





























UMPKYJIAHTHRIMM M QHTHLUMPKYJSHTHBIMM YHCIIOBBIMH MATPHULIAMH  KECTKUX
B3aUMHbIX CBSI3€H), a TAKXKE MPOCTHIX CHMMETPHYHBIX CHCTEM.

IIpeutoxen MeTol MPOEKTUPOBAHMS JBYMEPHBIX CHCTEM C AHTHUMPKYJISTHTHBIMU
B3aUMHBIMH CBA3SMM W aMILIMTYIHO-()a30BOH MOyIALMEll CHIHANA, KOTOpbIE
NpUHAIEKAT  KIACCY  aHTUCHMMETPHYHBIX  CHCTEM C  TEPHOIMYECKUMH
ko> duupenramu. K rakum chicreMam OTHOCHTCS paccMOTpeHHas B JAMCCepTAUU
CHCTEMA CIIEXKEHUS TeJIECKONa C JBYXKOOPAMHATHBIM 3BE3/IHBIM IaTYUKOM C
TIOJIyIUCKOBBIM ~ MOZIYJIATOPOM ~ CBETOBOrO  NOTOKA. IIpeisiokeHHBI# MeTox
T03BOJIAET CBECTH MCC/ICOBAHME YCTOMYMBOCTH M MPOCKTUPOBAHHE YKA3aHHBIX
CHCTEM K HCCIIC/IOBAHUIO JIByMEPHOH CTAllMOHAPHOM CHCTEMBI Ha OCHOBE
pa3pabOTaHHBIX B JUCCEPTAIMH METOIOB U II0IXO/I0B.

Ha 6ase mpeoeHHBIX METOOB M MOAXOIOBR pa3paloTaH MakeT NPUKITAJHBIX
TpOrpamMM Ha 00BEKTHO-OPHEHTHPOBAHHOM S3BIKE IMPOrPAMMHPBAHHS MATLAB,
KOTOPBIH MO3BOJSET NpU JMOOOM 4YHCIe KaHaloB N  IHPKYIAHTHBIX 1
AHTHIUPKYJIHTHBIX CHCTEM OCYIIECTBIIATh aBTOMATHYECKHH DacueT IapaMeTpoB
MaTpUYHBIX PEryJIATOPOB W MPOBOJAMTH HCCIEAOBAHHE YCTOWYMBOCTH M JHHAMMKHU
3aMKHYTBIX CHCTEM.
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8PPUNFL3ULS B4 3UL4USPPUNL3ULS LUNUYUNUUL 3UUUYUNQE
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Unblwhunuwlwh  wpfuwnwiph OywwwyG b dwyty ghpyniywln L
hwlhwghpyniywln  pwqiwswih  wynndwn Ywowywpiwl  hwdiwlwpqbiph
(PUY3) dwuwphgwjhl YwpquynphsGtph  pGupnipjwG GtipnnObp”  hhoGYwé
pGnipwagnhs thnfuwGgiwG $nLbyghwbtiph stpnnh Ypw:

Unwohl qqfuntd fuunwpws ¢ nuywinipjwl ybppnidwlwl wlGupl
pPwqliwswth  wynndwn  Yunwywnpiwd hwiwywpqtiph  YwpgquynphsGtph
htnwgnuniwb L Gwhuwqeiwa Ybpwpbipjwi, nph hpdwG Ypw wnywé LG
hGwnlnipyniGhtip pigh wpnhwlwGnep)jwo L whhpwdtinnipjwh dwuhl:

Iwwnly  nwnpnepnt GG nuwpdjwé  pwqiwswh  wynniwn
Yuwnwywpiwl  hwdwlwnpqtiph (PUY3)  YuyniGnipjwl JGpniénipjwl
dtpnnGtphG, hOswbu Gwl OEpYyuywgws £ pGnipwqphs thnfuwGgdwG
Pnibyghwitph  dbpnnp, npp hGwpwydnpnipintG £t wwghu N swithwbh

thnfuwwwlygywé PUYI-Lph hGwwqgnuinudp pbptip N hwn wilywfu shwswth
hwiwlywnpqbiph YuyniGnipyjwh hGwnwagnuniwG:
NuuntiGwuhpywé GG PUYI-tipph
wwwlybGwnpnGwgyws, ulwywp L
YwnquinphsGtiph pGupnipywG StipnnGhipp:

Gplpnpn qiluntd  nhunwplywé LG Gnpdw)  PUYI-GphG  wwinlwGnn
ghpyniywln  (8PUYI) L hwlwghpyniywln  (I8LUL3) hwwnniy  nwup
hwiwlwnpqbip (wyuhGpa* oppngnlwy JulGnGwlywl pwqhuGkpny pwqdwswth
hwiwywnqtip), hOswbu Gulk npwig tOpwnwutipp: Ujnwhuh hwdwlwpgbiph
hhdGwlwG wwpptiphs wnwhdtwhwwnlnipntGGbpG GG YwhnGulwa pwqhuGbph
wlywfu (hGEp  Ynduybipu s thnihnfuwlwGhg, GhpphG Ywnrnigwépwjhh
hwiwswinipyniGp L pGnipwignhs thnfuwlgdiwG  $nLlyghwlbiph (POD)
OtpYwywgnidp wGwihinhy inbupny gullwgws N YuwninhGtph nbwpncy:
8hphyniywln L hwywghpyniywan hwiwhwpqbipp wwppbpynid GG thwwnhy
Pwqiwswih  hwiwlwpgbiphg Opwnd, np thnfuwnwpé Ywwbpp Ywpnn GG
OYwpwapytiy nhGwihy thnfuwGgiwG $niGyghuyny (Shwnhuy hwiwywnqtiph
thnfuwnwnd Yuwtipnud Ywpnn GG LhGt| dhwyG pywyhG wpdtiphhp):

Gppnpn grluntd Gowlty GG ghpyniywln L hwhwghpyneywGn
pwqdwswh winndwn Gunwwpdwi hwidwlwpqgtiph, wyn pynid Gul wuwpg
hwiwgwh  hwdwlpwpgliph, OuinphguihG - GupquynphsGtiph Gwhiwqdiwa
hwswhuwghl dipnnGtip” hhoGywo plntpwgnhs  thnfuwGgowh PnLGyghwbtpp

Gwhuwqéiwh
Jwwwqbpénn

hhoGuwlw
dwwnphgwjht
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dtpnnh Ypw: Upwldwé dkpnnGtpp 06y dnuwnpnd L Gipend  undnpuiwG
Yyuwrwywpiwl hwiwfwpgtiph Gwhuwgétiwh nwuwlwh dhpnnltiph pwqdwswih
GowOwlGbp  GG: Lpqwé  dbpnnlbpp  GGpwnpnud GG, np dwwphguihG
ywpqwynphsh Ywenigqwépp whwp £ hwdpGyoh hwiwwywwnwufuwbwpwp
ghpyniywGwn b hwhwghpyniywhwn opjiinh Ywnnigywéphl:

Anepu GG pepdwé pGnhwlnep nwuh ghpynipwun b hwlwghpyniywln
YwpquynphsGph hnfuwGgiwl dwwphgltiph wwpptiph npndwl wGwihwnhy
pwlwadbtp, npnlp wpunwhuyndwéd 66 Yurwwpdwh opjilinh POD-GEpNY L
pwg hwiwfuwpgh gwlywih thnfuwGgiwb dwwphgny: Lwk napu GO phpyty
ghpyniywln Lk hwhwghpyniywbn swnphguihl Yuwpquynphslbph POD-GEpp
wlwihnhly pwlwdbtp’  wpnwhwynuwé PUY3-h  opiijnh L gwlluwih
thnfuwGgiwl Swwnphglbph  thnfuwlgdwbG  pnilyghwibph  hwdwphsGeph L
huwynwpwpGbph pwqiwbnwibtpny:

Upwlyty b wywnndwwn Yupguynpiwl wwpq hwiwswh hwdwywnpgbph
dwwnphguyhG Ywpquynphsh pGunpnipjwl dtpnn L nnupu b plipdti ywpqwynphgh
wnwppbph npn2dwl wiwihnhy pwlwdl:

Uawyyby t yuwwqtipénn dwnphguyhl Ywpquwynphsh pGunpnipjwl dtipnn,
npp YndwbGuwgGnid t thnfuwnwpd Yuwbtph wqnbgnipjnilp opjtihinp dpuw:
Onpu GG phpdwé Ywwwqbipéng dwunphgujhG Ywpgwynphsh  thnfuwGgiwa
dwuwnphgGliph wwppipp Gywpwapnn wlwihnhy pwlwdlkbp: Iwyh wnlbing
PUY3-tph  YwenigwépuwyhlG  wnwbdGwhwinynipniGtipp” eyt & Gnyl
fuGnhpp dhwwnhy L wwpq hwiwswt hwiwlwpgbph hwdwp:

Unwowplyywé dpnnGliph L dnntignidGtph hhdw Ypw dwyyt £ MATLAB
SpwapwyhG Showywypnud yhpwewywh thwptp: Uh hGwpwynpnipyntG £ nwihu
wwwplp gwliwgws N swihwGh ghpynipwGn L hwywghpyniywlun
Yueowlwpiwl  hwdwlwpgtiph  dwwnphgwhG - YwpquynphgGtiph - nwpptiph
npn0wl  wyundwwn  hwaquny, npngkip  POD-Gph - hwdwfuwlwhuwyhG
pGnipwgptinp  (Lhynuh, Luwypdhuwnh), hpwlwlwgltp  twy  hwiwywngh
YuyniGnipjwl hGinwgnuney:

2nppnpn grfunid wewowpyyti b Ephswih hwywghpyntywbn thnfuwnwnd
Juwuwbipny L wqnwbwhh wiw hnninpwdwquih dnnniywgneiny
hwiwlwpgbph hbEnwgnundwb dkpnn: UWn hwdwlywpgbpp wwnywbnid GG
wwppbpwlywb qnpéwyhgltipny hwywhwiwswih hwiwywpgbiph nwuh:

Wuwhuh  hwiwlwpgbphd 66 wwwlwinwd  wwnbGwfununipynilnid
nhuwpyws  pnwwghG  hnuph  YhuwuhwdwewlwihG o dnancgwnnpny
tpyynnpnhGunuwghG wunnuyhG ngdhsnyd wunnunhunwyh htinknn hwdwywpgp:
Unwowplyws dtpnnp pnyp £ wwihu Gwé hwiwlwpgh  Juynilnipjw
htwnwgnuintip b Gwfuwgénudp phipkp wwppbpwywb gnpéwlhgllipny Gplswih
hwiwhwiwswth hwiwlwpgh hGnwgnunidwG®  hhdGyGing  plignud dawhywé
dtpnnGGph L dningnuiGtph Jpw:
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THE DEVELOPMENT OF MATRIX REGULATORS FOR CIRCULANT
AND ANTICIRCULANT CONTROL SYSTEMS

RESUME

The goal of the thesis is the development of methods of designing matrix regulators
for circulant and anticirculant feedback control systems based on the method of
Characteristics Transfer Functions.

In Chapter 1, an analytical survey of literature on design of matrix regulators for
multiple-input multiple-output (MIMO) (also called multivariable) feedback control
systems is performed, based on which a conclusion about urgency of the issues considered
in the thesis is drawn.

Special attention is paid to stability analysis of multivariable feedback control
systems. Besides, the method of Characteristics Transfer Functions (CTFs) is explained,
which gives possibility to bring the analysis of an N -dimensional control system to the

analysis of N separate one-dimensional systems.

The basic design methods of matrix regulators for MIMO control systems, including
decentralized, scalar and decoupling regulators are considered.

In Chapter 2, the special classes of circulant and anticirculant control systems and
their subclasses, which belong to normal MIMO systems (i.e. MIMO control systems with

orthogonal canonical bases) are considered. The main features of these MIMO systems

consist in the following: their canonical bases do not depend on the complex variable s,
their internal structure possesses symmetry, and the CTFs can be represented in analytical
form for any number of channels N . The circulant and anticirculant systems differ from

uniform MIMO systems in that the cross-connections can be described by dynamic

transfer functions (in uniform systems cross-connections can be only numerical values),

In Chapter 3, the frequency-domain methods of designing matrix regulators for
circulant and anticirculant control systems, including simple symmetrical systems, is
developed based on the CTFs method. The developed methods can be considered as an
extension to the multivariable case of classical design methods for single-input single

output feedback control systems. The mentioned methods are based on the statement that
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the structure of matrix regulators must coincide with the corresponding structure of
circulant and anticirculant plants.

Analytic formulas are derived for elements of transfer matrices of regulators for
general classes of circulant and anticirculant classes, which are expressed through the
CTFs of the plants and the desired transfer matrix of the open-loop system.

Analytic formulas are also derived for the CTFs of matrix regulators, which are
expressed through the numerator and denominator polynomials of the elements of
circulant and anticirculant transfer matrices of the plant and the specified open-loop
system.

A method of choosing matrix regulators for simple symmetrical control systems is
developed and an analytic formula for elements of regulators are derived.

A method of choosing decoupling matrix regulators for circulant and anticirculant
feedback control systems, which is regulators that compensate the influence of cross-
connections in the plant, is proposed and analytic formulas are obtained for elements of
decoupling regulators. The same task is solved for uniform, as well as simple
symmetrical, MIMO systems, allowing for their structural peculiarities.

An application package working in the MATLAB environment is developed based
on the proposed methods and approaches. That package allows one to calculate the
elements of matrix regulators for circulant and anticirculant control systems with any
number of channels N, to plot the frequency-response characteristics (Nichols and
Nyquist diagrams) of the CTFs, and perform the stability analysis of the closed-loop
system.

In Chapter 4, a method of investigation of two-channel systems with
antisymmetrical cross-connections and amplitude-phase modulation in the single-channel
section of the signals’ propagation is proposed. Such systems, strictly speaking, belong to
antisymmetrical control systems with periodic parameters. To these systems belongs the
telescope tracking system with a two-coordinate stellar sensor with the half-disc
modulator of the light beam, which is considered in chapter 4.

The proposed method enables one to reduce the stability analysis and design of the
above-mentioned tracking system to the stability analysis and design of a two-
dimensional antisymmetrical system with constant parameters, based on the developed in

the previous chapters methods.
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