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AHHOTauua. Bonpocbl ynpaBfieHUsA reHepaTopamMyM B 3HeEProcucTeMax SB/ISHOTCA
aKTya/lbHbIMA U Ype3BblYalHO  C/IOKHBbIMW /19 CYLLECTBYIOLMX  METOOB  CUCTEMb!
aBToMaTnyeckoro ynpasneHus (CAY). [19 NOMHOUEHHOro ynpasneHWs TypboreHepaTopamu,
HeobXOAMMO paccMaTpMBaTb UX HeIMHEHbIE MOAENN C YYETOM B/ISHUA BHELUHMX BO3MYLLIEHWI 1
NpoBoguT cHTe3 CAY COBEPLLEHHO HOBbIMW METOLaMW WM a/iropUTMamK, KOTopble B Hamboree
MOJTHON Mepe MO3BOMSIOT YYeCTb SB/EHMS B3aMMOCBSA3aHHOCTU N HESTMHEMHOCTM npoveccoB [2].B
HacTosLLEee BpeMsA BO3HMKIA HeEOOXOAMMOCTb pa3paboTKe HOBbIX METOLOB W airopyTMOB
yrNpaB/ieHNsi, KOTOPble 06ecrevmBa/ivi HAEXKHYHO FreHepauyto 3/IeKTPO3HEPTUN HY)KHOT0 KayecTsa C
OAHOBPEMEHHON  MMHUMM3aLME  CeOeCTOMMOCTU  3/1eKTPO3Heprun.  Ana  aththeKTUBHOIO
ynpasneHVst TypboreHepaTopaMu, He06X0AMMO paccMaTpyBaTb UX HeSIMHENHbIE MOAE/N C YHETOM
HeornpeaeieHHbIX W HEKOHTPO/IMPYEMbIX BHELLHUX BO3MYLLEHUA W MPOBOAUT CUHTE3 U
MPOEKTUPOBaHME CUCTEM aBTOMATMYeCKoro yrpasseHua (CAY) CoBepLLEHHO HOBbIMU MeTOAaMU U
anropuTMamm, KoTopble B Hanbosiee MoJsIHON Mepe MO3BO/IAKOT YUHeCTb SB/IEHNS B3aUMOCBA3aHHOCTM
N HEJIMHEHOCTU MPOLIECCOB.

MpefnoxxeH MeTOL CUHTE3a CUCTEMbI YNpPaB/eHUs], MO3BOMSIOLLME 06eCreUnTb OCHOBHbIE
TpeboBaHMA K MPOEKTUPYEMO CUCTEME MPU 3afaHHbIX WMHXKEHEPHbIX TPeboBaHUSIX K OCHOBHbIM
XapaKTepUCTUKaM CUCTEMbI (ObICTPOAECTBME, TOYHOCTb WM T.4.), @ TaKke OrpaHUYeHWn Ha
BE/TMUYMNHbBI YNPaBNSIOLLMX BO3AENCTBUIA 1 yNpaB/iseMbIX NepeMeHHbIX. crnonb3oBaHue BBeAEHHbIX
(OYHKUMA M NOSTYYeHHbIX aHa/IMTUYECKMX YCMOBUIA a0 BO3MOXKHOCTb pa3paboTarb eAnHbIN
NOAXoL K pelleHuto 3agad ynpasneHus. OueHKa KadecTBa MPOLECCOB YMpaB/ieHUs 00bEKTOB
OCYLLIECTB/SIETCA C MOMOLLbIO (PYHKUMOHa/TbHBIX COOTHOLLIEHWI, ONpeSenisieMbIX HenocpeacTBEHHO
Mo MepexofHbIM MpoueccaM paccMaTpUBaeMbIX CUCTEM.

KnioueBble CcnoBa: MeTOf CWUHTe3a, TypOoreHepaTopbl, CUCTEMA aBTOMATUYECKOro
ynpaeneHus (CAY), HelIMHEIAHOCTb, B3aMMOCBSA3aHHOCTb, YCTPOCTBO YrpaB/ieHUs, PerynsTopbl.
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Abstract. The issues of generator control in power systems are actual and extremely
complex for existing methods of automatic control system (ACS). For a full-fledged control of
turbo-generators, it is necessary to consider their non-linear models taking into account the
influence of external perturbations and conducts the synthesis of automatic control systems by
completely new methods or algorithms that allow the phenomena of interconnectedness and non-
linearity of processes to be fully taken into account. At present, there was a need to develop new
methods and control algorithms that provided reliable generation of electricity of the right quality
while minimizing the cost of electricity. For effective control of turbogenerators, it is necessary to
consider their nonlinear models taking into account undefined and uncontrollable external
disturbances and conducts the synthesis and design of automatic control systems (ACS) by
completely new methods and algorithms that allow the phenomena of interconnection and
nonlinearity of processes to be fully taken into account.

The method of synthesis of the control system is proposed that allows to provide the basic
requirements for the system being designed for the given engineering requirements to the main
characteristics of the system (speed, accuracy, etc.), as well as constraints on the values of control
actions and controlled variables. The use of the introduced functions and the obtained analytical
conditions made it possible to develop a unified approach to solving management problems.
Evaluation of the quality of object management processes is carried out using functional
relationships, determined directly by the transient processes of the systems under consideration.

Keywords: synthesis method, turbo-generators, automatic control system (ACS),
nonlinearity, interconnection, control device, regulators.

ANropuTM CUHTe3a YynpaBfieHWn. PacCMOTPUM  HEIMHENHbIN MHOMOMEPHbINA  06BLEKT
yrpaBfieHWsi, COCTOSHUS,,  KOTOPOW, OMUCBIBAETCA  C/eAYHOLMM  HEJIMHENHLIM — BEKTOPHBLIM
AndhpepeHumanbHbIM ypaBHeHWeM [3,4]:

xi(t) =F;[x(t),u(t), (t),t], x;(t3 =xic, 1=Ln, te[t,,tj, (@)
roe  x(t) =[xj(t),X. (t),...Xnt)]T- BeKTOP MepeMeHHbIX COCTOSHUS WIN BeKTOP (ha3oBbIX

KoopauHat  obbekTa  ynpasrieHus;  u(t) = [u (t),~(t),...,N(Y)]T- BEKTOpP  YnpaB/ieHuA
(ynpaBnsoLLmx win perynmpyroLmx BO3AENCTBUN),

fxu)=fx,u, =[xy, O fxu 1. Mhxu t)f- BEKTOP-(hyHKUWUSA, YI0BNETBOPAIOLLIME

ycnosusam Kewim; O)=[N(),” @¢),....N. O] T - BeKTop BO3MYLLIEHWIA.

OCHOBHbIMX TOKa3aTe/IAMN KavecTBa Pery/mpoBaHns BGyaeM cumMtatb AMHAMUYECKYH W
CTaTUYECKYHO TOYHOCTb, M ObICTPOAENCTBME CUCTEMBI YrpaBieHns. O603Ha4YMM Yepe3 rpaHnYHbIe
NOSIOXUTESbHBbIE PYHKUMK ™ (t), C MOMOLLBIO KOTOPbIX 334aKTCA rpaHuLbl A0MYyCTUMbIX 06/1aCTeN.
MepexofHble MpouUeccbl MO OLIMOKe yrpaBrieHUst (HeBS3KW) e (t) onpeaenstoT Npefbss/iseMble
TpeboBaHMA K Ka4eCTBY MPOLECCOB YMNPaB/eHNs CUHTe3NpyeMol cucTeMbl. CTereHb JOCTVDKEHME

LUenM ynpasneHUs Wi peryimpoBaHna  g; (t)  XapaxkTepusyeTc Ha OCHOBe  CriefytoLLmX
MOAY/IbHbIX HepaBeHCTB [3-5]:

Xi(t) =e(t) ~7i(t), te[totk], i=1I,n, ()

rge N (t) —  MoNoXuTesibHble, HenpepbIBHO-AN(dEpeHLIMpYeMble YHKLMN,
onpeaensioLMe KavecTBO NMPOEKTUPYEMOI aBTOMATUYECKOA CUCTEMBL.

3afaya ynpasneHus opMynupyeTcs Takum 00pasom: 418 YrnpaBnseMoro 06beKTa,
COCTOSHUSI KOTOPOM OnMUcbIBaeTCs andihepeHUMasIbHbIM YpaBHeEHWEM (. ), HEOBXOAMMO Onpefe/nTb
CTPYKTYpPYy W MapameTpbl aBTOMATUYECKOro perynsaropa, 00ecneymBarOLLEro BbIMOSIHEHVE K
TOYHOCTW M ObICTPOAEMCTBUIO MPOEKTUPYEMON CUCTEMbI, T.e. K KayeCcTBy MpoLiecca ynpas/eHns

()
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Kenaemyro nunamuky CAY 3amanum B BUAE BEKTOPHOro Au(epeHnaibHOro ypaBHEHUs
[4]
x(t)=f"(x.p), €)
roe f* = [fl* x<p,), 5 (5P )see et (x,pn)]T— HenuHelHast BekTop-QyHKuus;, P =[P;>Pys " Pyl
—r —MEpHBIH BEKTOp-MapaMeTp, MOAJEKAMUNA BbIOOPY Tak, 4ToOBl pemeHue X(t) cucremsl (3)
yIIOBJIETBOPSUIO YCIIOBUSIM 3aIaHHOTO Ka4ecTBa yrpasyieHus (2).
VcnoBust GNU30CTH  COOTBETCTBYIOIIMX KOMIIOHEHTOB — BekTop-QyHkumit  f(X,u) wu

*
f (X,p) 3anarorcs B BUAE MOMYJILHBIX HEPABEHCTB:

f[xt).u)et] - £xt).p]<8,). i=Ln, telt.t.], )

rae Si(t) — (pyHKUHMH, KOTOpBIE 3aA0T TOYHOCTb MPUOIIKEHUS, OHU TMOJIOKUTEIIbHBIC U

HerpepbIBHO nudhepeHuupyemble.
Beenem ¢ynkimro

E(xu)=f(xu&t)-f (xp). i=1n, (5)

50)058

T
rne F(x,u) = [F1 (x,u),E,(x,u),....F, (%, u)] .
Ecnu notpe6oBath, 4T00BI JKelaeMast TPAEKTOPHS UMeJTa CIIEAYIOIINI aHATUTUIECK U BUI!

= Zmlyij {Fj (Xvu)Jr,Lt E (X’u)dﬁw} i=ln, j=lm
= |

dt
(6)
TO
- OF & OF, = t dE(x,u)
VZ au, u, (t)+ ]Zg fi(xu)= ;Yij [Fj (xu)+ LO K (Xvu)d”T}
HJIn
YpaBHEHHE MTUHAMHKHU YIPABJSIOLIErO YCTPOUCTBA MMEET BUA!
du(x.t) L dF(x,u) ~
T_ [F (x,u) +J' (x,u)dr+——=—= " —Z-f(x,u) (7)

rae GyHKIIHOHAJIbHBIC MATPULIBI

7= oF . M= oF  H= oF, ’
0 X, ) ou, ) o0&, .

a Marpuua P= {pﬂ- }nxn, YZ{ Vi }an— BEIIIECTBCHHbIE MAaTPHULbI, COCTABJIEHHbIC W3

HACTPOEUHLIX MAPAMETPOB CUCTEMBL, a MaTpuna L=[M'M]"-M".
MartemaTuyeckasi MoJesib TypOoreHepaTopoB.  3ajada COCTOUT B OIpeIeJIeHHUU
CTPYKTYpBl M TapaMeTPOB AaBTOMATHYECKOIO PETryJsITOpa, OOECIeYHBAIOIIEr0 CTAOMIIN3ALIUIO

BbIXOHBIX MEPEMCHHBIX B COOTBETCTBHUU C BEKTOPOM 3adaHUA. praBJ'IﬂI-OH_II/IMI/I BOSI[GfICTBPIHMH Ha

ob6wext apstores U, Uy, U, U, | T.e. Mexanuueckue momuoctu Typoun U,

11,U}, 1 HamnpshKeHUs

B030yxnenus reneparopos U,,,U,,. . BbxogHbiMu (yIpaBiisieMbIMH) NE€PEMEHHBIMHU SIBIISIFOTCS

4aCTOTHI BpalieHus u cuHxporHble DJ[C mepBoro u BTOPoro TypoOreHepaTopoB.
VYpapHeHuss 0ObeKTa  COCTOSIIEH W3 MABYX TypOOreHEepaTopoB C Y4YETOM BHEIIHUX
304 HH®OPMAITHOHHBIE TEXHOJIOTHH, CETH H CHCTEMBbBI
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HU3KOYACTOTHBIX BO3MYINEHUH B MPOCTPAHCTBE COCTOSIHM B HOPMAJIbHOH (hOpME OMUCHIBAETCS
CIEeNYIOIUM HeTMHEHHBIM TudepeHranbHbM ypasHeHHeM [2,3]
X, = X5,

X, =X,
X :(w /T )(x —a, X2 -a, XX sin(x -X, - )—ax + X )

3 0 Jjl 7 1775 275776 1 2 12 37V3 9 J>

_ 2 . .
= (wo /sz)(x8 —a,x; —a,X;x, sin (x1 - X, —alz)—a5x4 +x11),
Xs :(1/Td01)(_'x5_a6 (x3—x4)s1n(x1—x2—a'12)+UH);

“ :(l/Ta,Oz)(—x6 —a, (x, —x, )sin(x, — x, —a12)+U12);

(8)
X, = (l/Tcl)(—x7 —dgXx,; + Uzl);
Xy = (l/Tcz)(—x8 —dayXx, + Uzz);
Xo = X4
X, = —E X5
X;, = X5
Xy, = _égzzxn;
AJIropuTM ynpasJieHusi CorjiacHo ¢opmyiie (7), UMeeT BUA:
% =[ 7,0, (gss 1/ T X (x5 ~a, (x5 - x,)sIn(X; - X, -ty ) + U, ) - PssXs +

1/ T x (x5, + ag (x5 - X, ) €0S(xX, - X, -ty ) + U, x,) - PssXsX, -
=1/ Tyop xag(x; - x,) €OS(Xy - X, - 01y,)) + 1/ Ty X ag (X - X, ) 008(X, - X, - @ty )x; -
-1/ Ty xag (X5 - x,) cos(x, -x, -a,)x, +1/ T4 xagsin(x, -x, -o)w, /T, < (x; -
-ax? -a,x,x, sin(x, - x, -, ) -ax, +X,) -1/ T, xa, sin(x, - x, -a,,))w, 1T, %
X (Xg =, Xg - Ay XX SIN(X) =X, =04,) = a5 ¥ X, +%0,) = (-1 Ty - pss) /Ty
X (X5 =dg (X5 - x,)sIn(X, - x, -0,) + U )))];
du,,
dr
+ /T, 0, x(-x.x +a,(x;-x,)cos(x, -x, -, ) + U ,X,)) - PecXeX, -
-1/7,, xa,(x;-x,)cos(x, -x, -o,) +1/ T}, xa,(x; -x,)cos(x, - X, -, )X, -

1/ T X aay (X5 - X, ) cOS(X, =X, -0y, )%, +1/ 150, X @ty sin(x, =, -0, )W, /17 %

= [ 705 (8es (1/ 1 105 (=X -, (x3 - X)) SIN(X, - X, -0ty,) + U, ) = P +

x(x, -alxs2 -a,X X sin(x, - x, -0, ) -a, X, +x%,)-1/T,,a, sin(x, - x, -0, ) %
x Wy I T, (Xg - a,x; -a, XX sin(x, - X, -0, ) -asX, + %) - (-1/ Ty - poo) /T %
X (=X, -a,(x; -x,)sin(x, - x, -&,) +U,))];

du.

21

dt
= PpX)x)+ /T, xaw, /T, (x, - a, X3 - A, XX, SIn(X, - X, -a,) - A%, + X, ) -
'('l/Tcl 'p77)/Tcl('x7 -4y >X<x3 +U21))];

= [ Tcl(g77(l/Tcl ><('x7 - dgXy +U21)-p77x7 + (l/Tcl ><('x7 - dgXy +U21)'
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du.
dtz = [ Tc2(gssCl/ T2(-"8 -aPd + U22)- Pi8X8+ (1/ T2" (' X8" «9X4+ U22) “

-PBR@)X1) + !/ T / T,2(X8-adk2 -2 2B SM(Xi - X2 - «12) - «5Xd+ X11)-

-(-1/ Tc2- P88) / T2(-X8-add+ U2))];
Pe3ynbTaTbl MogenMpoBaHMs (NepexoaHble MPOLIECChI MepeMeHHbIX COCTOSIHUS MepBOro W
BTOPOro  TypboreHepatopa)  Mpw HaYa/lbHbIX  YC/IOBMSIX Mo  COCTOSIHUIO:

Mo=1-56; 20 =11; Mo =-0-L;20 =-0-;e10 =i; E20 =2;
P,o0=05 P.0=05 " 0=001, " o=001
N Koa(hhMLMeHTaxX HaACTPOMKK perynatopa p.. =-0.1; =plL g. =-5; gA =91
NpeacTaB/ieHbl Ha pUC. « -6 .

Puc. L ¥rnbl mexkgy S4C reHepaTopoB 1 HanpsbkeHvem cetm -



Puc. 4. BHellHMe rapMOHUYECKME HU3KOYAaCTOTHbIE BO3MYLLIEHWNSA N (1)

MogenupoBaHus CAY nNpoBOAWIOCE MPU 3HAYEHUSIX MapaMeTpoB TypboreHepaTopoB
NpvBeLEHHbIX B [2-4].

BbiBoA.  AHa/M3bl pesyNbTaToB MOAEMPOBaHUA MoKasbiBatoT, 4yTo CAY ABNsetcs
YCTOMUMBOIA, 06ECMEUMBAETCA COr/lacoOBaHUS YacToT (CKOMbXEHWIA) TypouH 1 ctabmnmsauuio 34C
reHepatopoB. CuHTesvpoBaHHasd CAY  KOMMEHCUPYET  HM3KOYaCTOTHOE  FapMOHUYECKOe
BO3MYLLIEHVE.
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