuns Pxn;
M - npuBeaeHHasi K NOPLUHIO MMAPOLMMHAPA Macca NOABMXKHBIX YacTel
N XKNAKOCTM, HaMoSHSIOWEN rMAPONNHUN;
p - NOTepV AaBNeHUst Ha MpeoaosieHne TPEHUS XMAKOCTU B rMApOCUCTe-
Me;
11



Pmax = MOTEPW AaBneHUs nNpu ckopocTn V = Viay;

tn - Bpemsa nycka rmaponpveoaa;

D, dn - AMaMeTp 1 NpMBEAEHHBIN AMAMETP MOPLUHS MMAPOLMAMHAPA;

d - AavameTp WTOKa rMapoUMnuHApa;

v - KO3 MUUMEHT KMHEMATUYECKOW BA3KOCTU XXMAKOCTH ;

Mny - Macca NOABMXKHbBIX YacTel, CBA3aHHbIX C MOPLIHEM rMAPOUMAMHAPA;
AW - obbeM Macna, NocTynatowero B HarHeTaTeslbHy0 M’MAPOIVHULO, Npu
BO3pacTaHWW AAaBNEHUS BHYTPW Hee OT HyNa A0 BENUYUHbLI Py [/

t san - BpEMS 3aMa3abiBaHMs cpabaTbiBaHWUS rMaponpuBoAa;

a - YCKOpEeHWe npu pasroHe MopLIHSA rMapounnuHApa;

amax - YCKOPEHWE B Hayane pasroHa rnopLuHs;

i - HOMEp UMK/ MHTErPUPOBaHUS YpaBHEHWUI ABUXKEHWS;

tp - BpeMs pa3roHa NOpLUHS MMAPOLMAMHAPA OT HYNEeBOM CKOPOCTU A0
Vmax-

BpeMﬂ 3ana3blBaHUA cpa6aTb|Bava rmaponpueoaa 3aBUCUT OT
obbemMa Macna AV, nocTynaroLwero B ruapoMHNIO, KOraa AaBneHne BHyT-
pV Hee BO3pacTaeT OT HyNs A0 AABNEHUS Pyn, HACTPOWKKM KnanaHa KM npu
nepeksIloYeHUN pacrnpeaenuTens U3 HeMTpasbHOM NOo3vUMKM B MO3ULUMIO,
obecneunBaioLLyto NepemeLLeHre NOPLUHS TMAPOLMANHAPA.

_aw
3an QC !
rae Asz-df-I-p—"";
4 E
Q.=Q,-05-(Q,+4-Q,); Qm=%;
. _K'ﬂ'dxzu'pl{n'é‘B
Q,.=Q,-Q,; Q.= Dovepl

12



MakcmManbHas CKOpOCTb NepeMelleHns NOpLUHS rmapounaMHapa
npu 3aKkpbITOM KnanaHe Krl

n

. T 42, 2 2
e Q,=Q,-4-Q,; F":Z'd" . d =J/D2_d2.
YpaBHEHme OBWXEHUA MOPLHA rmapounnnHapa U CBA3aHHbIX C
HUM NOABUXXHbIX '-'IaCTel‘;l npu nNycke rmaponpuneoja:

d2s
——=F,(p,, - p)-R,

M
dt?

4

T d
roe M=M_ +=-p-1-d?-| == .
ny 4 p n d

H

BTopoe cnaraemoe nocnegHero COOTHOLLEHUS OLEHUBAET NpuBe-
AOEHHYIO K NOPLWHIO MacCCy XXNAKOCTU, HAanONHAKLWYO rmapoCcUCcCTemMy.

| d, | (dsY
p—0,5-p[l-a+§+n-§n}(dﬁJ [dtj ,

I
roe A- 1 +¢ +n-4 - kO3(DULMEHT CONPOTUBNEHNS TMAPOCUCTEMBI.

H

Mpy naMMHaApHOM peXunMe ABMXXEHUS Macna B rMAPOSIMHUN, KO-
rna Re <2320

2-54
Re
Mpn TypbyneHTHOM pexume, koraa Re > 2320,

0,316 v (d )
{Re v \d,

HauvanbHble ycnoBus Ans peweHns ypaBHEHUS ABUXEHUS:

V:d—S:O nput=0.
dt

PelleHne ypaBHEHUSI ABUXXEHWUS MO3BOJISIET HAUTW BpPeEMS pasro-
Ha MOPLLUHSA MMAPOLMAMHAPA OT HYNIEBON CKOPOCTU A0 Vimax.
Bpemsi nycka ruaponpuBoaa:
t, =t

3an

13
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MporpaMMa pacyeTa COLEPXWUT OMNpefeneHne BpeMEHM 3anas-
AblBaHWSi cpabaTbiBaHUS TMAPOCUCTEMBI tsan, MaKCMMasbHOM CKOPOCTU
NepeMEeLLEHNS NOPLUHA FMAPOLUMAMHAPA Vimax, BPEMEHW ABMXXEHWUS MOPLL-

HA ruapounnnHapa npu pasroHe tp N onpeaeneHne BpeMEHN nNycka rna-

ponpuBoaa t.

BbIxoa M3 UMKNa MpU pelleHny ypaBHEHWUSI ABUMXKEHUS NPOUCXO-
AWT NpU JOCTVDKEHWUM MW NPEBBILEHNW CKOPOCTHIO NMOPLUHA MaKCMMarb-
HOro 3HayeHuss CKOPOCTU Vimax (V=Vmax) NPY 3aTAHYBLUEMCSH BPeMEHW pas-
roHa t, >0,5¢, i >500, korga At = 0,001 ¢, v Npy Manon BeNUUMHE
yckopeHus pasroHa (a < 0,2 M/c?).

BbiBOA 3HaueHWin BpeMeHu t, CKOpoCTu MOpLUHS V, NPOMAEHHOMO
nyTM S, noTepb AaBNEHWUS P, YCKOpeHus @, uucna PeliHonbaca Re, ko-
3¢ duunenTa A nponssoautca yepes 0,005 c.

1.4.2. [lpumep aHam3a pe3y/ibTaToB pacyera

PesynbTaThl pacyeTa nycka rugponpusoaa (3aBUCMMOCTb OT
BPEMEHMN YCKOPEHMS, CKOPOCTU U NEpPeMELLEHNS MOPLUHS rMMAPOLNIMHAPA,
a Takke yncna PeliHonbza) nokasaHbl Ha puc.1.2-1.5.

MogenvpoBaHne nycka rvaporipusoda MpoBOAWMIIOCHL MPWU pas-
NNYHBIX AABMEHMSIX HACTPOMKM NpefoXpaHUTENbHOrO KilanaHa.

Ha puc.1.2 nuHua a6,3 COOTBETCTBYET YCKOPEHMUIO MOPLUHSA rnA-
pouMnuMHApa NpY AaBfieHMM HACTPOMKU MPEeAOXPaHUTENbHOro KanaHa
6,3 Mla, NuHMS a5 - YCKOPEHMWIO MOPLUHA MpU [AABNEHWM HACTPOWNKM
5 MMa, nuHus a4 - YCKOPEHMIO NOPLUHS NpWU AaBAEHUM HAcTporkn 4 MMa,
NNHKS a3 - YCKOPEHMIO NMOPLUHSA NPY AaBNEHUN HacTporiku 3 MMMa.

Ha puc.1.3 nnHus v6,3 COOTBETCTBYET CKOPOCTU MOPLUHS rMapo-
uMnMHApa NpW  AABMEHWM HACTPOMKWM MpeAoXpaHUTENbHOrO  KianaHa
6,3 Mrla, NMHUSA V5 - CKOPOCTY MOPLLHSA NpU AaBNEHUM HACTpoilkn 5 MMa,
NNHUS V4 - CKOPOCTM MOPLUHA NPW AaBNeHWM HacTponku 4 MMa, nuHus
V3 - CKOPOCTM MOPLUHS NpW AaBNEHWUU HacTpoliku 3 MMa.

Ha puc.1.4 nuHusa s6,3 COOTBETCTBYET MNEpeMELLEHUIO MOPLUHS
rmapounnuHApa npy AaBNEHNM HAaCTPOMKK NpeAoXpaHMTENbHOrO KiaraHa
6,3 MMa, nuHMS S5 - nepemeLLeEHNO MOPLUHS NPU AABMEHUN HACTPOWKM
5 MlMa, fMHMS s4 - nepeMelleHnto MOPLUHS MpY AAaBMEHUU HACTPOMKM
4 MMa, nNuHMSA S3 - NepeMeLLEeHUO MOPLUHS MpU AaBNEHUWM HACTPOWKK
3 MMa.
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T = e
0
] 0.05 01 0.15 0.2
t,c
Puc.1.2. 3aBUCMMOCTb YCKOPEHUS MOPLUHA MMAPOUMAVHAPA OT BpEMEHU
mic 0.8
s / ------
o4 / - et
w4 / e
v3 - ....-*""‘—‘

0.1 0.

15 t,c

Puc.1.3. 3aBMCMMOCTb CKOPOCTU NOPLUHS MMAPOUMANHAPA OT BPEMEHN
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Puc.1.4. 3aBUCMMOCTb NepeMelLeHns NOPLUHS MMAPOUMAMHAPA OT BPEMEHN

1.104
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Puc.1.5. 3aBMCMMOCTb uncna PeliHonbaca OT BpeMeHU

0

Ha puc.1.5 nnHus Re6,3 cooTBeTCTBYET uncny PeiHonbaca npw
AAaBNEHNM HACTPOMKWM MpefoXpaHUTesIbHOro knamaHa 6,3 MMa, nuHus
Re5 - uncny PeiiHonbaca npu AaBneHWM HacTpoliku 5 MMa, nuHus Re4 -
ymcny PeiiHonbaca Npy AaBneHUWM HacTpoiku 4 MMa, nuHust Re3 - uncny
PeiiHonbaca npu AaBneHnn HacTpoiku 3 MMa.

AHanus pe3ynbTaToB MepexofHblX NpOLECccoB Mpu Mnycke ruapo-
npvBoda MoKasasn, 4To npu 60MblEeM AaBneHMM Mpouecc Mycka ocy-
wectensieTcs 6onee NHTEHCUBHO. Tak, Npy AaBNEHUM HacTpoiku 6,3 MMa
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YCKOpEeHMe MOpLUHA MeHseTca ¢ a=5,8 M/c? B Hayane pacyeTta [0
a=1,01 m/c npu t=0,195 ¢, npu gaBneHUM HacTpoliku 5 MMa yckope-
HWe NopLIHA MeHseTcs ¢ a=3,68 M/c? B Hauane pacyeta Ao a=0,963 m/c?
npu t=0,195 ¢, npy AaBneHUM HACTpolikn 4 MlMa ycKopeHue MOpLUHS Me-
HseTca ¢ a=2,18 M/c? B Hauane pacyeTa Ao a=0,877 m/c? npu t=0,195 ¢,
NMpu [daBNeHUM HacTpoiku 3 MIMa YyCKOpeHMe MNOPLHS MEeHSIeTCs C
a=0,678 M/c? B Hauane pacyeTta Ao a=0,46 mM/c? npu t=0,195 c.

CKOpOCTb MOPLUHS MMAPOUMAMHAPA NPU AABNEHUU HACTPOWKU
6,3 Mlla Bo3pacTaeT C Hyns B Hayane pacyeta go v=0,643 m/c npwu
t=0,195 ¢, npu aaBneHuMn HacTpoiku 5 MlMa Bospactaet Ao v=0,473 M/c
npu t=0,195 c, npu ApaBneHMM HacTpoliku 4 Mlla Bo3pacTaeT Ao
v=0,316 M/c npu t = 0,195 ¢, Npu aaBneHnn HacTpoikn 3 Mla Bo3pacTa-
et go v=0,114 m/c npu t=0,195 c.

MNepeMelleHne noplHsa ruapoumnuHapa 3a spems t=0,195 ¢ npu
[aBneHMn Hactpoiku 6,3 MMa coctaBnsieT s=0,079 M, Npu AaBneHUU
HacTpoiku 5 MMa coctaensetr s=0,056 M, Npu AABNEHUN HACTPOMNKU
4 MMa coctaBnsieT s=0,035 M, Npu gaBneHUn Hactpoliku 3 MMa cocTas-
naet s=0,012 m.

Yuncno PeiHonbaca 3a Bpems t=0,195 ¢ npu faBneHWn HacTpou-
kn 6,3 MlMa gocturaet 3HayeHuss Re=8040, npu AaBfEHWU HACTPOMKM
5 MMa pocturaeT 3HaveHuss Re=5910, npu aaBneHun Hactpolikn 4 MMa
[OCTUraeT 3HayeHnss Re=3950, npu aaBneHWM HacTpoiiku 3 MMa poctu-
raet 3HadeHns Re=1420.

AHanu3 pe3ynbTaToB pacyeTa rnokasas, yYTo Npu BCEX AaBMEeHUsX
HaCTPOVKM NpeAoXPaHUTENbHOMO K/anaHa Hayvano ABVXKEHMSI MOPLUHS
runapoumMnuHapa npoucxoauTt nnasHo. KonebatenbHble npouecchl B rua-
paBNMYECKON CUCTEME OTCYTCTBYIOT. ITO AAeT BO3MOXHOCTb CAenaTb Bbl-
BoZ, 06 YCTOMUMBOCTM NpoLiecca Hayana ABUXKEHUS!.

1.5. AHanu3 rpapmMKoB NepexoAHbIX NPoLEeccoB

Mpu aHanuse rpadwvka nepexogHoro npouecca (puc.1.6) onpe-
LEeNsIOTC OCHOBHbIE MapaMeTphl KadecTsBa perynmposanus [10]:
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1. Bpems nepexofHoro npouecca t,, koraa perynvpyemasl Benu-
yuHa pocTuraet 3Hauenmst + 0.05H (t)_, roe H(t).=H, - ycTaHoBMBLLEE-

Csi 3HaYeHne BbIXoAHOW BennumHbl, A =014 .

Hy

T
Puc.1.6. MNepexoaHol NpoLecc ¢ AaHHbIMU
NS onpeAeneHns napameTpoB KayecTBa peryMpoBaHus

2. Bua nepexopHoro npouecca: KonebaTtenbHbli, MOHOTOHHLIN,
anepuoanMYecKuit.

3. MakcMManbHas anHamMmyeckas ownbka

o0

roe H(t)vax - MakcuManbHoe 3HaYeHUe BbIXOAHOW BESIMYMHDI.

4. Bpemsi nepBoro cornacosaHus ti, 3a KOTopoe perynupyemasi
BENYMHA NEPBbINA pa3 AOCTUraeT 3HaYeHnst He,

5. Bpems tv , 3@ KOTOpOe perynvpyeMas BenuyuHa BO3pacTaeT
[0 MaKCMMasibHOro 3HayYeHns! Hyax .

6. YactoTta konebaHuii B nepexofHoOM npoLiecce

v=—,
t

rae n — KoNM4ecTBo konebaHuii 3a Bpems  tn.
Tak, Ha puc.1.6 t, =t, - oTpesok abc, n=2.
7. JekpeMeHT 3aTyxaHusl nepexoaHoro npouecca
H(t) . —H(®)
d=In e =,
H(t) e —H().,
rae  H(t)wax — MakCMManbHOE 3HayeHue BbIXOAHOW BennumHbl; H(t). -
YCTaHOBMBLLEECS 3HAYEHME BbIXOAHOWN BennuMHbl; H(t)wax i — Cre-
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aytoulee 3a H(t)wax MaKCUManbHOE 3HAYeHWUE BbIXOAHOW BENUMHBI,

H
T.e. d =In—-, c™. puc.1.6.
2

2. OCHOBHBbIE MNOJIOXXEHNA ANHAMUYECKOI'O
PACYETA IrnC METOOAMMU
TEOPUN ABTOMATUYECKOI'O PErNYJINPOBAHUA

2.1. JinHeapu3auua ypaBHEHMA MaTEMAaTUUYECKOU MO ENH

Bce ypaBHeHMs,, KOTOpble BXOASAT B MaTeMaTuMyecKyio Mogesb,
JO/MKHbI 6bITb NMMHENHLIMU. MaTeMaTudeckas Moaens [MIC, kak npasuso,
BKJ/IIOYAIOT HESIMHENHbIE 3aBUCUMOCTM, HarnpuMep, HENMMHENHbIE XapaKTe-
PUCTUKM MECTHbIX conpoTuBneHuni (puc.2.1), roe notepu AaBneHUs p
HeNIMHEeHO 3aBUCSAT OT pacxoda Q.

P

Qo Q
Puc.2.1. XapakTepuctuka MecTHOro CornpoTUBEHUS

[ns nuHeapusauMM HENWHEMHOW 3aBUCMMOCTM B OKPECTHOCTU
Npoun3BosibHON Toukn 0 c KoopAuHaTaMu po ,Qo MCMONbL3YETCA Y4acTok
NMHUW, KacaTenbHOW K XapakTepuctuke B Touke 0. KoadduumeHT K B
JTIMHENHOW 3aBUCUMOCTY

Pp=pP,+ K- Q
onpefensieTcs Kak OTHOWeHWe kateToB 2-3 U 1-3 npsMOoyrofibHOro Tpe-
yronbHuka 123:
2-3
1-3°

JInHeapmzaumio PyHKUMM y(X) MOXHO NPOM3BOAUTb C MOMOLLbIO

psina Teiinopa.

dy d?y
)=V +— X+—o
o)=Y, dx|,, dx?
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B psipe Telinopa oTbpackiBaloTCs BCe CnaraeMble CTeneHb, KOTO-
pbiX BbILIE NEPBOW, U TOrAa
d
k=%
dx
Ecm y(X,z) - dyHKUMS ABYX NEPEMEHHbIX, TO MUCMONb3yeTcs
psia Teiinopa ABYX NepeMeHHbIX:

o

y(x,z2)=y, + o, X+ =

MpumMep. Pacxon XuWAKOCTU 4Yepe3 [ApoccenbHoe oTBepcTue

Q(Sgp,P) — HENMHEMHas 3aBUCMMOCTb, KOTOpasi IMHeapuU3yeTcsl Npu Bbl-
yncneHmm koapdumumeHToB ki 1 ki [4],

2
Q:,usop ;p :Q0+klsdp+k2p’

roe g — Koa(UUMEHT pacxodad; Sgp - MOWaAb MPOXOAHOrO CeYeHMs
Apoccens; p — nepenaj faBleHus Ha Apoccene; o - MIOTHOCTb

Yo

oy

R

Yo

XNAKOCTHU;
0 2
klz_Q =H _po;
asdp\{o p
(-2 s F.z. L _ 4y,
2 = = H3 = .
op Yo "\p 2 VP V2P P
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2.2. Tunosble JINHelHble 3BeHbs C NpUMepamMu
M3 rmapo- u NnHeBMonpueoaa

Jliobyio TMIC MOXHO NPeACTaBUTb COCTOSILLEN M3 COEAMHEHHBIX
Mexay coboi TUMOBbIX JIMHEWHbBIX 3BEHLEB.

Hanbonee 4acTo UCNoNb3YTCS NIMHENHbIE 3BEHbS:

1) 3BeHO 2-ro nopsiaka;

2) 3BeHO 1-ro nopsaka;

3) ycunuTtenbHoe 3BeHO;

4) MHTerpupytoLlee 3BeHO;

5) anddepeHumpyroLLee 3BeHO.

Cucrema, cocTaBrieHHasi U3 3TUX 3BEHbEB, MO3BOJISET 6e3 pelle-
HUSI YpaBHEHMI MaTeEMaTMYECKOW MOAENN PewunTb BOMpPOC 06 ycTonum-
BOCTW CUCTEMbI U MONYYUTh NepexoaHoe npouecco [MIC.

Puc.2.2. Cxema 3BeHa BTOPOro nopsigka: M-macca; X- BXOA CUMCTEMBI, MepeMelleHune
NEBOro KOHLUA MPY>XWHbI; Y- BbIXOA CUCTEMbI, NepeMeLLeHne Macchl; Pnp — ycunue oxa-
TMS NpyXwuHbl; T — aemMndupytowas cuna; Ss — nnowaab nopLluHsa aemndepa

PaccMoTpuM cunibl, AecTBYtoOLLME Ha Maccy M (puc.2.2):
- CfieBa AeNCTBYET cuia NpYXWHbI;
- cnpasa- aemndwvpytowas cuna T.
2
p-r=M &Y
=T = F - YPaBHEHWE pPaBHOBECUSI CWJM, MPUSIOXEHHBIX K

Macce;
2

Vv
Prp=c(X-y); T=S,1, i,

21



2
rae C — XECTKOCTb MPYXWHbI, }/4/0 2—0 - NOTEPUN AaBNeHUA B OTBEPCTUN,
g

¢, - K03(DULIMEHT MECTHOrO COMpoTUBNEeHUst oTepcTust; V- cKo-

POCTb ABWXKEHWS XXUAKOCTU B OTBEPCTUN.
bynem cuutaTb, UTO PEXMM ABMIKEHUSI XKMAKOCTU B OTBEPCTUU
NaMUHapHBbIiA, NO3TOMY

A VA
So=rmo = '
Re V,-d,
TaK Kak
Re=Ye %o
v I

roe A, - NOCTOsSiHHas OTBEPCTUS; V — KO3(MULMEHT KUHEMATUYECKON
BA3KOCTH (pnc.2.3).

l9¢,

leRe
Puc.2.3. 3aBucumocTb ', (Re) aemndepa

Mocne npeobpa3oBaHUiA NONYUYUM
Vv
Tog A Yo
d, 2g

(o]
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YpaBHeHNe Hepa3pbIBHOCTU 4151 MOTOKA XUAKOCTU

VO Zd02 :Snﬂ’
4

dt
oTctoaa
S, dy.
° zdoz dt,
4
T zsfyL.ﬂz Bﬂ,
2 0
2
roe B=y ?V S, ; B- noctosHHas BennumnHa.
248
o o 9
Toraa ypaBHeHWe 3BeHa 2-ro rnopsjka UMeeT Bua
dy d?y
c(x—-y)-B—==M —-;
(x=y) dt dt?
2
c dt c dt

B M
rae T,=—, T, =./—, k=1; T;, T>-NOCTOsSHHblE BPEMEHH; K- KO-
c C

3CbCI)VILI,VIEHT nepenadyn,; BCe cCara€Mble NOCNEAHEro ypaBHEHUA UMEOT
PasMEPHOCTb AJINHbI; TMOCTOSAHHbIE Tl n TZ MMEKT pPasMEPHOCTb
BPEMEHMU.

B pesynbTaTe TUMOBbIE JIMHENHbLIE 3BEHbS UMEIOT CreayloLlme
YPaBHEHUS:

,d%y L dy
1) 3BeHo 2-ro nopsaka T, pre +T1E + y=kx. (c™m. puc.2.2);

2) 38eHO 1-ro nopsiaka T % + Y = kX. (pnc.2.4);

3) ycunut.3BeHo y=kx, (puc.2.5);
4) nHTerpupytowme 3seHo T % =KX nnm % = ; X (puc.2.6);
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dx
5) anddepeHumpyroiee 3BeHO a =ky (puc.2.7).

Hacoc 'vapoasurartens

Pnc.2.4. Cxema 3BeHa
nepBoro nopsiaka

Pnc.2.6. Cxema uHTerpupytowero 3se-
Ha: Q — pacxop XwWAKOCTM, MOCTynato-
Wen B TUAPOUMAMHADP C Tiowanbto
MOPLUHSA Sn M NepeMeLleHnem y

T
Vo

5<S5: S

Puc.2.5. Cxema ycunutenbHoro 3seHa: Pi1 u
P, - ycunusa Ha wTokax Hacoca v rmapoasu-
ratens; Si v Sa— nnowaau nopLuHen

=y ¥

Puc.2.7. Cxema auddepeHumpyiolero 3se-
Ha: X — nepeMelleHne LUTOKA FMAPOLMWH-
apa; Sn — nnowaab nopwHs; Q=y — pacxoa
XKMAKOCTU Ha BbIXOAE M3 LMAvHApa
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YcunutenbHoe 3BeHO, MOKa3aHHOe Ha puUC.2.5, XapakTepusytoT

SZ S2
COOTHOWEHUS: Po= Pi—= ; P=kP;, roe K= —=.

1 1
WHTerpupylowee  3BEHO  XapaKTepu3ylOT  COOTHOLLEHWS:
d d dy k
Q =—ySn, CM. puc.2.6, g:—y, 4TO aHanormyHo —y:—-x, roe
dt s, dt dt T
1 k
Q=x;, —=—.
S, T
dx
®opmyna  anddepeHumpytowero  3seHa Q=S a, CM.
puc.2.7.

O6bI4HO YpaBHEHWUSI 3BEHLEB MPEACTaBASAOTCA B OnepaTopHOM
¢opme, KoTOpast UMEET BUA

i_p
dt '
TOorAaa
dy
2., d(=7)
ﬂ_ . dy _ "tdt’ .
a @  a Y

B onepaTtopHoit popMe ypaBHEHWs 3BEHLEB:
T/ p?y +T,py + Y = kX — 38eHo 2-ro nopsiaa;
Tpy + Y = kx — 3BeHo 1-ro nopsaka;
y = kX -ycunutensHoe 38eHo;
Tpy = kX — uHterpupytowee 38eHo;

px=ky — anddepeHumpytoLee 3BeHO.
MepepatouHas @yHKuus 3BeHa(cnctembl) W co BXOAOM X U Bbl-
XOAOM Y BbIrNSAuT:

Lj‘
L{
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MepenatoyHas MYHKLMA 3BeHa 2-ro nopsaka:

k

T2p? +T,p+1)=kx, umeer Bug W(p) = —————, Tee.
y(Tp? +T,p+1) M=o

k

— ¥
%‘- W(p:] ]
Lp +hip+l
3BeHa 1-ro nopsaka:
. k
ST (p)=
Ip +1
YcnnuTenbHoro 3BeHa:
MHTerpupytoLlero 3seHa:
K
= —
o

OnddepeHumpyrowero 3seHa:

L{. I-'_F(\'/,‘T):Kp —=

2.3. CoeaMHeHne JIMHENHbIX TUMOBbIX 3BE€HbEB

'mapo-nHesMocuctema (I'MC) MoxeT 6bITb NpeacTaBneHa kak co-
BOKYMHOCTb JIMHEMHBIX TUMOBbIX 3BeHbEB. s noboi MC MOXHO cocTa-
BUTb CTPYKTYPHYIO CXEMY AMHAMMYECKOro aHanusa. Mimes cxemy, MOXHO
onpeaenuTb nepefaToyHyto dyHkumio IMC.

JINHeNHble TMMOBbIE 3BEHbS MOXHO COEAMHWUTL TpeMs crnocoba-
MU:

1) nocnepoBatensHo;

2) napannenbHo;

3) BCTpeyHo-napanieNibHo (C CyMMaToOpOM, KOTOPbIA peanusyet
obpaTHyto CBA3b).

2.3.1. [Nocnegosare/ibHOE COEANHEHNE TUITOBbIX 3BEHLEB

MepenaToyHas MyHKUMS COeaUHEHNS
W=W:W>Ws
26



roe W;,i=1,2,3... - nepepatoyHble dyHKLUUM NOCNEA0BATENLHO COean-
HEHHbIX 3BeHbeB; W — nepeaaToyHas yHKUMS nocnefosaTesnibHo-

ro coegnHeHwus.
W

—= W, W,

2.3.2. [lapanneibHoe COeqnHEHNE TUIMOBbIX 3BEHLEB

MepenaToyHas hyHKUMSI COEAVHEHWS:

W=W;+W,+Ws.
: w7 o=

2.3.3. BctpeydHo-riapaniesibHoe COEAUHEHNE TUIMOBbIX 3BEHHEB

BcTpeyHo-napannenbHble coeiMHeHNs 6bIBaloT ABYX BUAOB:
- C MOJNIOXUTENBbHON 06PAaTHOM CBA3bIO:

* — ]'.-I'1 ¥
74
W,
roe nepepaTtodHast PyHKUMS coeguHeHns W = — 1,
1-WW,

U C OTpMLATENbHON 06paTHOM CBA3bIO:
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roe obo3HauveHue @ - MHBEPTMPOBaHHbI CyMMaTop, a nepeaaTouyHas
Wl
1+WW, -
2.4. AMnautyaHo-da3oBast
YyacTtoTHas xapaktepuctuka (APYX)

dyHKkums coeanHenna W =

3apaétca Bxoa MC:
_ st . plat
X=a,-e =a e,
rae ag - aMnanTyAa BXOAHOMO CUrHana; S=iw - apryMeHT u3obpakeHus
dyHKUMM nocne npuMeHeHus npeobpasosaHus Jlannaca; i — MHu-
Mas eaMHuLA; @ — KpyroBas YactoTa 0< w<oo.

Mockonbky [TIC UMEET NMHENHYO MaTeEMATUYECKY0 MoAeNb, TO
BbIXO[, CUCTEMbI:

_ i(ot+e)
y=aze o

rae ay — aMnanMTyaa BbIXOAHOIO CUrHana; —=M (a)) ; (W) —yron
ay
cagura dasbl.
Echm w=0, To M — AeNCTBUTENBHOE YMCIIO.
AMNAnTyaHo-ha3oBast YacToTHas xapaktepuctuka (ADYX) — aTo
rogorpad BekTopa M npu U3MEHEHWM KPYroBOW YacToThbl OT Hy/s A0 6ec-
koHeuHocT: O < @ < oo (puc.2.8).
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Puc.2.8. MNoctpoeHne ADYX
(roe P 1 iQ — ocv AENCTBUTENBHBIX U MHUMBIX YnCen)

3anuweM ypaBHeHne ADYX, ans 3TOro npoekTupyem Bektop M
Ha OCU KOOpAMHAT N reoOMeTpUYecku CKaabiBaeM MpoeKkumu.

M cosg + Mising = M (cose +isin @) = Me" .

2.5. U306paxceHne nepepatouHoi pyHkumum MMC

M306paxeHne nepegatoyHoi yHkumm MC, nonyyeHHoe C no-
MoLLbi0 Npeobpa3oBaHusa Jlannaca, BbipaXxxaeTcst hopMynon
y i(ct+p)
W(S)=2="2"— =Me",
X ae
TO eCTb ypaBHeHue ADUX sBnsieTcs M306paXKeHneM nepeaaToyHon yHK-
UMM CUCTEMBI.
MpupaBHSIB HyMO 3HaMeHaTeNb NepeaaToyHon yHKUMM 3aMKHY-
TOW CUCTEMbI, MOXHO HaWTW XapaKTEPUCTUYECKOE YPaBHEHME 3aMKHYTOW
CUCTEMBI.

2.6. Ycroinumsoctb IMC

2.6.1. [MoHgTHEe ycronunBoctu

Moa ycToiumBoCTblO rMaponpueoaa(NHEBMONPMBOAA) NOHMMAET-
CS1 ero crnocobHOCTb NPUXOAUTL B COCTOSIHWE YCTOMYMBOIO paBHOBECUS,
rocsie TOro Kak noj B/MSIHWEM KaKoro-fivbo BO3MYLLAIOLEro BO3AENCTBUS
npvBoa 6biN BbIBEAEH U3 3TOMO COCTOSAHWSA. Bo3myulatolime BO3AENCTBUS
MOFyT MOCTyMaTb: M3 BHELHelN cpeabl (HanpuMep, U3MeHeHWe TeMmrepa-
Typbl), CO CTOPOHbI Harpy3ku (M3MeHEHWEe Macchl, CUJibl CONPOTUBIIEHNS),
CO CTOpPOHbl NMpvBoAa (M3MEHeHWe AaBNeHMs, pacxofa paboyeit >Xuako-
CTW), CO CTOPOHbI CUCTEMBbI yrpaBfeHusl (MU3MEHEHUE NepeMeLLeHnsl, CKo-
pOCTEI YCKOPEHWS, OPraHOB YyrpaBneHust).
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MpoBepka yCTOMUYMBOCTM NPOBOAUTCS, Kak NpaBwuio, A0 UCCIeno-
BaHMSI MEPEXOAHbIX MPOLECCOB C MOMOLLBIO KpPUTEPUEB YCTOWYMBOCTH,
paccMaTpMBAEMbIX B TEOPUM aBTOMAaTUUYECKOrO PerynMpoBaHus. 3Tu Kpu-
TEPUM MOXHO MPUMEHSTb KaK K aHaiu3y YCTOMUYMBOCTU TMAPOCUCTEM C
06paTHOM CBS3blO, TaK M K aHanuM3y YCTOMYMBOCTU ABMXKEHMSI NIHO6Oro
rMapoyCTPOICTBa UK rnaponpusoaa 6e3 obpaTHoi cessu [4, ¢.108].

2.6.2. [IpumMeps! yCTOHYNBOM M HEYCTOUYNBOY CUCTEM

MoHATUE YCTOWYMBOCTM WNMIOCTPUPYET MEPEXOAHON MpoLece
Cneasllero ruaponpuBoaa, CXeMa KOTOPOro nokasaHa Ha puc.2.9.

ap [ | IX
X | oc | | ¥
i s ’
ot HII

Puc.2.9. Cxema cnegswero rmaponpusoga CIM: 'L — rugpounnuHap, P — pacnpegenu-
Tenb, b — 6ak, UM — uctounmk nutanmns, OC — obpaTtHas cBsi3b (XKECTKOE coeavHeHne
LUITOKA FMAPOLMAMHAPA C KOPMYCOM pacnpeaenutens)

Mpu nepeMelLeHNM 30M10THMKA BMPaBO OTKPOKOTCA MPOTOYKU &
n g. MoplieHb rMapouUMaIMHApa NoBTOPUT MepeMeLleHne 30/10THUKA, T.e.
nepemeLLeHMe MOpLUHA Y paBHO MepeMeLLEHUIO 30/10THUKA pacnpeneny-

Tensa X npu 0<t<tp .
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XY XY

- _ _ _ _

a) 6)
Xy XY

B) r

Punc.2.10. Pa3zHoBuaHOCTM nepexogHoro npouecca Topmoxenus CITl: a — anepuoaunye-
CkuiA, 6 — konebaTenbHbIN C 3aTyxaHusiMM KonebaHuii, B — konebaTenbHbIi ¢ HesaTyxa-
IOWMMK KoNebaHUSMU MOCTOSIHHOW aMnnuTyabl, T — konebaTenbHbli ¢ konebaHusMu
BO3pacTatoLlen amMnanTyas

B MoMeHT BpeMeHu t;, 30M10THUK pacnpeaenuTens P ocTaHasnu-

BaeTcs, X=const, BO3BpaLleHne B paBHOBECHOE COCTOSIHME MOPLUHSA rna-
poUMMHAPaA NPOUCXOAMT MOCTENEHHO BCNEACTBUE WHEPLMOHHOCTU Mpu-
Boaa (puc.2.10). lMepexoaHble npouecchl Ha puc.2.10, a, 6 ceuaeTenb-
CTBYIOT O TOM, YTO MPUBOA YCTONUMBLINA, KpnBas Ha puc.2.10,B ykasbiBaeT
Ha BO3HWMKHOBEHME HEe3aTyxXawloWmnx konedbaHui, a Ha puc.2.10,r — Ha no-
siBNeHne konebaHuin C yBeNMUMBAIOLWENCS aMnMTYAoW. OTU BapuaHTbl
nepexoAHOro npouecca COOTBETCTBYKT HEyCTaHOBMBLUEMYCSI TMAPONpU-
BOAY.

Ha npakTuke 06bIYHO BO3MYLLEHWS, KOTOPbIM MOABEPraeTcs Cu-
cTeMa, CneaytoT HenpepbiBHO — OAHO 3a APYrMM, U CUCTEMA He ycneBaet
BEPHYTbCS B PaBHOBECHOE COCTOSIHME.
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TexHnuyeckoe oripefeneHve YCTOﬁHMBOCTM: CUCTEMa YCTOI\;NMBa,
ec/in e€ BbIXOAHble MapaMeTpbl OrpaHUYeHbl MO BEIMYMHE B YCIIOBUSAX
ONUTENBHOIO dJYHKLI,MOHMpOBaHMﬂ CUCTEMbBI MPU OrpaHNYEHHbLIX MO BENN-
YMHE BO3MYLLEHNAX, KOTOPbIM OHa NOABEPraeTcs.

2.7. MeTopabl peLieHus 3agaum 06 ycrouumBocTm

[ns peweHuns 3agaum o6 ycroinumsoctu MC ncnonb3ytoT:
- runep6ony WU.A.BbllHerpaackoro,

- avarpammy W.A.BblliHerpaackoro,

- KpuTepuit A.B.Muxaiinosa,

- KpuTepuit 3.Payca un A.l'ypBuua,

- kpuTepuin .HaliksncTa n apyrue metogasl [6, 7].

2.7.1. Munepbona U. A. BbilLIHErPaACKOro

'vnepbona W.A.BbllwHerpagckoro CTpouTCs ANAs XapakTepucTu-
YeCcKoro ypaBHeHUst TpeTbel ctenenn (puc.2.11)
a3S3 + (':lzs2 + als + Ao =O,
npuBeAEHOro K HOPMMPOBAHHOMY BUAY
Z2+AZ2+BZ+1,
rae
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YoT OFWME AT CHCTEMA

&y A A
Heyer ofitiE a7 cEOTRRIR

Puc.2.11. 'mnepbonunyeckas 3aBMCMMOCTb

BennunHa Z nponopumoHanbHa S, Z~S=iw. BMecto Z noacras-
naeMm fw:

(iw)® + Aliw)* + Bio+1=0;

Torna —i0® + Aw® + Biw+1=0;
unm io(B—0?)+(1-Aw®)=0;
MOXHO CUMTaTb, YTO io(B-w®)=0
oTKyAa B=w?,
1
n 1-Aw’ =0, otkyaa — = @?, Toectb B == - runepbona.
A A
a’2 al
Ecnm Touka ¢ koopauHatamm A = B =—— 6yger

1
32,2, Ya.a;
TOYHO Ha runepbosne, To CyanTb 06 YCTOMYMBOCTU CUCTEMBI HENb3S.

Ecnn Touka ¢ koopanMHaTamu A;, By, pacnonoxeHa Hwxe runep-
60/bl, TO CUCTEMA HEYCTOMYUMBA.

Ecnn Touka c koopavHatamu A; n By, pacnonoxeHa Bbile ru-
nepbonbl, To cucTeMa ycronumaa (puc.2.11).
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2.7.2. [Qnarpamma U.A. BbILLHErPAACKOro

[varpamMma BbIlHErpafCcKoOro XapakTepusyeT YCTOMUYMBOCTb CU-
CTEM C XapaKTEPUCTUYECKMM YpaBHEHMEM 3-I1 cTenenu (puc.2.12). Huxe
rmnepbonbl cMcTeMa HeycToluMBa. Boilwe runepbosbl nMeloTcs Tpy obna-
ctv I-II1.

|
3 &
Puc.2.12. Anarpamma WU.A. BobilwHerpaackoro
I obnacTb - cucTeMa ycToMuYmMBa, @ NEPEXOAHON NpoLecc anepuno-
AVNYECKUIN, BbIXO[ CUCTEMbI y(t) NnoslydeH npu CTYMEHYATOM BXOAHOM

Bo3aencTBUM X(t). Bce KOPHU XapaKTepUCTUYECKOrO YpaBHEHUSI AEUCTBU-
TeSbHbI, T.e. TPU KOPHS YPaBHEHWSI PacnosioXeHbl Ha AeNCTBUTENbHOM
ocu P, cneBa OT MHMKM Ocu iQ (NoKasaHbl TOUKaMK):

¥
i)
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II obnactb - nMepexoAHoOM MPOLECC MOHOTOHHBIN: AEUCTBUTENb-
HbIli KOPEHb PaCcMoNOXeH Ha AeNCTBUTENbHON ocn P cneBa oT MHMMOM iQ,
ABa COMPSHKEHHBIX MHUMbIX KOPHSI PacnosiokeHHb! JIeBee AeNCTBUTENBbHO-
ro KOpHsi:

III obnacTb — konebaTeNbHbI NEPEXOAHON MPOLECC, OAMH AeW-
CTBUTENbHbIA KOPEHb U ABA COMPSKEHHLIX MHUMbIX KOPHSI, PacrnofioXeH-
HbIX NpaBee AeNCTBUTENBHOMO KOPHS:

Touka @ Ha gunarpamme W.A.BbllHerpaackoro Mmeet kKoopauHatbl A=3,
B=3. XapakTepucrnyeckoe ypaBHeHMe B HOPMUPOBAHHOM BUAE
ZP+3 22+3Z +1=0,
unm
(Z+1)=0.

ypaBHEHMQ MMEET TPpU KOPHA, BCE OHN OAMHAKOBbLI U paBHbl MU-
HYC eanHuLE, T.€.
Zip3=-1.
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i

O ;
-1

YpaBHEHUSI KpUBbIX, pa3rpaHuumnBatowmx obnactn I, II, III (cm.
puc.2.12) cOOTBETCTBEHHO Creaytolmne:

1+2a° 542
ab: Az—za, B=2< T
a a
3 3
+2 1+2
ac: A:a , B:—Za;
a a
rae a=1,23..;
3
ad: B:M
9A

Mporpamma MathCad ans noctpoenus guarpammel U.A. BbllwHe-
rPafCKoro npvBeaeHa B NpuioxeHuu A.

2.7.3. Kputepmi ycroviunsoctv A.B.Muxaviiosa

XapaKTepucTUyecKoe ypaBHEHWE - 3TO 3HaMeHaTeNb nepeaaToy-
HoW pyHKUMKM W(S), KOTOPbIN MPUPABHEH HYMtO, T.€. €Cn

w(s)=26)
A(S)
TO XapaKTEPUCTUYECKOE YpaBHEHNE
A(5)=0,

rae S=iw, i=—1, Osw<co.

KpuTepuin A.B. MuxainoBa: ans ycroinumsoct MC Heobxoammo
W aoctatodHo, utobbl roporpad eektopa A(S) npu O<w<co HaumHancs
Ha MONOXMUTENbHON YaCTW BELECTBEHHON OCUM M B HaMpaBieHWU MpoTUB
YacoBOM CTPenKWU NOCNeAoBaTeNIbHO MPOXOAWS N KBaApaHTOB KOMMJIEKC-
HOW MAOCKOCTM, TFAe  N- MOPSAOK XapaKTEPUCTMYECKOro YpaBHEHMSI
(pnc.2.13).
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=4

=3

)

el

e

Puc.2.13. Foporpacbl MuxaitnioBa Anst YCTOMUMBBLIX CUCTEM

XapakTtepuctnyeckoe ypaBHeHue UMeEeT Buf;

npu n=2 a,S’+aS+a, =0,
npu n=3 a,;S*+a,S°+aS+a, =0;
npu n=4 a,S*+aS*+a,S*+aS+a,=0.

B npunoxeHun b npuseaeH npumep NocTpoeHus rogorpada Mu-
XannoBa ana ycroiuneoit MC ¢ XapakTePUCTUUECKUM YPaBHEHWEM MNATON
CTENeHMW.

2.7.4. Kputepwi 3.Payca — A.lypBuLa

Kputepuin 3.Payca — A.l'ypBuua sBnsieTcs anrebpanyeckum. ns
yctonumsoctu IMC HeobxoauMO M AOCTATOYHO, 4YTOBLI OnpeaenuTenu
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MaTpuL, COCTaBfieHHble U3 KO3((MULIMEHTOB XapaKTEPUCTMUECKOrO YpaB-
HEHWS,, U BCe KO3(MOULUMEHTbI XapaKTEPUCTMYECKOTO YpaBHEHWs! 6binu

6onbLue Hyns.
MpaBnno COCTaBneHUS MaTpuL: €CiM UMEEeTCS XapaKTepucTude-

CKOE YPaBHEHWE N-ro nopsiaka
a,sS"+a, ,S" +..+aS+a, =0,

TO MaTpuLa COCTaBMSAETCA cneayowmM obpasom:

An=  la, . d,, a,, da,

Q|
Bce nycTble MecTa 3anoniHsaTCs HynaMu. OnpeaenvuTteny matpuy
6onee HWM3KOro MopsiAKa MoslyyaroT BblYEPKMBAHMEM MOCIEAHUX CTPOK U

cTon6buoB.
Bce onpepenutenu, KOTopble NOJyYalOT TakMM COCO60oM, AO0SXK-

Hbl 6bITb 60/IbLIE HYNS.

Mpumep.
a,s*+aS*+a,S*+aS+a, =0.
a, a 0 0
A4 _ & & & 0 .

0 a a a
0 0 0 a

a a, O
Ay=la, &, &,/

0 a, &

A, = a; 4, .

q &
A, =a,.

BbluncneHre A TpoOM3BOANUTCS MO crieaytoLlen dhopmyne:
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A, = Zakj (_1)k+j M kj?
k=1

rae axj- 3NeMeHT, KOTOPbI PacronoXeH B K-i CTpoke, j-M cTonbue;
Myj-MVHOp anemMeHTa ayj, HanpuMep, Npyu N = 2.

A, :aa(_1)1+laz +a, (_1)1+2a1;
A, =a;a, —a,a,.

2.8. AHanu3 rpamkos
BeLleCTBEHHbIX YaCTOTHbIX XapaKTepPUCTUK

MepexoaHOM MpPOLEeCcC, BbI3BAHHLIN E€AMHWYHBIM - CTyNeH4YaTbiM
Bo3aencTeneM (cM. n.1.5), 3aBMCUT OT BMAA BELLECTBEHHOM YacTOTHOM
xapaktepuctukn (BYX), nmosToMy kayecTBO perysMpoBaHuUs MOXHO oOLe-
HWUTb No rpacuky BYX. PaccMOTpUM NsiTb TUMOBLIX 0CObeHHOCTEN BYX.

1. 3HaveHne BYX npyu w=0 coBnagaeT C YCTaHOBMBLUMMCS 3Ha-
YeHWEM BbIXOAHOM BENUYMHLI (puc.2.14).

2. Mpu HeBospacTalowel BYX MakcumanbHas AvHaMu4yecKast
owmnbka He npesbiwaeT 18% (cM. puc.2.14).

3. Mpu BYX c yBenuueHneM w cHavasa BO3pacTalollei, a 3aTeM
y6biBatoLlei (MMetoLLein MakcumyM) (puc.2.15)

o — Re(W (a)))max — Re(W (0))
" Re(W (0))
4. Ecnn BYX aBnsieTcs HENPepbIBHON MONOXWUTENbHON (hYHKLM-
el C MOHOTOHHO Y6bIBaloLLIEN OTpULATENbHON NPon3BoAHOM (puc.2.16)

d Re(W(w

_dRelW(o)
dw

TO NEpPEexoaHON MPOLIECC MOHOTOHHBIN.

-100% .

4
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5. Bpemsi MOHOTOHHOrO nepexoaHoro npouecca t, 6yaer mMeHbLue
4-7

7

W,

roe @,, - 4acrota, npu koTopoii Re(W(w)) = 0.
[Insi ipyrvix npoLieccos:

3-7 8-

—<t <—.

a)m a)m
JReWE)

Re(W(0})

[

O

Puc.2.14. HeBo3pacTatoLlas BelecTBeHHas YaCcTOTHas XapakTepucTuka: o — Kpyrosas
yactoTa, 0<w<oo; Re(W(0)) — 3HaueHne BYX npu kpyrosoit yactote w = 0

y Re(W(s)

Re(W(0)

o
Puc.2.15. BellecTBeHHas YacTOTHAs XapaKTepuCcTMKa, UMEoLLas MakCuMym
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J Re(W(ED

Re(W(0)

Om

Puc.2.16. BellecTBeHHas YacTOTHas XapakTepucTuka saBnseTcs
HenpepbIBHON NONOXUTENbHON (YHKLMEN C OTpULATENbHON, MOHOTOHHO
y6biBatoLLEel Mo abCoNOTHON BENUYNHE NPOVU3BOAHOM

2.9. NMocTpoeHne nepexoAHbIX NPoOLEeccoB
Mo BeLeCTBEHHbIM YaCTOTHbIM XapaKTepUCTUKaM

MepexoAHON NpoLecc MOXHO MOCTPOUTb, Mest BYX, npu 3ToM He
peliasi CUCTeMy ypaBHEHWIA MaTeMaTWYecKol MoAenu, WUCMosb3ys COOT-
HoLleHMe:

Y (t) =%T@-sin(aﬁ)- do.

0
WHTerpmpoBaHme npoucxoamT OT Hyns A0 6eckoHeuHocTu. lMpu
peweHun Ha DBM BMeCTO Hynsi MOACTaB/siEM Masnioe 4mucio (HanpuMmep,
0,00001),a BMecTo 6€CKOHEYHOCTM — KOHEYHOE 60NbLLoE YMCIIO.
MpuMep NOCTPOEHUS NEPEXOAHOrO MpoLecca C UCMob30BaHNEM
NPVBEAEHHOr0 COOTHOLLEHUS CM. B MPUIOXEHUN B.
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3. AMHAMMYECKWWA PACYET CUJI0BOI YACTU
rmapPonPMBOAA C UCMOJIb3OBAHUEM TEOPUM
ABTOMATUYECKOIO PEFYJINPOBAHUSA

3.1. PacuetHasa cxeMma

PacuéTtHas cxema nokasaHa Ha puc.3.1, rae B KayecTBe rmapo-
ABUraTens WUCnosb30BaH OAHO- UM ABYXLUTOKOBbIN MAPOLUMAMHAP, LITOK
KOTOPOro MMeeT MacCcoBYIO U YNPYryto Harpysky.

3

i

P, P
| m | y
|
E ]
I il
Py

Puc.3.1. PacyéTHas cxema CMNOBOM YacTy rMaponpyBoaa:
'Y — rugpounnuHap; P — pacnpegenuTens; X , Y —NepeMeLleHne
30/10THUKA pacnpegenutens u wroka My

PaspaboTka pacyeTHOM CxeMbl NpeaycMaTpVBAET MpPOBEAEHME
rMAPOBAMYECKOro pacyeTa 1 BblIbop anemMeHToB rmaponpueoaa [1, 8].

3.2. YpaBHeHuss MaTeMaTUUYeCKoi Moaenm

Mpy paccMOTPEHUM PaAcUYETHOM CXeMbl CAeNaHbl Cneaylolme ao-
NyLIeHNS MaTEMaTUUECKON MOAENN:

- TMAPOUMIMHAP XXECTKO 3aKpernsiéH n Macca m XECTKO coeanHe-
Ha C €ro LUTOKOM;

- BOJIHOBbIE MPOLIECCHI B XXUAKOCTU HE YYUTHIBAKOTCS;

- MJIoWaAb NMOPLUHA MAPOLUWIMHAPA C/IEBa U CripaBa NPUHMMAEM
O/ZIMHAKOBOM;

- NpUBEAEHHbI MOAyNb O6BEMHOW YNPYrocT — NMOCTOsSIHHAas Be-
JIMUMHA, He3aBucsaLas oT AaBneHus p: E(p) = const.

MpUHAB 3TV AOMNYLIEHWUS, MOXHO 3anucaTb YpPaBHEHUS MaTeMa-
TUYECKON MOJENN, KOTOPbIE NPeACTaB/EHbI B IMHEAPU30BAHHOM BUAE.
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MNepBoe ypaBHeHWE pacxofa XWAKOCTU Yepes3 NPOTOYKY a, KOTo-
pasi nepekpbIBaeTCs 30/1I0THUKOM pacnpefenutens P:
Qa = Ka1 (Pn — p1) + Ka2X,
roe Qa  — pacxod XMAKOCTM vepe3 NPOoTouky a; Ka n Kax — Koadduum-
€HTbl MPOMOPLIMOHANbHOCTM B 3aBMCUMMOCTM pacxofa OT nepeme-
LLIEHUS 30/T0THUKA X W AABNEHWUIA Pn U P1 ; Pn — [AaBMEHME NUTato-
LLeN YCTaHOBKM, p1 — AABNEHWE HarHeTaTenbHon nonoctu M, X —
nepemeLleHve 30110TH1Ka.
YpaBHeHuWe pacxoaa vepes npopesb b
Qb = Ko1 (P2 = Pen) + Ki2X,
roe Ker 1 Kz — k03PUUMEHTHI NPONOPLMOHANBEHOCTU B 3aBUCUMOCTH
pacxofa yepe3 NpoToYKy b OT nepemelleHns 30/10THUKA X, OT AaB-
NEeHNa P2 U Pa ; P — AdBNeHne cnunea (B bake), p, — AaBneHune
cnuBHowu nonoctu 'L,
Ha ocHoBaHWM ypaBHeHWs Hepa3pbiBHOCTU pacxodbl Qa v Qp pas-
Hbl pacxoay 3010THMKA Qson:
Qa= Qb= Q3on-
JleBble 1 MpaBble YacTh ypaBHeHWI pacxoda Qi U Qp CNOXMUM, B
pe3ynbTaTte Npuaém K 3aBMcMMoCTH
Qson = |€30n1(pn - Pen - Pu) + Kson2X ,
rae p. — pa3HOCTb AaBNEHUN P1 U Py,
lpumedanne: onpepenexHne KoabOUUMEHTOB Ksoni M Kson2 HEO6-
X0AMMO MPOU3BOAUTL C UCMOMNb30BaHNEM M.2.1 U ypaBHEHUS XapakTepu-
CTUKM

2
onn :lu'ﬂ..dmn X ;(pn _pm _pH)'

BTtopoe ypaBHeHue MaTeMaTuyeckon Moaenu — YpaBHEHME pac-
xoaoB 6e3 y4éTa OKMMaeMOCTU XXNOKOCTU:
dy
Q3or| =5y - —
dt

raoe Sy — nnowaab NOpLUHS MMAPOLMAMHAPA; d_>t/ — CKOPOCTb MOPLLUHS.
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[ns oKMMaeMon XnUaKoCTu
dy VO de
Q30n=sn'_+_' ’
dt 2E dt
roe E — npuBeaeHHbI Moaynb YNpPYrocTu XUAKOCTH; Vo — 06BEM XUIKO-
CTW, HanosnHsiowen cucteMy (XKMAKOCTb B MOSOCTAX UMAMHAPA M
NOABOASLUMX JIMHUSIX).
TpeTbe ypaBHEHVWE MaTeEMaTMYeCKON MOAENN — ypaBHEHWE ABU-
»XeHuns nopuwHs ML:

dy m-d’y
Sn pi—Kpr — -C+» y=—y
dt dt?
rae Sn - py — CUNa AABNEHMA XMAKOCTU Ha MOPLUEHb FMAPOUMIMHAPA;
dy
Kp+ —— - cuna Tpenus; Kp —  KO3I(MULMEHT  TpeHus;
dt
Ci -y — cuna fgasneHus npyxuHbl; Cp - XECTKOCTb NPY>KWUHbI;
m-d’y

- CMna UHepLumu.
dt?

3.3. NMpeo6pasoBaHue ypaBHEHM MaTeMaTUUYECKOU Moaenu

MpeobpasyeM ypaBHeHWUs MaTEMaTUUECKOW MOAENN, cuMTasl, uTo
Ha BXOZE CWIOBOM YacTW rMApPONpUBOAQ APOCCENbHOrO PErynnpoBaHus
CTyNeHYaToe MnepeMeLlleHre 30/10THUKA pacnpeaenvTens x, a Ha Bbixoae
nepeMeLLeHMe WToKa rmapounnMHapa — V.

x ¥
— m —

MyTeM HeobxoAMMbIX anrebpanyeckux npeobpasoBaHUin U3 TPEX
YPaBHEHWIN MOJSTlyYaeM OAHO YpaBHEHWE, OMMUChIBalOLLEE MOBEAEHUE M-
ponpuBoAa, Kyaa BXoauT Bxod X v BbiIxogd Y rugponpueoga. Bo Bpems
npeobpazoBaHNs UCMONb3yeTcs onepaTopHas ¢opma 3annucu u npeobpa-
30BaHue Jlannaca:

TS (T2-S2+2-0-T2-S+1)-y=x—-Ky -y,

rae Ti, T2 — NOCTOSIHHbIE BPEMEHMU, ONPEAENSIEMbIE COOTHOLIEHUSIMU:
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rae C, — KoapPULMEHT, XapaKTepUaytoLWmnin MUAPOLIMINHAP,

E
=252 —

I
Vo
Sn — nnowaab noplwHsi; E — npuBeaeHHbI 06bEMHBIN MOAYNb YNPYrocTH;
C — KO3(PDULUMEHT CONPOTUBIIEHUS CUCTEMBI,
E
05K, +K,_, -m —
5y 3011 V
¢= of

1/m-Cy '

HarpysKku ruaponpueoaa;

Kip - KO3 DULMEHT TPEHNS HYXXHO 33JaBaTb, YYMTbIBAsh KOHCTPYKTUBHbIE
N TeXHoNormyeckne ocobeHHocTn ruaponpueoda; K, — koadduumeHT

Ksonl - CH

Ky
S =

Ksonz ) Sn
I+ W — HE3aBUCUMas NEPEMEHHaNA M3o6pa>Keva no J'Iannacy.
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3.4. CTpyKTypHas cxeMa AMHAMMUYECKOro aHasm3a

Mcnonb3ys ypaBHeHWe, OnuchbiBaloLee noBeAeHue ruaponpuso-
[a, COCTaBfsieM CTPYKTYPHYIO CXeMy AMHAaMMYEeCKoro aHanmsa (puc.3.2).

W
Wi W
X X-K, -V 1 1 v
—
T+$ Tg-sz+2CT2s+1
W
LK e

Puc.3.2. CTpyKTypHasi CxeMa AMHaMUYECKOro aHanam3a CUIoBOM YacTy rMaponpuBoaa
[POCCENbHOro perynimpoBaHus

CunoBasi 4acTb rMAPONPMBOAA COAEPXKMT TPU TUMOBLIX IMHENHBIX
3BeHa:

W, — MHTerpupyoLlee 3BeHO,

W, — 3BEHO BTOPOro nopsiaka,

W3 — ycunutenbHoe 3BeHo.

Onupasice Ha CTPYKTYPHYIO CXeMy [AMHAaMWUYEeCKOro aHanmsa,
orpeaensieM nepeaaTtoyHyo yHKUMIO cucTeMbl. MNepegaToyHas QyHKUms
onpefensieTca Mo MpasunaM  MOCNeAoBaTelbHOrO UM BCTPEYHO-
napannenbHoro coegmMHeHus 3seHbeB (CM. n.2.3).

CTpyKTypHasi cxeMa AMHAMUYECKOro aHanmsa (cM. puc.3.2) nme-
eT obpaTHylo cBa3b. Ha cxeme rmgponpueoaa (cMm. puc.3.1) obpaTHas
CBSI3b OTCYTCTBYEeT, MO3TOMy O6paTHasi CBSi3b Ha CTPYKTYPHOW Cxeme
pvc.3.2 Ha3blBaeTCs BHYTPEHHeN 0bpaTHOW CBSI3bIO.

Mcnonb3yst nonyyeHHyo nepeaaToyHyto yHKUMIO, MOXHO C Mo-
MOLLbIO KpUTepusi MuxaiinoBa unu ApyruMm cnocobom pelnTb BOMpoC 06
YCTOMYMBOCTU FrMaponpusoaa.

Tak, nepeaaToyHas yHKUMS CUTOBOM YacTu rMaponpuBoaa

Wi(S) - Wx(S)
W =

1+ Wy(S) - Wa(S) - W5(S)
rne S=i-w;i=+-1; 0< W <w; S — HezaBMCMMasi NepeMeHHas
npeobpa3oBaHus Jlannaca.
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MNepenaTouHble YHKLUUK 3BEHLEB:
1
Wy(S) = ——,
T+ S

1

Wy(S) = ,
T22'52+2'('T2'S+1
W3(S) = K.
XapaKTepucTnyeckoe ypaBHEHME CUMOBOI YacT rMAPONpPOBOAa:
1+ Wy(S) - Wy(S) - W5(S) =0,
nocsie NOACTaHOBKWM 3HAYeHMIA nepeaaTouHbIX yHKUMIA 3BEHbEB NOJy4ya-
EM:
K
1+ =0,
Ti-S-(T2-S+2-7-T2-S + 1)
TS (T2 -9 +2-0-T2-S+1)+ K, =0,
Ty T2 S3+2'<'T1'T2'Sz+ T,-S+K,=0,

T.€. NOJTYy4UJIU YpaBHEHNE TPETLEIO NopsAAKa Bnaa

a3S3 + a252 + a;:S+ ag =O,

roe az=T;- Tzz, a =2 CT1 ' TZ, a; = T1, ao = K,

Mcnonb3ysl 3TO ypaBHEHWE MOXHO WMCCNEAOBaTb YCTOMUYMBOCTb C
nomoLublo Kputepus Muxaiinosa (cM. npunoxenve b), runepbonbl n ana-
rpammbl BollwHerpaackoro (cM. npunoxeHue A). Mcnonb3ys BellecTBeH-
HYI0 YaCTOTHYIO0 xapaktepuctuky Re(W(s)) u n.2.9 «[MoctpoeHune nepe-
XOAHbIX MpoLeccoB no BYX», MOXHO MpoaHanu3MpoBaTb MNEPEXOAHOU
npowecc, onpeaenus napaMeTpbl Ka4ecTsa perynmposaHus (cm. n.1.5).

MathCad nporpaMmMa AMHaMMYECKOro pacyeTa CMIOBOM 4acTu
ruaponpueoga npueeaeHa B NpuioXexHun B.
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4. AMUHAMMYECKWNIA PACYET ruaPoONPMBOAA C ABTOMATUYE-
CKWUM PEIYJINPOBAHMEM CKOPOCTU MNOPLLUHA
rmaPoOLMINHAPA

4.1. PacueTHasi cxemMa
PacuéTHas npuHUMnuanbHas ruapocxemMa aBToMaTU4eCcKoro perynmnpo-
BaHWA CKOPOCTU MoKa3aHa Ha pUCcyHke 4.1.

Puc. 4.1. MpuHuMnuanbHas cxemMa aBTOMaTUYECKOro peryMpoBaHns CKO-
poctu nopuHsa MY,
P - pacnpegenutens, H - Hacoc, KIM — knanaH npeaoxpaHuTesibHO-
nepenueHoi, PP- perynatop pacxoaa, p v p — AABNEHWUE XUAKOCTM B
HarHeTaTeNbHOW 1 C/IMBHOI MOMOCTAX ruapoumnuHapa, & - ckopocTb
AsmxeHus nopwHs MU, R — Harpy3ka Ha nopLuHe rmapounnuHapa, Qm, —
pacxo XUAKOCTU ruapoumnuHapa, Qper - pacxoa perynsatopa pacxoga, b
— 6aK, Sn — nonwaab NOpLUHS.
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[Byx1UTOKOBbLIN L, obecrneunBaeT nepemMeLleHUe NOpLIHA B OfIHY U B
APYryto CTOPOHY C OAMHAKOBOM CKOPOCTbIO. [Nsi perynnpoBaHust U CTabu-
NN3aLMM CKOPOCTU NPUMEHSIETCS perynsaTop pacxoga PP. koTopblit obec-
neymBaeT NOCTOSIHHbIV Nepenaj Ha Apoccene, He3aBMCMMO OT Harpy3ku U
nepemeLénus.

P1 Sn, P2 Sn - CUNbI IABNEHNS [EWCTBYIOLIME Ha NoplieHb. MNpu aBuxe-
HMUM MOPLLHSA C MOCTOSIHHOW CKOPOCTBIO — YCTAHOBUBLLIEMCS [IBUXKEHWUN.

P1 Sn, P2 Sn - R = 0 — cuna gaBneHvs Ha nopLleHb npeogone-
BaeT Harpysky R, oTkyaa

R

p2=p1 -—
S

ByaeM cumtaTtb, YTO YCTAaHOBNEH Apoccenb 6e3 perynsropa pacxoaa, To-
roa:

roe | — koachduuUMeHT pacxoaa Apoccens;

Spp — N/I0WRAbL NMPOXOAHOIO CEYEHUSI APOCCENS;

p — NJIOTHOCTb XWUAKOCTU;

p: — A@B/IEHME B HAarHETATESbHOW MOJIOCTU, MOXXHO CYMTaTb MOCTOSIHHbIM.,
Sn— niowaab NopLuHs

Toraa CKOpPOCTb ABVXKEHWS MOPLLUHSA MMAPOLMAMHADA:

o Qe
S

II
- COrnacHo NoJsly4YeHHoOM 3aBUCMMOCTU pacxoa Qe 3aBUCUT OT Harpysku R.
B pesy/ibTaTe CKOPOCTb 3aBUCUT OT Harpysku & (R), cM. KpuByio 1 Ha
pucyHke 4.2.
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/’l ' S);lp A pl
BuaHo, uto CkopocTb nepemelleHust ot S, = Ao

S

n

Hynsa, Koraa Harpy3ka AOCTUra€T MakCMMa/lbHOro 3Ha4eHus

Rrnax = pls

o"

V max

Puc. 4.2. 3aBUCMMOCTb ABWKeHUs nopLuHs & (R) oT Harpysku R, ecnu Ha
CXeMe MCMosb30BaTh Apoccenb 6e3 perynsTopa kpusasi 1, apoccenb €
perynstopom (PP) — kpuBas 2.

Ecnu nepen apoccenem nocrasutb perynsitop (PP), ToO npu onpeaenéx-
HOW Harpyske CKOpOCTb ABUXXEHWUS MOPLUHS BYAET NOCTOSIHHOW, CM. pUCy-
HOK 4.2. KpuBYO 2.
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4.2. YpaBHeHUs1 MaTeMaTUUYECKOI MoAenu
[JonyuweHusa npu HanucaHnyM MaT. MOAEeNU Takue Xe Kak B MyHKTe 3.2.

YpaBHeHue aBuxkeHus ans npmsoaa ¢ PP:

dg
P1Si-R-Kp: 3 =M-—
dt

rae
Kip - 3 — cuna TpeHus

Krp — KO3 DULMEHT TPEHWS, YUMTBIBAET TPEHME NOPLLHA O CTEHKU MMAPO-
UMIMHAPA, TPEHWE LITOKOB B YMAOTHEHMSX, TPEHWNE NOABMXKHBIX S1EMEH-
TOB UCNOJTHUTENBbHbLIX MEXAHNU3MOB.

M- — - cuna uHepumm.
dt

—— - YCKOPEHWE MOPLUHS rMAPOLMIMHAPa;

dt
M — npuBeaeHHas Macca nepeMeLLaeMbIxX YacTel CoCTOMT u3: - 1) Macchl
MOPLUHS M WTOKA, 2)NPUBEAEHHON K MOPLUHIO, MacChl MOABWXXHBIX AeTa-
Nei NCMOMHUTENBHOMO MexaHn3Ma, 3) NpuBeAeHHas K MOpPLUHI0 Macca
)KMOKOCTM, HANOJHSAIOLAs NOMOTH MMAPOLUMAMHAPA U COEANHEHHBIX C HAM
rMAPONVHUIA.

YpaBHeHMWe pacxofa rMAPOSIMHUK - BTOPOE YPaBHEHWE MaTeMaTU4ecKon
MoAaenu.

Qper = Qry - Qox
raoe Qper — Pacxod perynsatopa pacxoaa;
Qox — pacxol KOMMNEHCUPYIOLLMI CKATUE XXMAKOCTU.
Pacxop 'l

Qru =S|-| -V
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Pacxop oxatus:

roe Ve — 06BbEM XUAKOCTU TMAPOCUCTEMDI,
E — npuBeaeHHbIN 06LEMHBIN MOAY/b YMPYTrOCTM XUAKOCTU;
dpz
— - CKOPOCTb U3MEHEHUA AaBJIEHUA Pa.
dt

K npuBeaeHHbIM ypaBHEHUSIM NPUMeEHSIETCS Npeobpa3oBaHne
Jlannaca, a [o 3Toro ucnonb3yem onepaTopHyto bopMy 3anucu Npoms-
BOZHbIX.
ypaBHeHme ABMXEHNA NPUHUMAET BUA:
plSn'pZSn'R'KTp'V=M' S'V,

roe S — HesaBucMMas nepeMeHHas Jlannaca, S = iw, 0<w<oo.
Pacxop okaTus 3anuceiBaeTcs Buae:

Ve
Qx=— S py
E
B pe3ynbTate npeobpa3oBaHuii NOMy4aeM NEPBOE YpaBHEHWE B 3aMuUCH,
yAO6HOW ANnsl COCTaBMEHUS CTPYKTYPHOMN CXeMbl AMHAMMUYECKOrO aHanm3a:

P1Sn-P2Sn-R= Vv Kp(1+ Ty S) ,

rae T, — nocTtosiHHas Bpemenu L.



4.3. CTpyKTypHasi CxeMa AMHaMMUY€eCKOro aHasusa
CTpyKTypHas cxeMa AMHaMM4ecKoro aHanusa rugponpmeoga APC (cTa-

6MIn3aLMmM) CKOPOCTY MOPLLHA ruapounnuHapa MU nokasaHa Ha pyUCyHKe
4.3.

- - - 1
Pt Sx R@HSH Pa SR} rio |V
Erp(lir 3+ 1)

Pg Sn Wael (S}
e i
P2 Pz ' Qru
| P2 |
| | WDEQ(S:I
l oo . T T — —/ — - — — o |

Puc. 4.3. CTpykTypHas cxema AMHaMM4yeckoro aHanvsa rmaponpuseoga
APC nopuuns 'L,
Ha cxeme: R — nepemMeHHas BeNMYMHA — Harpy3Ka Ha LUTOKe ruapouu-
NIMHAPA — BXOAHAS BENNUMHA; F — BbIXO[ CXEMbI.

CTpyKTypHasi cxemMa COCTOUT M3 MSTU 3BEHbEB:

[BYyX ycunuTenbHbIX 3BEHBEB C KOIDMDULNEHTOM YCUNEHUS Sy, MHTErpU-
pYIOLLEro 3BE€HA C NepeaaToYHol (yHKUMen

Wi(S) — nepeaatoyHas dyHkumsa Iy,

3BeHa perynatopa W»(S) — cBA3biBaeT pacxos perynstopa Qper C AaBne-
HWEM CNIMBHOM MOSIOCTU MAPOLMAMHAPA P2,

anddepeHumpytowlero 3seHa Ws(S) — 3BeHO, y4uTbIBatoLLEE OKMMae-
MOCTb XXWAKOCTU

CTpykTypHasi cxeMma ¢ AByMs o6paTHbIMU CBA3AMU - Woci(S) U Woca(S).
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MepenatoyHas hyHKLUMS CUCTEMbI C YYETOM 06paTHOM CBSA3N Woe(S) ;

W2(S)

Wocz(s) = ’
1+ Wy(S) - W5(S)

W, (S)
1+W,(S)-S? -

Wocl (S) =

W, (S)
1+W2 (S) 'W3 (S)

B pesynbTare:

W1(S) - ( 1+ Wx(S) - W(S))
W(S) =

1 4+ Wx(S) - (W3(S) + Wy(S) * S2)

B npuBeAeHHOM COOTHOLIEHUM BCE BEIMYMHBI NEpeaaToOYHbIX (QYHKUMNI
n3BecTHbI, kpoMe W»(S). nsa onpeaenenus W,(S) — nepeaatoyHoi
yHKUMM perynaTopa, paccMOTpuM paboTy perynsitopa.
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4.4. NepepaTouHan byHKUMNA perynsTopa pacxoaa

MNMonyKOHCTPYKTUBHASA CxeMa perynaropa pacxoaa PP nokasaHa
Ha pucyHke 4.4, rae nsbbIToyHOE AaBnieHne B 6ake NPUHATO paBHbIM HY-
N0, AABNIEHME P2 HA BXOAE B PEryNsiTop paBHO AaBSIEHUIO CIMBHOM MoONo-
CTV ruapuMnuHapa.

30/10THUK perynstopa COCTOUT U3 MAYHXEPOB, ABYX Pa3/IMYHbIX
nnowaaen: Sson M Sy, Mowaab ¢= Sson - Si .

2 /
[T T T T T T T
I'T |s
oM
5, =
| q AF
S e
ML U
Qper I?Su L IE

Puc. 4.4. MNMonyKoHCTPYKTUBHasa CxeMa peryndaropa pacxoaa PP.
h — nepemMelleHne 3010THMKA perynaTopa

[OM — apoccenb (aemndep) — npeaHasHayeH ans AeMndupoBaHms Kone-
6aHuWI 30/10THKKA perynsaTopa.

Cunbl AaBneHust XXMAKOCTU Ha nnowaam Sy U S, , ypaBHMUBatOTCS
CVUNOI AaBNEHUS MPYXUHbI PerynaTopa.

[ns BbIYUCIEHMS CUITbl UHEPLIMM AEMCTBYIOLLEN Ha 30/I0THUK pe-
rynsitopa, HeobxoaMMa Macca 30/10THMKa, KoTopasi BblumcnseTcs no ¢op-
Myne:

m:(hl'sl+h2 .S3Oﬂ)‘pCT’
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3071

V4 V4
rae S, = " .d?,S, = " D2, pa3smepsi D, d, hi, h, nokasaHbl Ha

pucyHke 4.5;
Per = 7800 Kr/M3 — NIOTHOCTb CTanu.

Mpy HaNMCaHWK ypaBHEHWI MaT. MOAENM CAENaHO AOMYyLIEHWE, YTO BBMAY
MasioCT1 Mnowaaun Sy NpUHATO:

S, *S,,1eS =0

Mpw yBenuyeHun Harpy3skun R Ha wroke L, 3010THWK perynaTopa onyc-
KAeTCs BHU3 M COMPOTUBIIEHNE perynsatopa yMeHbLUAeTcs, 3TO NpUBOAUT
K cTabunmsauum ckopoctn nopuHs L.

B pe3ynbTaTte paboThl perynsatopa, nepenasa AasneHus Ha [P ocTaércs
NOCTOSIHHBIM 1 cocTasnsieT 0.2 MIa (2 TexH. aTMocdepbl)

D,
| S
1 i
= |
|
| 52
- |
=
d
= "'-Ldﬂuf

Puc. 4.5. K BblunCieHnio Maccbl 30M10THUKa perynsaTopa.

JInHeap130BaHHbIE YpaBHEHUS MaTeMaTU4eckoi moaenu PP
VMEIOT CriealytoLmiA BUA:
6 ypaBHEHWUI
1-Qper=k31(p2'pa)'k32h;
2.Qper=Qap;
3.Qap=KzpPa;
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dh
4.Ss0n— = ’
dt QdM

5.Qam=Kam(pa-ps);

d *h

de?

rae Qper, Qup, Qav — pacxonbl perynstopa, apoccens u gemndepa;

P2, Pa, Ps — Aa@BMEHME Ha BXoae B PP, Toukax a u B;

k31 M k32 — KO3(pDUUMEHTBI pacxofa Yepe3 OKHO 3aKpbiBaeMoe 30510THU-
KOM perynsitopa, no AaB/IEHNIO U NEPEMELLEHNIO 30/T0THUKA;

Knp M Kqv — KO3 DMUMEHTBI pacxoaa apoccens n gemndepa;

C — XECTKOCTb MpPY>XWHbI perynsatopa.

B 3Tn ypaBHeHUs1 BBOAUTCS onepaTtop AnddepeHUMpoBaHisl 1 UCMONb3Y-
eTcs npeobpa3oBaHue Jlannaca:

6. pB S3or|'ch =m

- Qper=Ks1(P2-pa)-ks2h;
- Qper=Qup;

+ Qap=KgpPa;

.S, Sh=Q,.;

+ Qav=Kam(Pa=ps);

. Pe Sson-ch=m S°h;

A U1 A WN =

B WwecTn ypaBHEHUSIX CEMb HEM3BECTHbIX BENYMH:
Qper, P2, Pas D, Qavy Qap, Ps, MO3ITOMY U3 CUCTEMBI LIECTU YPABHEHUIA MOXK-
HO HalTV NepeaaToYHyo MYHKUMIO perynsitopa pacxoaa.

W2 (S) = -
per
nnm
202
WZ(S) _ K-lg-lz-lsf +2ST¢, +1) '
, S +2S8T,4,+1
roe
_KC+K, K, +Ky K, = 29,01
C ' ' Kleop ’ K31K0p



T2, T1 - NOCTOSIHHAs BpEMeHu;

_ KlS320,7 .
2K, JK,m(K,C+K,)’

&1

¢ 5, &1 - KO3PULIMEHTBI CONPOTUBIEHUS;

T2: E,

2832{)][ -
g, = )
2K, ~mC

[nsi obecneyeHns yCTOMYMBOCTM CUCTEMBI U €€ BbICTPOAENCTBUS
Heobxoanmo, YTo6bl KO3PULMEHTLI CONPOTMBIEHUS BbINN Kak MOXHO
60sbLUe, @ NOCTOSIHHbIE BPEMEHM KaK MOXHO MeHbLue. Kak nokasbiBaeT
aHanu3 CooTHOLWEHW Anst BennunH T, Tu &, , §; NOCTaBNeHHbIM ycno-

BUSIM OTBEYAET YBEMIMUEHME MNIOLLAAN 30I0THUKA Sson U YMEHbBLLEHWE
Macchl 30/10THUKA M. TakuMK napameTpamu obnagaet ¢hopMa 30/10THUKA

NnoKasaHHas Ha pUcyHke 4.5.

Nmest dyHkumio Wx(S), MOXHO BbIYMCINTL NepeaaTouHyo yHKUMIO

cUcTeMbl CTabunmsaumnm CKopocTu.

W (S) = W, (S)A+W, (S)W;, (S))

1+ W, ()W, (S) + SAW,(S)) |

[anee MOXHO pelwunTb 3aaa4m AMHAMUYECKOrO pacyéta CUCTEMbI:

1. Bonpoc yCTONYMBOCTM CUCTEMBI.

2. OnpepaeneHve napamMeTpoB KauyecTBa perynMpoBaHus.
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NMPUNOXXEHMUE A

MATHCAD MPOIrPAMMA NOCTPOEHUA
OVWATPAMMBI U.A. BbILLHETPAACKOIO

3 3
1+ 2G G+
) = 1 B(Q) = ———
G
B(A) = — 3
=A 2.D° + 27
A oDy =22 *+ 21
9.D
A :=0.001,0.15.. 10
D :=0.001,0.15.. 3
G:=1.10
a3:=0.510 *
a2 :=0.01
al:=0.3
a0:=1
2
Al = a
( 2033 Al = 6.897
a0-a3
Bl.—__a
( 2 )0-33 Bl = 7.879
a0 -a3

60



A,D,F(G),E(G),Al

A= B(A) =
103 fi-103
0.15 B.667
0.299 B.344
0.448 p232
0.597 h.675
0.746 1.34
0.895 117
1.044 D.958
1.193 D.838
1.342 D.745
1.491 D.671
164 061
1.789 D.550
1.938 b.516
2.087 D.479
2236 D.447

D= QD) = F(G) = E(Q) =
10 -3 3103 3 3
0.15 R0.005 4.25 5
0.299 0.053 6.111 9.667
0.448 6.741 8.063 16.5
0.597 5.104 10.04 254
0.746 4.145 12.028 36.333
0.885 3.53 14.02 #9.286
1.044 3.116 16.016 64.25
1.193 2.831 18.012 B1.222
1.342 2.636 20.01 100.2
1.491 2.506
164 2.427
1.789 2.388
1.938 2.383
2.087 2.405
2236 2453
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NMPUNOXXEHMUE b
MATHCAD MPOTrPAMMA NMOCTPOEHWSA FOAOrPA®A MUXANIOBA

D(p) = (0.00001-p5 +00008p* + 005.p° + 3p% + 40.p + 1000)

w:=0,6..100

<U0U

1000

Im(D(i-w)) ﬁ

0 —4000 —2000 0 2000 4000

Z00U

RalD(iaaNY N
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NMPUNOXXEHUE B

MATHCAD MPOrPAMMA IMHAMUYECKOIO PACHETA
CMNOBOW YACTU TMAPOMPUBOAA

Mu := 0.9 Dz :=0.02 Ro := 900 Pkp := 4-10° M := 150
E:=1510°
Li=1 =1 Dtr := 0.01 Ktr := 1000
Cn := 9000 Xz :=0.005 D:=0.07
Pno := 0.999999 Pkp Pno = 4 x 10°
Xz0 := 0.01 Xz Xz0 = 5x 10 °

Sp:=0.785D° s
Sp = 3.847x 10

Str:—0.785Dtr” s
Str=7.85x 10

3

Vo :=0.5Sp-L + Str-l Vo =2.002x 10
2
cei—2832
Vo

Cc=2.217x 107

Kz1:— Mu-3.14 Dz- Xzo

— 8
[2-Ro-(—Pno + Pkp)1°> Kz1=3.33x 10

—Pno + Pkpjo'5

Kz2:=Mu-3.14 Dz:| 2-
Ro

Kz2=5.329x 10 s

Kz2 T1=0.722
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Dzel Dze2
Dze := —2o=F D202

(M.co)®5

_ Kzl-Cn
Kz2-Sp

a0:=1

T1
al :=——
Kn

az2:

Mi(s) := (a3»s3 +

0,2..

Dze2 := KZl—M»E

T2

_ 2-DzeT1.

a2~52 + al-s + 1)

25

Vo

Dze = 64.919

Kn = 14.624

al = 0.049

a2 = 0.017

a3 = 1.284x 10

4

Dze2 = 3.744 < 106

Im(Mi (i-w))

Wi(s) =
O =1

Re(Mi(i-w)) .0

1

W2(s) :=

(T2-s)2 + 2-Dze-T2's + 1
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W1(s)-W2(s)
1+ (W1(s)-W2(s)-Kn)

G(s) :=

w :=0.001,0.1.. 10

Re(G(i-w))

15

2 Re(GIW) i (w-

Y(t) = 314 w sin(w-t) dw
0.01

t:=0,0.1..3

Y(t)
Re(G(i-0.001)) —
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