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HccnenoBanel HeMMHEHHBIE KoeOaTeNbHbIE MPOLECCH, BOSHUKAOIINE B CUCTEMAX C TIEPEMEHHBIMH ITapaMeTpa-
MU C y4eTOM 3alasblBaHusd. B paccMaTpuBaeMbIX CHCTEMaX IMPOMCXOAUT HMEPEKIIOUCHHUE IIapaMEeTPOB B 3aBU-
CHMOCTH OT HEKOTOPBIX YCIOBHH pabOTHI, TP 3TOM IPU Ka’kKAOM 3HAYCHUH ITapaMeTPOB CHCTEMa OCTACTCS JIH-
HEWHOH, HO B LIEJIOM, KOHEYHO, OHA HEJMHEHHAs U UMeeT 3amna3apiBaHne. D(PPEeKTHBHBIE METOIbI TPAKTHUECKOTO
UCCIIEIOBAHNUS TAKUX CUCTEM HEJOCTATOYHO U3YUYCHbI, YTOObI MOJHOLEHHO HCIIOIb30BaThCS B IPAKTUKE aBTOMa-
THYECKOTO YIpaBiIeHUs. PacCMOTpPEeHBI BONPOCH! BOSHUKHOBEHHUS ABTOKOJIEOAHHH, YCTOWUNBOCT U MapaMeTpEI
KOTOPBIX JOIKHBI OBITH paccunTaHbl. Ha 6ase pemeHns THIIOBOMH 3a1auu O MEPEKIIIOUAEMBIX OCIMIIIATOPAX MMO-
Ka3aHa d(QEeKTHBHOCTh aHAJMTHYECKOTO BBEIYHCIICHHS ITapaMEeTPOB aBTOKOJICOAHHH B CIIy4asiX, KOraa oObIYHbIC
METO/IBI HCCIIE0BAHMS 3aTPyAHEHEL. Pe3ylbTaThl BRIYUCICHUH TOATBEPKICHBI MOJICTTMPOBaHUEM B cperie Matlab.
KnroueBblie c0Ba: HenMHEHHBbIE KoneOaHMs, NMPEAENbHBIA IUKI, yCTOMYMBOCTH, 3ala3iblBaHUE, MEPEMEHHAs
CTPYKTYpa
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CI/ICTGMLI ¢ nepemennol ctpykrypoit (CI1C) naBHo n
3QPEKTUBHO UCTIOIB3YIOTCSI B MIPAKTHUKE aBTO-
Marudeckoro ympasienus [1-3]. D1o o0ycioBieHo
CJEeIYIOUIUMU UX MOJIC3HBIMU CBOMCTBaMU [4]:

— BO3MOYKHOCTBIO B Pa3bl YBEJIMUUTH ObICTPOICH-
CTBHE PETYJISTOPA 32 CUET CKOJIB3SIIETO PEKIMA;

— poOacTHOCTBIO BCEH CHCTEMBI 11O OTHOILICHHIO
K U3MEHEHUIO MapaMeTpoB 0ObEKTa yNpaBIeHUs
(IBMKEHHE B CKONB3ALIEM PEKUME HE 3aBHUCHUT OT
napamMeTpoB 00BEKTA);

— BO3MOXKHOCTBIO MOJTY4YeHHUs] OECKOHEYHOTO TO-
psiika actaruzma (c OrpaHMYCHHUSIMH), YTO BOOOIIE
HEBO3MOYKHO B JIMHEHHBIX CHCTEMaX;

— pelIeHre HEKOTOPBIX «IIPOKJISITHIX) 3aa4 THIIa
MHOTOKpaTHOTO An(p(depeHIUpOBaHUS B YCIOBHUIX
ryma  Jap.

Kpome ciyyast, korna nepexitoueHle CTPyKTY bl
BBOJIUTCS CIIEUANIbHO, HAJTMYNE HETIaJKoW Helu-
HEHHOCTH U 3aIla3/ibIBaHUs B IIPABOI YaCTU CUCTEMBI
mddepeHInanbHbIX YpaBHEHUH MPUBOJUT K TOSIB-
JICHHUIO TPE/ICbHBIX IUKIIOB, TapaMeTphl KOTOPBIX
HEOOXOMMO PacCUUTHIBATH aHATTUTUYCCKH.

Oco000 HEOOXOIMMO OTMETHTB, YTO M B COBPEMEH-
HBIX UPPOBBIX CUCTEMAaX aBTOMaTHYECKOTO YIIpaB-
nenus (CAY) aBrokoneOaTenbHble PeKUMbI MOTYT
MOSIBIISITHCS. BCIICACTBUE HATMYNSI HEIMHEHHOCTH 1
3arna3/ibIBaHusl.

Lenb pa6oTbl

Lenbto padots siBisiercst ananu3 padorer CIIC
IIpy HAJIMYKN HEJIMHEWHOCTH U 3ara3bIBaHUA. Pac-
CMOTPCHBI YCJIOBUSA IMOABJICHHA U MCUC3HOBCHUA
NpEACIbHBIX HUKIIOB, BBIYUCIICHBI ITapaMETPhI 9TUX
IMKJIOB.

MNMoctaHoBKa 3agayn. Cpeacrsa M MeToAbl

Jlis penieHus cucTeMsbl ¢ IEPEMEHHON CTPYKTY-
POl BOCIIONIb3yEMCSI METOJJOM TapMOHUYECKON JIH-
Heapuzauuu [2, 5—7] 1 METOJUKOW UMUTALMOHHOTO
MoJienupoBanus B cpeie Matlab-Simulink.

ITycts nmeercs pasouenne X, =X, Bcero da-
30BOT0 MPOCTpAHCTBA B 00benuHeHue obnacreid. B
9THUX 00JACTSX OTpeneseHbl PYHKIHU f, B COBOKYII-
HOCTH 00pa3yrolye MpaByko 4acTh CUCTeMBbI qudde-
PEHIMANBHBIX YpaBHEHUH.

PaccmoTpum MOJENBHBIN IPUMEP IEPEKIoUae-
MOro ocisitopa (puc. 1).

B xBagpantax 1 u 3 3a1a0 0CUUILISITOP

X=—dx—4x.
B xBagpanTtax 2 u 4 3a7aH 0CUUILISITOP
X¥=—dx—x.

B 006oux ciyuasix oCUUIISATOP HEYCTOUYUB.
MOo:XHO 3TO TPaKTOBATh TaK, 4YTO UMEETC JBa Iepe-
KITIOYaeMbIX MEXy cO00W OCHMILISATOpA.

OcunmnsaTopsl OyAyT MEPeKITouaThes IPH yCIIo-
BUU (chnchc) 1501071 (xs—cnics—c), TO €CTh
o0yacTy nepextoueHust OyIyT UMeTh BUJI, ITPEACTaB-
JIeHHBIN Ha puc. 2. Ha rpanunax obnacreii ¢pa3zoBble
TPAaEeKTOPHUHU CIIMBAIOTCS, TO €CTh IPauKH TIepexo-
IaT 13 obnactu B o0nacTh HenpepbiBHO. Ha puc. 2
o0o03HaueHa ob6aacThb /, rae NeHCTBYeT ypaBHEHUE
1-ro ocummistopa. Ha Bceil ocTanpHON MI0CKO-
CTU — 2-TO OCITIJLISATOPA.

OTO XapakTepHO JJIs CUCTEM ONTUMAIBHOTO
y1paBJI€HUA, CTICHUATIBHO CIIPOCKTUPOBAHHBIX I'CHE-
PaTOPOB C MEPEKIIOYAEMON CTPYKTYPOM U B IPYTUX
ClIydasax HaJlu4dus CJIOXKHBIX HEeJINHEHHBIX Koaeba-
TeIbHBIX cucteM [1, 2, 5, 8].
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Fig. 3. Simulation in the Simulink environment

[Ipsimoe mMojenupoBaHue MPOBOANIOCH B Cpeie
Matlab-Simulink (puc. 3). BeisiBnena cienyrorias
O0COOEHHOCTh: JJaKe NMPU HEYCTOWYMBBIX HCXOIHBIX
ocHMJUIATOpax, T. €. npu d < 0, BO3SMOXHO yCTOM-
YMBOE JIBM)KEHHUE B II€JIOM IPH JIFOOOM HauyalbHOM
ycioBuu (cM. puc. 2), Beiopano d =—0,2.

Crenyromue ocOOCHHOCTH MOBEACHUS ITOH He-
JINHEWHOUW CUCTEMBI:

1. meeTcst yCTOWYUBBINA TPEAETbHBIA UK —
ABTOKOJICOAHHMSI [TPH JTFOOBIX HAYaJIbHBIX 3HAYCHHUSX 1

HavaabHOM 3HaueHuH d =—0,2. Puc. 4, a mokaspiBaeT
MEPEKITI0YCHUE OCIMIUIATOPOB, a puc. 4, 6 — Hau-
Yue TIPEeIbHOTO ITUKJIA.

2. IIpu yBeNMYECHUHN CTEIEHU HEYCTOMYHBOCTHU
OCIHMJUIATOPOB (IIpU OOJIBbIIEM 10 MOJIYIIO ) BCS
CUCTEMA CTAaHOBUTCS HEYCTOWUYUBOM.

3. Ilpu nosiBNEHUM 3ama3abIBAaHUS TPEICTbHBII
LUKJI COXPAHSIETCS 10 HEKOTOPOTO MaKCUMaJILHOTO
3HAYCHUs 3ana3ibiBanus. Ha puc. 5, a, 6 3ana3mpl-
BaHMe emle mano. Ha puc. 5, 6 uMeer MecTo citydaid
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Fig. 4. Switching of the structure and loss of stability when exceeding the instability
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Puc. 5. DOBomnronus npeaenpHOTo NUKIIA IPH BO3pACTaHHUH 3aMa3AbIBaHUs. YCTOHYMBOCTD TEPSI-
eTcsl IIpU BpeMeHU 3anasapiBanus Tt~ 0,159
Fig. 5. Evolution of the limit cycle with increasing delay. Stability is lost when the delay time 1~ 0,159

TPAaHUYHOTO 3ana3asiBanus. [Ipu naneHelimem yBe-
JIMYEHNH 3ama3ibIBaHus, pUC. 5, 2 cUcTeMa TepsieT
YCTOMYUBOCTb.

Kak paccuntarh Bce 3TH 3 (eKThl, a UMEHHO:
BBIYUCIUTH IPAaHUYHOE YCIOBUE Ha d U MTapaMeTphl
LUKJIa — 4acToTy (Iepuoa) U aMIUIMTYy U Tpa-
HUYHOE 3aryxanue? Crenarh 3TO MOXKHO C y4ETOM
0COOEHHOCTEHN pacCMOTPEHHON 3aa4u:

— cucTeMa HeNlWHEeHHas!, HeTllaJKas U He cofep-
JKUT MaJioro mapamerpa [9].

— HaJIMYHUe 3ara3AbIBaHus YCIOKHSICT HE TOJBKO
MozenupoBanue, Ho u pacuert [1, 10-13].

Wmeromuecs: ycnoBusi IO3BOJISIIOT TPUMEHUTD
METOJI TApPMOHIYECKON TMHEeapu3aImu [2, 3, 5, 6, 14],
4TO 000CHOBAHO MPEACTABICHUEM 3aMKHYTOU
CHUCTEMBI KaK IMOCJE0BATCIbHOTO COCAUHCHUS
JMHEWHOU YacTH (MPaKTUYECKH JTI000H CI0XKHO-
CTH Y TIOPSIIKA) U HEJTMHEHHON QyHKIHMH, 3a/1aH-
Hol B (pazoBOoM mpocTtpaHcTBe. CllOKHOE Herap-
MoHHYEeCcKoe (HO mepuoaunueckoe!) kosebanue
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Ha BBIXOJI€ HEJIMHEHHOTO dIIEMEHTa, MPOXOJII
JUHEWHYIO YacTh, JUIIAETCS BHICIIUX TapMO-
HHK 3a CYET Claja aMIUIMTYJIHO-4aCTOTHOH Xa-
paktepuctuku (AUX) B BU oGnactu. B Hamem
cllyyae JUHEHHAas 4acTb — 3TO IPOCTO ABOUHOMU
WHTETpaTop C 3aa3bIBaHUEM U C HAKIIOHOM JIO-
rapu(MUYECKUX aMIUTUTYIHO-4aCTOTHBIX Xapak-
tepuctuk (JIAUX) —40 n6/nexany, 4To COOTBET-
CTBYET BTOPOMY MOPAIKY AUDPEepeHIInaIbHOTO
ypaBHEHHS.

KoaddunmenTs rapMoHNYECKO THHEAPU3AIIH
[2, 3,5, 6,14-21] umeroT Bu:

3(= .. cC . C
Amw)=1+—| ——arcsin— —arcsin— |, (1
q(4o) n(z o A] (1)

2
r(40)=L do+> 1—0—2(1+0)2) Q)

® T A
OTH GOPMYIBI MOTYYEHBI MyTEM 0ObEMHBIX BbI-
YHCJICHUH, KOTOPBIE 3/1€Ch OMYLICHBI B IEISAX DKO-
Homuu Mecrta. Koadduuunentsr (1, 2) 3aBuciT He
TOJBKO OT d U ®, HO OT A, 4TO JaeT BO3MOKHOCTh
ydeTa HeJIMHEHWHOCTH, BHIYUCICHUI MapaMeTpoB
MPEeNIbHOTO UK ¥ IpaHul] ycToitunBocTh. Te-
Mepb MOKHO 3aIKCaTh yCIOBUE HAXOXKICHHS Ha Ipa-
HUIIE YCTOHYUBOCTH, TaK KaK IMPH 3TOM BO3MOXKHBI

nepuoanvecKue pemenus (rpanuua Haiiksucra)

W(jw)exp(-jtw)(q(4, ®, d) + jr(4, o, d)) =-1. (3)

3TO yCIOBHE €CTh KOMIUIEKCHOE YPaBHEHHE, KO-
TOpPOE HEOOXOJMMO PEHINTh OTHOCUTEIBHO A U 0 —
aMIUTUTYIbl U YaCTOTHI aBTOKOJIeOaHUH, TO €CTh,
rapamMeTpoB MPEACTbHOTO IIHKJIA.

Jis HaXOXKJSHHUS PELICHUsI TTOCTPOUM MOBEPX-
HOCTh MOJIYJISI 3TOM KOMIUIEKCHOM (DyHKIIMH, 00pa-
marorterics B 0 (puc. 6).

Pemenne ypaBHenust (3) — camas HU3Kas TOUKa
rpaduka. [Tepexon Kk moaynorapuMHIeCKUM KOOp-
JMHATaM Ha pUC. 7 3HAYMTENILHO YIPOIIAET HaXOXK/Ie-
HUE PEILICHNUS, TaK KaK OHO CTAHOBHUTCSI OTUCTIIMBEE
BBIPa)KEHO: OTPHULATEIbHBIII MUHUMYM TIPH 3TOM
moxkeT gocturarb —100 10. OHO JIErKo HAXOIUTCS B
MoyaorapugMUIecKux KoopaIuHarax (CM. puc. 7) u
paBHO: ® ~ 1,23; 4= 0,9, 4T0 COOTBETCTBYET JAHHBIM
MOJICTTUPOBAHUSI.

Pemenne ypaBHeHHs TPOU3BOANM YHCICHHBIM
MeTOJ0M (MOCIEIOBATEIILHBIX MPUOIUKESHUN).
Wtepannu MeTona cxoasTcs K Touke o =~ 1,233;
A = 0,92. meertcs U emie o1UH KOPEHb, KOTOPHIH
TaK)Ke XOpOIO BHJCH Ha rpaduKax M HAXOIUTCS
yuciieHHo: o <~ 0,78; A = 0,69.

OnHaKoO C TAKUMHU TapaMeTpaMu IpeleibHbIN
LIUKJT HEBO3MOXKEH, TaK KaK HE IIPOMCXOIUT MEPEKITIO-
YEeHHs OCIUIUIATOPOB M CUCTEMa HEYCTOHUMBa. JTO
OTpa)kaeT TOT (aKT, YTo ycioBHe (3) sBISETCS JIUIIb
HEOOXOAMMBIM JIJIS CYIIECTBOBAHUS IEPHOTUUECKUX
KoJIeOaHHH.

O'—"—‘J\)I\)w

Mognyns |4, o, dj|
cuhounwouwmo

—_
w

Puc. 6. [Toepxuocts monyns (3), d =—-0,2, ¢ = 0,5; xpacHas
TOYKa — pelICHHe

Fig. 6. The surface of module (3) in example 2, d=-0,2,¢=0,5;
the red dot is the solution

—10[—

S N
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) AMILTATY/Ia @BTOKO
a

9 1,0 LI
ne6aHl/lﬂ,A

Monyisb |4, o, dj|

Puc. 7. IToBepxaocTs Moxyns (3) B momyaorapu(pMHUUeCKuX Ko-
OpIMHATaX: d, 6 — MOBOPOTHI PHC. O] PA3HBIMH yIJIaMU

Fig. 7. The surface of the module (3) in semi-logarithmic coordi-
nates: a, 6 — turns of the fig. at different angles)

Teneps yureM 3anasapiBaHue. MHHUMas 3KCIO-
HEHTa UMeeT eJMHUYHBIA MOAYJIb, I0ATOMY HE yua-
CTBYET B YPaBHEHUH JUI1 MOAYJIS, BHITEKAIONIEM U3
BoIpakeHus (3). Ho Mbl Mo)keM ydecTh 3arasbl-
BaHHE, MOCTPOUB I'paduk rojgorpada aMIIUTy-
Ho-(azoyacToTHOU XxapakTepuctuku (ADPUX) Ha
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ImW( jo)

-2 -1 0 1 2 ReW(io)

Puc. 8. AOUX 06e3 3anma3abIBaHHs BBHIIOJTHEHBl yCIOBUS
aBTOKOJNEOAHUIl — MPOXOXKICHHE Yepe TOuKy —1.
Awmmutyna xkonebanuii 4 = 0,92, o ~ 1,233

Fig. 8. Frequency domain without lag, the conditions of self-os-
cillations are fulfilled — passing through the point —1.
The oscillation amplitude is 4 ~ 0,92, ® = 1,233

ImW(jo)

2 ReW(jo)

1 2 ReW(iw)

Puc. 9. []yis 3anazapBanust T~ 0,159 — He BBITIOITHEHBI YCIOBUS
aBTOKOJIeOaHu, Konebanus ¢ A = 0,92 HeBO3MOKHBI (@),
OJIHAKO €CTh KOJIeOaHHsI ¢ aMILTUTYION 4 ~ 2 (0)

Fig. 9. For lagging t =~ 0,159 are not fuifilled conditions of
self-oscillations, oscillations with 4 = 0,92 are not im-
possible (a), but there are oscillations with amplitude
A=2(0)

2 -1 0 1 2 ReW(jo)

Puc. 10. [{ns 3anazneiBanus T ~ 0,2 u 0osnee, HE BBHITOTHEHBI
YCJIOBUS aBTOKOJIECOAHUN HU IPU KaKUX aMIUINTYHAX;
o01Iast HeyCTOHYMBOCTD

Fig. 10. Lags are 1~ 0,2 and more, conditions of self-oscillations
are not fuifilled at any amplitudes; general instability

KOMIUIEKCHOH miockoctH (puc. 8—10) u u3y4us yc-
JIOBHSI €T0 TIPOXOKIACHHS uepe3 Touky (—1, j0) — yc-
noBue HalikBrcra, 4TO POSACHUT, TOYEMY HCUE3aeT
MpeAesbHBINA UK IPH 3ama3blBaHIH O0JIbIIEeM
~0,159.

[Ipoananusupyem ycioBHe yCIOBHE TPOXOKACHHS
rogorpaga uepe3 Touky (—1; j0) B 3aBUCHMOCTH OT
3ama3/ibIBaHuUs 1 HAXOIUTh BO3MOXKHBIE aMILTATY/IbI
aBTOKOJIeOaHUi, eciin Takue umerores (puc. 9, 10).
Brrsicusiercst, uro npu 3anasapiBanuu 6onee ~0,159
TaKuX aMILIHTy HeT. CreoBaTeIbHO, peAeIbHbIN
LUKJI pa3pylIaeTcsi, OH HEBO3MOXKEH, HO BO3MOYKEH
JpyTOH MpEeeNbHBIA UK ¢ aMIUIUTYO0H 2.

Haxoner, nipu erie 607b1IMX 3aNa3bIBAHHUSAX T Ha
puc. 10 moka3aHo, 4T0 aBTOKOJICOAHUS HE BO3MOYKHBI
HU NP KaKUX aMILTUTYAaX.

BbiBOAbI

Meron rapMOHUYECKOW JIMHEAPU3ALIMU COBMECT-
HO C KOMIIBFOTEPHBIM MOJICJIMPOBAHUEM MOXKET OBIThH
3G PEKTUBHO UCTIONB30BaH /sl 0OHAPYKEHUS KOJle-
OaHMil HEMMIaAKUX HEJIMHENHBIX CUCTEM C 3aI1a3bIBa-
HueM. PaccMOTpeH npuMep HEMMHEHHON CUCTEMBI C
3ana3/bIBaHUEM U ITPOBEAEH PAaCUET XapaKTEPUCTHUK
9THX KojeOanuid. [lomy4yensl mapaMeTpsl penebHO-
ro MKJIa M TPaHHULIbl YCTOWYMBOCTH B 3aBUCUMOCTH
OT 3ara3/ibIBaHusl.
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THE STUDY OF OSCILLATIONS IN CONTROL SYSTEMS
WITH VARIABLE STRUCTURE WITH LAGGING
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The article explores nonlinear oscillatory processes that occur in systems with variable parameters with delay. In
practice, there are often systems in which the parameters are switched depending on certain operating conditions,
while for each value of the parameters the system remains linear, but in general, of course, it is non-linear and has a
delay. Effective methods of practical research of such systems have not been sufficiently studied to be fully used in
the practice of automatic control. The presence of lag further complicates the task. Typical for such systems is the
occurrence of self-oscillations, the stability and parameters of which must be calculated. Also of interest is the ques-
tion of the existence of limit cycles and their disappearance. The article on the basis of solving a typical problem
shows the effectiveness of the analytical calculation of the self-oscillation parameters in cases where conventional
research methods are difficult. The calculation results are confirmed by modeling in the Matlab environment. It is
shown that the harmonic linearization method together with computer simulation can be effectively used to detect
oscillations of nonsmooth nonlinear systems with delay. It is shown that the harmonic linearization method together
with computer simulations can be effectively used to detect oscillations of nonsmooth nonlinear systems with delay.
An example of a nonlinear system with delay is considered, and the characteristics of these oscillations are calcu-
lated. The accuracy of the method is estimated. The parameters of the limit cycle and stability limits are obtained
depending on the delay. The results of calculations are presented in a visual graphic form.

Keywords: nonlinear oscillations, limit cycle, stability, delay, variable structure
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