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A. A. SIkuMeHKo0
benopycckuii rocyjapCcTBEHHBIA TEXHOJIOTHYECKU YHUBEPCUTET

K BOITPOCY O MOJAJIBHOM YIIPABJIEHUN OJITHOM TPEXMEPHOM
CUCTEMOMU HEUTPAJIBHOI'O TUIIA B CJIABOLHUKINYECKOM CJIIYYAE

B cratbe paccMaTpuBaACTCA PCUICHUEC 3a1a9 MOJAJIbHOI'O YIIPABJICHUA JIsd OI[HOf/'I ’I‘peXMCpHOfI CTa-
HHOHapHOﬁ ,HHHaMH‘IGCKOﬁ CHUCTEMBI C 3alla3IbIBaAlOIIIMM apIryMEHTOM HCﬁTpaﬂbHOFO THIIA C OJJTHUM BXO-
JOM U OJHHUM 3ana3JbIBaHWECM I10 COCTOSAHHIO B CHa6OIII/IKHI/I‘leCKOM cjIyydac. Z[aeTCSI OIPCACIICHUE 3a-
JAauyu MOJAJIbHOTO YHPABJICHUSA IJIsL PICCJ'IGI[yeMOﬁ CHCTCEMBI. HpI/I peuicHNA 3TOM 3aa4r NPpUMCHSIIOTCA
JIMHEHHEIC PEryJIsATOPLI 110 TUITY O6paTHOﬁ CBA3H, COACPIKAIINEC KaK HHHCﬁHyIO, TaK U UHTCTPAJIBbHYIO
YacTu. JTU PEryasaATOpPhbl UCHIOJIB3YIOT I/IH(I)OpMaHI/IIO KakK O TCKYHIEM COCTOSAHUU CUCTEMbI, TaK U BEKTOPBI
COCTOSIHUH U HX MPOU3BOAHBIC B NPCAbIAYIINE MOMCHTBI BPEMCHHU. Pel"yﬂﬂTOpBI TNOJIYUCHBI B SIBHOM
(bopMe KaK 3JICMCHTAapHbIC (I)yHKIII/II/I napamMeTpoB HCXOZ[HOﬁ CUCTEMBLI U €€ BEKTOPA COCTOSAHUA. Vxkazan
BUJ XapPAKTCPUCTUHYCCKOI'0 KBA3UIIOJIMHOMA 3aMKHyTOﬁ OTUM PEryaIaTOpOM PICXOZ[HOP'I CHUCTEMBI
HCﬁTpaﬂbHOFO THIIA.

KiroueBble cj10Ba: CUCTEMBI HeﬁTpaIH:HOFO TUIIa, MOJAJIbHOC YIIPABJICHUE, PETYJIATOPEI, 06paTHa$1
CBA3b, 3alla31bIBaAHUC.
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TO THE QUESTION OF MODAL CONTROL FOR ONE
THREE-DIMENSIONAL NEUTRAL TYPE SYSTEM IN WEAKLY CYCLIC CASE

The paper deals with the solution of the modal control problem for a three-dimensional stationary
dynamic system with a delayed argument of a neutral type with one input and one state delay in weakly
cyclic case. The definition of the problem of modal control for the studied system is given. To solve this
problem, linear feedback regulators are used that contain both linear and integral parts. These regulators
use information about the current state of the system, as well as state vectors and their derivatives at
previous times. Regulators are obtained in explicit form as elementary functions of the parameters of the
original system and its state vector. The characteristic quasi-polynomial of the initial neutral type system

closed by this regulator is given.
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Beenenue. 3amada MOJATbHOTO YHPABICHHS
SBJISIETCS] OTHOW U3 OCHOBHBIX 3a/1a4 TEOPHH YIIPaB-
nenus. Takas 3agaya XOpoLIO U3yUYCHA ISl CUCTEM
0e3 3ana3apiBaHus. s cUCTEM ¢ 3ama3AbIBalOLIM
apryMEHTOM U CHCTEM HEWUTpPaNbHOTO THIA pelle-
HHE 3a]1a41 MOAAJIBHOTO YIPABICHUS 3HAYUTEIHHO
cioxkHee. B cratbe nmpousBonutcs o06obmeHne pe-
3yJbTaTOB, MOJYYEHHbIX B [l], HA OHY Tpexmep-
HYIO CUCTEMY HEHTPaJILHOI'O THIA B CIA0OLHMKIIU-
YECKOM CiIydae.

OcHoBHast 4acTbh. PaccMoTpuM JHHEHHYIO
CTallMOHAPHYIO CHUCTEMY C 3ala3[bIBaIOIINM apry-
MEHTOM HEUTPAIBbHOTO THIIA C OHUM BXOAOM H OJI-
HUM 3aIla37bIBaHAEM 110 COCTOSHUIO:

x(t)=Ax(t)+ Ax(t—h)+
+A,%(t—h)+bu(t), t>0, (1)

rne 4,i=0,1,2 — mocrosiHHble 3%3-MaTpHIIbL;
h>0— mocTosiHHOE 3ama3/bIBaHNUE; b — HEHYIIEBOI
3-extop. He orpannumBas OOLIHOCTH, CUMTAEM
b'=[0,0,1] («"» o3HauaeT TpaHCTIOHUPOBAHHUE).

[Ipucoeaunum k cucteme (1) perynsatop Buaa

u(t) = qoox(t +ZZ% (1= jh)+
+jfg'(s)x(t+s)ds, (2)

—h

rae o q; — 3-Bexroper g(s), se[-h, 0] —
HENpEePHIBHAS 3-BEKTOP-(DYHKIUS;

) def i
x(l) (t) d

XapakTepucTUIeCKoe ypaBHeHHE cHCTeMBI (1)
HMMEET CIICIYIOIINI BUI;
det[ 4y + ™ + ke ™ L, | =
3 3 . A
= A L ,—Jhe
=Zz%xe =0, (3)
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rje yncna O.; BBIYMCIAIOTCS KaK QYHKIMHM MaTpHIL
A,i=0,1,2, ByactHoctu O, =det4,, O, =1,
O, =det 4,.

Onpeoénenue 1. Cuctema (1) Oyner MoJaIbHO
yIpaBisieMa peryasaTopoM Buaa (2), ecnu Ans Jio-
ObIX Hamepes 3aJlaHHBIX YHCEI O, [ = 0,1,2,3,
j=0,1,2,3, 04, =1, naiinercs perynstop (2) Ta-
KOH, 4YTO XapaKTepUCTHYECKOE YypaBHEHHUE 3a-
MKHYTOH cuctemsl (1), (2) uMeeT cneayromuii BUa

(cp. ¢ (3)):
det[AO +Ae™ + A e™ L+ bU(k)] =

3 3
S o e =0,

i=0 j=0

rae U(A) — perynsarop (2) B 4acTOTHOMH 06macTy.

PaccMoTpuM erie 0JTHO ompeneneHre MOIaNb-
HOM yIpaBJIsieMOCTH.

Onpeoenenue 2. Cucrema (1) Oymer Mo-
TaTbHO YIIpaBiIsieMa PeryIsaTopoM Buaa (2), eciu
JUTs1 OOBIX HAIEPE 3aaHHbIX uncen o, 1 =0, 1, 2,
J=0,12,0,,=1 04, j=0,1,2, nafinercs pe-
ryasatop (2) Takod, dYTO XapaKTEPUCTHUECKOE
ypaBHeHHE 3aMKHyTOH cuctemsl (1), (2) mMmeeT
CIeNyIoui BUA:

det[AO +Ae™ + A he™ — M, + bU(k)] =

2 2
DTSR

i=0 j=0
X(0tyg + 0ty + ke M + 1) =0,

MoskHO MOKa3aTh, YTO omnpeneieHud 1 u 2 sk-
BHUBAJICHTHBI.
Beenem 3x3-maTpuusl:

A(L) =4+ Ae™ + ke ™,
w () =] A’(\)b, A(\)b, b |, Le C.
PaccMoTpuM c1abOIMKINYECKUH CiTydai:

det W (1) =c(y0 +eikh), (c#0).

ITycts martpura A (X) HMEET  CIIEAYIOLIMI
BUJ;
B+ Ble_M + BzM_M ¢ (Yo +6_M) 0
AO\'): ‘721(7“) azz(}‘) 1=
ay () ay(A)  ay(A)

a, (M) a, (M) 0
as (7“) ay (7“) 1 s
ay (A) an(h) ay(R)
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rae B;,i=0,1,2, c,¥, — HEKOTOpbIE ACHCTBUTEIb-
mple uncna; a; (1), i=1,2,3, j=1,2,3 —ksasuro-
JIHHOMBI:

_ Y oy
a; (A)= ayo +aye +aghe™,

3pech ay € R; k=0,1,2.

Cnenaem B cucteMe (1) 3aMeHY IepeMEHHOH 110
paBUITy

—ay (M) +m(A) —a, (A)+m,(R) 1'

Torna cucrema (1) ¢ HOBO MepeMEHHOM B Ya-
CTOTHOM 00J1aCTH IPUMET BUT

My =A(M)y+bU (L), (4)
rue
3 ay (A) ap(2) 0
A= n(x) my(R) :
by (M) by ()

N (A), M, (A) — dynxumn, onpenensemsle gazee.

PerynsTop Buna (2) B 9acToTHOM obmactu Oy-
JIeM HCKaTh B BHIE

ljl(k)yz(_bﬂ(}\‘)’ _b32(7")5 ns(x)_bn(?‘))y- (5

Torpa matpuua A(?») cuctemsl (4), 3aMKHYTOH
STHM PETyIIATOPOM, IPUMET BUT

3 a;, (7") a; (7") 0
AM)=Im(R) m() 1 | (©
0 0 ()

Bo3mokHbI ABa ciaydasi:

i) Byy, + 1=0,
i) By, + 1#0.
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Teopema 1. B cnyuae i) cuctema (1) MoganbHO
yIpasisieMa peryyisTopoM Bua (2) Toraa u TOJIbKO
toraa, koraa 3, — By, #0.

Mycts ¢ynkuun 1M, (1), N, (A) B (6) umeror
CIEAYIOLIUN BUJL:

2
n(A) Z%{BZ Oy 3, + B3 + 0y, WM B, x

BoB, + B
X(xllﬁz"'zﬁlﬁz_ 03+ 04 + 04f33 + 0 3y + B33 226 4
BB+ By
o3, +2BB,B, + B + 01, BeB3 + 201,08,
+b, BB+ *
. 0Lgof33 + 0Ly By + 0Ly, — 0B + BOR3 Ae M 4+
BoB2+ By
BoB? +010BoBiB, — 0,80+ B3R,
+P, BB B *
OtooBiB, + 0t By + 0y oBY =Y
BoB,t B,

+ (aoo + B +B00‘10)B2)a

, (7\.) _ 0,3, + B3 + 01y, A2

TBBR T
0y B, + BB3 +oyB3 + oy + BBy,
R O 33 he
BoPiB2 + 01oBoP3 + BEB3 + 033
* BB + By *
o3y +00BBy H 0, N
BB, + B,

ITycts M4 (7&) B peryinsaTope (5) uMeeT BUJ

— jAh — jAh
N; (A) = =010 — 0567 — oty ke
Herpynno mpoBeputs, uro peryisrop (5) pe-
mraeT 3agady MOJAIBHOTO YIpaBieHHs OJsl CH-
cTeMsl (4), a peryasTop

UMx=U (AT (X)x

pemaer 3aja4y MOJAILHOTO YIpPAaBJICHUS ISl CH-
ctemsl (1).
Paccmotpum ciyyaii ii). BBeaem 0003HaueHus:

_Bo—= B - ~&h
g—masl—%"'e . (7)

Teopema 2. ]Ins toro, uyrobbl cuctema (1)
B ciIy4ae ii) Obl1a MOJANTbHO yIpaBiisieMa peryJisTo-
poM Buza (2), HEOOXOAUMO W JIOCTATOYHO BHITOJI-
Henus ycnosust 0, #0.

Hycrs dyuxkumn 1, (A), M, () B (6) nmeror
CIEAYIOLIUN BU:

L[ =By— oy + oy,
() __(( 1+ By

2 Wk
Bz_azzjx e+

C

(Bz + 0y, _(xzz'Yo)(Bol-))z +B,)

a —
1+ B,y 2

B 04033Y0 — 0uaBa Y5 + 0aoBoBa s — 04iBoBa Yo _
2
(1+Byv,)

3 o By Yo + BoBy + 0By + By — 0,
(1 + ByYo )2

B, -

__0‘21[5170 + oy + 0,73
(1 +B,Y, )2

_ B, + 0y — 04,5y
1+ B,v,

B, he ™ —

B, + 0y — 045,
1+ B,y

30400P3Y5 + 0By ¥ — 0i5¥o — OuiBoYo + 0 BB Ve
& (1+ By )3

B 30t90B2Y0 = BoBi Yo + 02B3Y3 — 0By Yoe B
3
9, (1 + BzYo)

B —0,, B0 Bzyg + (leBlZYéeiih B
8, (1 + ByYo )3

~ Oyo = BoBiBaYs + 0ty + 2040BeByvo
& (1+ B.Yo )3

B _20‘11[3032% + 20‘12[303273 + O‘mﬁoﬁﬂé B
3, (1 + ByYo )3

~ —0oBoBy Y8 + B+ B + BiBave
8 (1+Byy,)
2o, B + o BB + o, Blrie
8 (1 + ByYo )3
0y Yoe Y + 04, BoBivie ¥ + 0u BB vie ¥
9, (1 + B0 )3

BOB19_M - B(z) -

3 o0, e + 0‘ooﬁze—&h
3
%, (1 + Bz'Yo)
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_ 20t9,Byv0e — o BoBavoe ™ — o BoP3voe ™ B
&, (1 + ByYo )3
3 OlgoBvse " + 0ty B3v5e B
S (1+Byvo )3
O3V +20toB3v0e ¥ +0uoBi Byvoe ¥
8, (1+ By, )3
3 —0, 80337 + 04,,B0B, Vo — 01, BoB. Yo B
8, (1+Byvo )3
=0y By Yoe ™ — 0, BFYRe + 04 oBoB3Y3 3
8, (1+B,vo )3
B Oc10[-))052‘3_@ + alzBlYée_gh B
& (1+Byvo )3
PYoe ™ + Bofye ™ — 0B BB vie ™
8, (1+Byvo )3
3 0, BB B> o + 04,8, B, Yo 3
8, (1+Byvo )3
_ 0,BiBYEe % — 0 BiBaYoe ¥ — 0By Yo ™ _
8, (1 + By )3
3 —BoBiB.Yo + o oByB3Yee ™ — 0837, B
& (1 +Byvo )3

BEB,e ™ —

(1 +ByYo )2

0‘10[32"' Br — 0uyYo— 0 Yo+ Oy + 0B ¥5 ]Bl =V
(1+ Bz'Yo)
_[aloﬁavo ~ 0B + BBt — BBy,
(1+ Byvo )2
anBzYo +BoB; + 0B, + Bl
(1+ Bz'Yo)
4 —0Yo— 00 B Yo + OC121 + 0,,B1 75 ]BO B
(1+B,7,)
_[aozvo + 2B Bty + 0o — By + 200B
& (1+ BzYo)
OﬁozﬁzYé BiBYo — Oﬂuﬁo%%

(1 + BzYo)
+ oy,3,83v5 + 0‘10[31[3270

8 (1+ Bz'Yo)
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+0°12[3132Y0 04,BoB, vge ™ + %1[303270
& (1+ Bz'Yo)
0‘2231 B, vy — 000,858, 5 + 01y, BBy voe ™ B
& (1+ Bz'Yo)
_30oBavee™ + 30, B3v5e S + 0 B3Vie ™
8, (1 + ByYo )3
200, BB B, + 2008, BT — BB+ onBiBty

B —04 3, Y3+ 04,3082 Y3 — 04, BoBy Yo + 0413270 + BofBs +

8, (1+Byy,)’
 0ueBiBa Yo — BB YE — 0By Yo — ClooB3 V5 N
3, (1+ B,Y, )3
BB 0 BB -0 PiB, |
3, (1+Byy,)’

+ 0 3378 + 206,83V — 2040B370 — OooB, oM

& (1 + By )3
| 0t BoBy Yo — 040358, — 0oy ¥5 — 04,BB1 Y +

(1 +ByYo )4
0‘00[-)’1 BzYo o, [327(3) BoBz
(1 + [3270)
+ 0liBy Yo — 0B Y3 +0‘21514Yo — 0B, +
(1 + BzYo)
0622[30[51 B.Ys 'HanoBz'Yo

(1 + [-)’270)

N —0y, BY5 + 204, BoBi Yo + 0BT 'Yo
(1 + 3270)

+ =04 BBy +0,B7Y8 — 003, _El Vg +04037B,Y3 +
(1 + BzYo)
(X'leOBl Yo+ OB B3V — 000530, Yo

(1 + BzYo)

0‘1231 B Yo + 2013, B, Y5 —20B, Bzyo
8 (1+ BzYo)

_i__(xozBoBzYo 201,Bo337 — 201,37 'Yo

& (1+ BzYo)

2“22[3061 7(3) 20,3, 327(3) 0L, BzYo
(1 + Bz'Yo)

0‘01BoBz'Yo"’ 201,BoB375 + 2B3BiB.Yo +

(1 + Bz'Yo)
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+‘BoB%BzY0 aozBoBzYo 0‘1150[313278

8 (1+ BzYO)
_2%132615270 + 200,858, B>V + 040B0B1 B33 +
8, (1+ Bz'Yo)
0612505 B2Y5 + 0, BoP; I32Y3
8, (1+ Bz'Yo)
4 —0uo39B3Y5 — ouoBaBaYs + 0‘21B0l32Y0
& (1+ Bz'Yo)
N —0,,BoB, V5 + 0 BoB, Y ~ 0‘1060[3270
& (1+ Bz'Yo)
+ —0tooPoP3Y5 + 0to1PaP3YE — 2040ByB3 Yo ] e—e M J
51(“'[3270)4 A=)
n, (M) =
_ Bt a0y — BiY — 0aB¥o + aoBo¥E
(1+B,70)°
7 2BuB, — BoB3vo— By + 0By + 06 + 0ot i
(1+ BzYO)
| 0B + 0¥~ 0y — Oy~ OB b By
(1+ Bﬂo)
+ —040P3Y5 — BoP3Y5 — 2BoBaYo — 0o — 2048270 — By +
(1+Byyo )2

04,B Y5 + 0o B3Y5 + amBoYo
8 (1+ Bﬂo)

—QL BZ;YZ
+ 00M2 10

a‘llBOYO 20‘02[-)’273 +0‘125173
(1 + Bz'Yo)
0l 2B3Y5 — 20408, Y0 + 2BB; Yo
(1 + Bz%)
2
+ 0By Yo — 0‘2231 Yo _0‘2230% N
3, (1 + ByYo )3

— Ogo+ GiYo — oo + CuoBiByYE
& (1+ BzYo)
N —0, BBy Yp + 0B By Yo — 04 oBoBa Yo + O‘nBoBzYz
& (1+ BzYo)

oqzﬁoﬁzv% 200,335 + 205,803 — 043y — 5 — B%vo
61(1 + Bﬂo)

e — e

A=¢

Iycts My () B perymsitope (5) umeer Buza

20, 2
+ o2 Y3 —

203
4 0,323

_ —jAh —jAh
N3 (A) ==t — 067" —uzphe ™™

Herpynno mpoBeputs, uto perymnstop (5) pe-
aeT 3a7adyy MOJAJIbHOIO YIIpaBIEHUS IS CH-
cTeMBI (4), a peryisaTop

UM)x=U (AT (X)x

pemaer 3aa4y MOJAILHOTO YIPABICHUS JUIS CU-
cremsl (1).

3akaouenue. Takum 00pa3oM, IMMOITyYEHHBIC
PETYISTOPHI PEIIAIOT 33/1a9y MOJAITLHOTO YIIpaBJie-
HUSI JUTS paccMaTprUBaeMOW CUCTEMBI B CIIa0OIIHK-
JIMYECKOM cITydae.
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