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ABSTRACT

Mariiash Yurii . A model predictive controller of the blowing mode during
basic oxygen furnace process with eneefficient heat absorptioni The
manuscript.

Thedi ssertation for a Doctor of Phil
and comput er i ntieNatoaat Teahnical &mversity df Okgainee s 0
Al gor Sikorsky Kyiv Polytechnic Instit

The dissertation is aimed at the developmdninodern automatic control
systems, which should provide high performance quality indicators in the conditions
of variable operating modes of industrial equipment due to effective control
structures and algorithms.

Thepurpose of the study is to reduce ttost of oxygeitonverter steel, which
is a consequence of the increase in the share of scrap metal due to the increase in the
degree of posburning of CO to CO2 in the converter cavity, by optimal control of
the parameters of the duty mode using modedligtive control.

The object of research is the processes of control the blowing mode during
basic oxygen furnace process.

The subject of the study is a model predictive control system of the parameters
of the blowing mode, which ensures an increasedard#éyree of afterburning of CO
to CO2 in the converter cavity.

The work used the methods of the theory of automatic control, the apparatus
of transfer functions, a state space model, simulated computer modelling, the method
of optimal parametric synthesisjethods of linear programming, the method of
successive approximations, numerical methods of solving differential equations.

In the dissertation, the mathematical model of the blowing mode of basic
oxygen furnace process was improved, taking into acctheninfluence of the
intensity of blasting on the process of decarburization of the bath, which made it
possible to increase the accuracy and quality of blasting control in the conditions of

changes in the oxygen consumption during purging.
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For the first ime, an optimal control system for the parameters of blowing
mode during basic oxygen furnace process was synthesized based on the principle
of feedback with modgpredictive control using a lineguadratic functional, which
allowed simultaneous controf the blowing intensity and the position of the lance,
as well as to improve the quality of control and energy saving during melting, due
to the increase in the degree of plstning of CO to CO2, which is a consequence
of the increase in the proportiohsctrap metal.

Further development was achieved by the use of closed control systems for
the degree of pogiurning of CO to CO2, through the synthesis of a model predictive
controller taking into account the technological saturation of the speed of mutveme
of regulatory bodies, which allowed to improve the quality of process control in the
presence of saturation.

The following research tasks were solved in the work: the study of the
technological process of the blowing mode of the basic oxygen furnage, th
influence of blowing parameters on the cost of steel were investigated; the existing
approaches to controlling the parameters of the purging regime of the basic oxygen
furnace are analysed; the key parameters affecting the purging process were
establishd and the model of the dust regime was identified; approaches to the
synthesis of control systems were investigated and a mathematical model of the
control system for the purging process of the basic oxygen furnace was developed,
a model predictive contrgr was synthesized and simulations were carried out in
the control system of the blowing mode of basic oxygen furnace.

The blowing mode of basic oxygen furnace as a technological control object
was considered, and the problem of control blowing parameters in conditions of
nonstationary of the metal decarburization rate was analysed. During the purging of
the converter bathihe control system solves the task of synchronizing the processes
of refining and heating the metal in a reliable jet mode, and at the end of the purging
I the task of determining the moment of its termination. The automated control
system of the technagjical process of basic oxygen furnace provides automated

control of the object in real time according to the target criterion, which covers the
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main technological and technical and economic aspects of production. During the
blow-out task, the blovwout ischosen from a range of opposing demands that cannot
be reconciled without mutual concessions. In traditional methods, the intensity of
purging is controlled by information about the initial conditions and the rate of
decarbonization or the temperaturelad tonverter gases. The management criterion

is the prevention of emissions. However, compliance with this condition reduces
unit productivity and control reliability due to overheating of elements of water
cooling structures. With the static control oétemelter, they strive to ensure that
the given values of the mass fraction of carbon and temperature are obtained, given
by the average values of the mass fractions of carbon of the bath, which is oxidized
to CO in the basic oxygen furnace cavity due kygen blowing, iron and
manganese oxides in the final slag. The height of the lance has optimal limits. If the
nozzle is positioned too high, the kinetic energy of the jets is lost on the way to
meeting the bath, so the oxygen jets will not react ("surfdo®ing"); at an
excessively low position ("hard blowing"), the emission of metal droplets with gases
increases and the tuyere is damaged, the formation of slag is significantly slowed
down due to a decrease in the amount of FeO in the slag.

The existingautomatic control systems do not fully satisfy the requirements
for the quality of the system's operation during software control of the parameters of
the blowing mode and stabilization of disturbances. First of all, the reason for this is
the difficulty o identifying the control object. Significant nonstationary of the rate
of metal decarburization, stochasticity of measurement of technological parameters,
interconnectedness of contours are the reasons for this situation. Many methods of
improving the quity of functioning offered by the classical theory of automatic
control cannot ensure the higjuality operation of the control system during
software control of the parameters of the blowing mode and stabilization of
disturbances. This implies the need use advanced automatic control systems,
which include model predictive control.

A comparative study of the operation of the model predictive controller and

the combined regulation system with PID controller showed that the obtained
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transientprocesses of the system of automatic control of the blowing mode of the
basic oxygen furnace from the model predictive controller provided ISE for the
circuit of oxygen consumption5577 and the content of CO213; the maximum
dynamic deviation of the CDcontent in converted gases was 0.95%. The use of a
model predictive control made it possible to improve the quality of control for the
oxygen consumption by 1.63 times and for the control of CO2 content by 32.5 times;
the maximum dynamic deviation of CO&ntent was reduced by 16.55% in
comparison with the combined control system with PID controller.

The implementation of a softwalardware control system using a model
predictive controller based on a programmable logic controller is considered. The
leadng, manufacturemdependent IEC 61133 automation software for
engineering control systems CODESYS V3.5 SP18 was chosen to implement the
model predictive controller. The functional block of the predictive model, the object
state observer, the lineguadratic functional and the HookBves optimization
method were programmed in the programming language of programmable logic
controllers (PLC), Structured Text and a Function Block Diagram. The simulation
procedure was performed in real time in the MATLABNSlink environment
(process model) and Soft PLC CODESYS V3.5 SP18 (model predictive controller).
Communication between MATLAB Simulink and CODESYS V3.5 SP18 is
performed using the OPC UA protocol. The obtained simulation results confirmed
the improvemenof the quality of the automatic control system in comparison with
the combined control system with PID controllers, which suggests the feasibility of
using an improved automatic control system using model predictive control.

The structure and algorithmsrfoptimal control of the parameters of the
blowing mode developed during the work using model predictive control will ensure
the improvement of the quality of control of the blowing parameters, contribute to
the reduction of energy consumption and incrélasesnvironmental friendliness of
blowing due to the increase in the degree of afterburning of CO to CO2, namely, the
reduction of the cost of basic oxygen furnace steel. The use of closed systems for
controlling the degr ee roodxidaGod, byatdkingimtd u r r
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account technological limitations on the share of iron oxides in slag using a linear
guadratic functional, when control |l i ng
gases allows to improve the quality of controlling of thewing parameters. A
comprehensive approach to solving the problem of intelligent management of the
bath purging process will ensure an increase in the proportion of scrap during
melting without changing the technological process, thereby allowing tcsifyten
steel production and reduce its cost. On a national scale, this will contribute to the
implementation of the strategic state program on energy conservation. The
developed methods, structures and control algorithms can give impetus to the further
devebpment of the theory of automatic control and its practical application.
Keywords: model predictive control, optimal control, ling@adratic
functional, basic oxygen furnace, state space model, control algorithm, performance

indicators, dynamic characistics.
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¢ dMmdzj dedz L. ¢ [ SHEZ H | dzdz] totffts G QL& Bdedf,M Is
Md Misg M3z 0, OBRO MY oW i o Odz0,, dz@ tst6 jSG a di
9 MjtejHd sz By O " Headh dlsd HTs
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3.1 wH] ozt wts cigiasiL iz s s ¢ j telz o Odac
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9 HBEZoO' Is' mMw o d&OFwwvdBRiE odCttcdmlsOdzdzw
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mMdMmis] d&3'dz' tletfztc O o L Ofmiss iz o Odzdz™ Mz yoOmdzed -
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-MACBlzo twtsLtesBdzj dgd?2 WtcOdzykzL ' Sdd3d * day j
[ 32]. 10 BOL sMlsOdzedz' sets ' HaBHE of j
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® " Hte' LSk Yyomkz (ettdLtdzls’ fosegdesL kz) ;
2. 0 i tdzz s Mw sflddz LOYy' v Ef§tcOo dz' dadzv ,
teJ Glzdzt ¥ ydre L d3 dedzdr HotsedzsL 28 yts’ Bts
L dzOy j dzdzv (cdzdfidsd@otkddly)” dEQ tolz © O dzdzv ;
3. .jOdz Lz Is! MW L dzO2H jdzj BlsddzOdz dzj k¢
' Hdzso dzj dzdz" fts o dd3 towWdad d3 L 3" dzded dz) W
CtesC Iz;
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ui E™, sO¢" "tio, q )Y | .m()uit. 1 OftedS dzOH,
Hsf Emisdddn L dzOyd d&@ (3. 2)

U:{u E™u,, O @, 1_:}n

X={x1E:%, & %, L3 (3.2)

H Hoin Unae Xmin Hmax™ L OHC
1l ZH ] i3 9 9 Oy Olsd, hts d3j sss ¢ jtolzo Odedz? 5B
' o detsfls' (3. 3):

im0 (3 ®lm] () wf of (3.3)
Hirt) SQt) L OHORO o SIsstedzO WizdeC y' v, hts o
(3.1). cS¢" Mmls: EftcOo dz' dzdz? BrOKGOSIS] tedL
o dHIE:
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L BB d&zOMmIs' C HEBY M Qd3d ©B | dz® | Jdels ¢ Htsfyw
Bilsd (3.3) L o9tOnkzoOdedz" d3 tsB A3 Y4 d&@ (3.
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ftej HMisOo dzv *  fMts gAY e j Ptas alalstss tsBAE ClsO L 6t

P(tedf. 3.1). cS'fls! EkftOod dd" & OKC
CoOHEBOIdyUdsets YkdCy' sdOdkz (3. 6)

P
32300 B % 1) RA¥. B 009,40, GO
j=1
HiR, 5@, T HBHOIdE odL dOyj d Mmddjlsted yds

t sLedzvdzl d3s HBY YR yd' oj Shktsted (3. 7):

Y= (Yo Yoo Y o) TES

U= (U Uy - Uop ) TE™

l tOntsokze yd, hts tkzn k6 CHDI ¢ §L &Py @ds !

5* dzuS d BsI (VDT =3(0. Itd Yy Bz &by BEZld

LOHOYO tflsddk LOy' " (3.8) fts o' Hdzsh j dadz
J.(u) - min. (3.8)

(3.7)

1 ZO2HJ Bt ' h jdedz" LOHOY' (3.8). JtORBok
9 9dH (3.9):

=@ 4y Ry ) G
Vi " my = 8 At @ Bu (3.9)
Ver =H Re = 8 0,n+ HBE |, 8¢ 7w
EH=d o, =d¢ + "wA Bu, #BuU
19 Hind Slkteddk' & (3. 10) :
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v 0O¢ w G ‘ H dzw BOL tso wi2C OL GO '¢,ls O dzjtsH(
L Odzj ) dz' Mise (3.1) ‘ odCtstcdMmMlstsoalz’ Is+ mMw
Il EZHjdBs 9903 0Olsd, hts L O HJdAOd' yded i3 o dzOf
o wOCdgzm! MmMjdem' BdZdL!' CO HB ] Odz dese s K
(3. 5btsigdef B i3s3y iz’ yOBHz ( 27 5§ Bz figls © tzts tgB
CJtozo Odzdzy SO o d Susdgzh tY ififk,k E.ko & ML ' Mis
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WizdzS y' sdzOdzz (3. 13) :
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J (¥, DU) ﬂgmﬂ- ) Rl ¥ B &,PQ, W, D 313)
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HiR, 5@, T HBHOIdS odL dOyj d mddjlstedyds
[ BLEd dzj 55 HEBYBd yd ojClktsted (3. 14)

?:(ykﬂ Yeo Y n) E"T ) (3.14)
u=(D, @, .. up..y H™
l S tstedMmMisOdadzy WEdS Yy sdzOdzz ( 3. 13 P BHIR IS’

mMd misj d3d . [tSLGdedsz;sts LOHOYk tsflsdd' L Oy’
J=3(v(m), O YD min (3.15)

ftes fshizC §omd Do dshG " didRAldiSuddaOd ( 3.
o lcOn lz9o Odzdaw sB A3 ) J dg' . v 9" Hf s9 " HdesMlis"'
LOBJ LY Jyj dedgwr OMlsOIsdL dzgz, MW stcdzlz’ dits HSH C

P..=AR +By,

z = Cp, (3.16)

i=k +,] 612.

H dzw mg%x%):k.l, 0 BBBETWBEEE:E 5! Mw w¢ (3. 1°
¢

Or‘l3

I%pz

®., E,). (3.17)
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co E ?3%
Il n' Hdzts® L o3 dedets® HdzW dstsw Fda, (O3 o YH yH [dakzlz
ltcOatsoze yd (3.16), WkdSy sdOd (3. 13)
odaedzvhH"’ (3.18):
N T
Jk:Jk(Z(V :_a_g%ﬂ +J Bﬁ-( le+ ij)+ &Jl+Qj kV-;l u(318)
:(E -_r)T R(z Jr) Qv
HiZ=(Zu 2o - F o) TE TV AY Yy y ey )¥ E
l wORtsozs yd zOyjsMedz MigOIslicd ys d L dz0y 0 Is !
WBstcdsded&zOd3d (3. 19) :
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¢ B dd BHB*%QH({)B a 9 BubB
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I jLbkd Ok’ GlttddBOdks YkdSy' sdod (3
J,=J(V) ¥ Hv 2fVv ¢ (3.20)

HJH=M'RM +Q =M'RLp M R; g BLRLp FRr2pLR
sifjt dzOC ZQBj BM )L BiEkls dzOdzdzy 5B d3j ¥ § dz

?ui'w ',
DU ¢ @ (3.21)
v ey oy
Hiu,y " Dy, uy,y 1 L OH Odz’ 94 Clssted . l cOn ol
dzOfmiszf dz'  tsL dzOyg deder (3. 22) :
Yoin =V a Yiee = Yio) Yo =00Y iz e Yir )
Umin = (U, Uy o U 1), Unx =0 UL, U by ), (3.22)

Dami” :( lle Uldyg - ULD+P1-)1 _u“aD ( U:r<+ I:ka1r+-D u|<+|:>+1)I
1 ZHj BB 99 Oy Olsd, u ots HASjROEZ & YWAs He ff) fPHedo | @ tdad €
U=uy, +WD. 19 Hffd tlsted BO' Bs tc' o dzW dzdz?v ( 3. 2
u=Myu., M, © (3.23)
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8E., O E3.. O ... 0
=y, < En o
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J=J (V) ¥ Hv 2fv ¢ min (3.25)
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v=D0,i kk 1+.k P+1 15 Wotdgzdg, +) osdL &zOy0"' Is:
Cjtekze Yy H' v dO0 b ydtsdiz Cttsy’ Is O, L G
Sflsd BOdz dzsf Slete@®tcE st MW . ] Oelss L Ba dzOyc
Wk dzC Yy tsdzOdz (3.20) odL dOYj dzO HESHOI S
dzOw 9 dztsmls sB d3d X J dz LotBHdIs! Mw Hts ls OdzH
odizC dzsets CoOHEBOBdyYUdzse s ff tesG tc O3z 9 O dzdz™ .

3.2 (6LesBS® CHEBL' 20O stcO®Rd HEIs
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&ZzO odHdBkz tyjodHd Mls: MstkSCIskted, daj 6]
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tcsLBdlsts dzZO 3 MC d&zOHtse ' YOMmilsd dzd :

W.(9= K, +Tis %s (3.27)

[ ' Y dzOtctsH dzO Itsricte édrdziSaot@iydentayl o f( 1 ASUAtlso ma t |
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PredictionModelStateSpace 0

PredictionModelStateSpace
Load —LoadState VO2k | voz
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UHk 1 —
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1 jteh dg'y fjtj2Isd HBs tesLtesBCd M sMmisj
fsdzgvIslsw MY tsnlsjdtdnilsy) pzO detsbinIsf 0. O Is ¢ M smis t
HOdzd di3d o d 3" t65 9 Odzdz OB s M B fnlisjOtc £ jcdzdzny 58
ZzO0 C' dzyj otsdzsz ' dzlsj tceo Odz Yok &y 0 Hd
mdmisji@d. (sdmisy sz dzGnlsfe OHnlf ‘s I jejdy z o O dz
My smisjtejylzoOds #H" s BhHESdad uDNE FeO dzd3O
dzj 5B~ ' HdzO Is O HHIR' 4 Odsoddsts "z dfjdfotinis j toj X 2 9 Odzts
OBd § OtcO0 B@BskHd® dzj 8 JictsH ) | dets™ B3O dzO B 61 dzc
hts Htsten p@z" BLRdzts tesL cedzv dzzlsts BOSIH.A/YSF ) M
odL dzOoydas yd mdmlsj B3O &syd BRI MfsMmisitk



91

eC o

A e u

Sy e

N u.

S, =¢ U= o Yank S) & (3.37)

&A™ G A U
[MC d& ¢d ©Ode BOtedy' MYsmisjtwjyddsshls:
Ny slsjtejylzoOdss ' o' HYteo' Hds sty dzd o
Bzdzts o dCtsdzOdats Htsfdz' HY j dedzy MmdMmilsj dizd dz0
6j cedvistste) .  udMmls i dEQiLtafweC dats ¢ |, fUPGIE t

Bedsj dzls ' Bl @AMEO, SOWEHER' L OH O @ET 'MisdRz o
Cjtekzs ydo ) wO) 0, s fjtejoasndls! Mmdmlsj &L
Do C' dzyjBd22s iyl®Oac’ 27 s OdziFOZD' § dzO Is@" H s fi)
Cjtoso OdzsMis’ MdMmlsj i3 G sdv ¢ 0Oy Bils iz & &® iz
dzj o qtetsH Y j dzetss . "R &EE® hOtkes,d ydo dzO ntgCzEe’, ©§
Bdzs tosL ¢z dzz s s d@(s3c.d8® ) oSdjL el @{ddttsi lsfd )
Bklsd Cjtso Odzts®

S=8B AB .. A'Bg BB AB AB AB AB ‘Al

Y rank(S)=6.
[fMS & ¢ &Otedy' MismsjtjykoOdshls’ IsC
Ctodlsjtc' 2 SOkBORO odCtdlk' Is' v, It fdMmls.
O, Blyj, &tsyj BEZld ttLtetBd] dd?2 Mifsmls
MrPB M shisjte” cOYo MbsoOdz MdMmisj &3d dzOo j+
Mfsmsjte' cOUYUO Bdts osdCtttdmksOds M shlsj k"

(3.38)
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O6'eKT KepyBaHHA

u,, (k) _ —
H(k) '[.rm-+1:|]=.4-[.\-m—)]m{‘*@: '- -']

| H(k)

T (k)
i L’eg ( fr]] =C-[xh)]

Cnoctepiray

[w)}
‘ vl h,, (%)
H(k) .1€[at]—nl-.1é[at]+3-lH(H}+ <
g T vk) n 'Te{k)
e (0)) ) —

{ df.uBEeHC sEtedz® MR j BO Mysmlsjtt' ¢ OYO
] jtj o OGO odCtstedflsOdedzy 1) lzOM b fEcEHEMIUOS o [k
Codesztel Ctstej Sy ' MlsOdzz §ftod o ddzd € dzi dzdz'
fsojH' dStss8 sBO  Clslz [ 7

Cnoctepira4 JlyeHbeprepa

u X

x'=Ax+ Bu —)
F L
X' =Ax+Bu+L(y-7y) T

X

Y

3

=

Y

{ df).f ©8Hj52 Mismlsjte' cOYO MsOdlz [ b
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[ O 5O dUdO dHj bz Gl BOHEER (OUBI) i3]
tc' o dgW dzdzv :
z ae v(

. k (
€ %zk ; eg J)) gc X 4§ (339
9 " -

xi(k)=AQ(K Be

0

N

P T HdMCtjlbdL 50 OdzO KOltedyw € sy j dzf

IN

5

I

qQ—

.

I
BOG PG P

6
rdLO2dz SCtdifj &zMOsrld L Odzpimely s’ ¢ oOYe B
nOL0CIsjttdmisdydesa(s b) (B 4)dzf &L 0. ] sdz¢ fd
MismMlsjte' cOYO twsoddedz LOBJjLYTJjyYykzoa Olsd hoc
ae v(k)
%%st(
fso ddzdz® L d3j dB kte@uUs'den'h sod 20 j, dz' ] M Odz M
{ SL Gdzv dzgj BB  BSH | dz (3¢ B&Y | M@ Is 5 tatfD 2 W ds
l cORselzy yd HJdzOB ydzh dz8 z®ffleabg 5 igls ‘Mt tsids'j
L dzO Y | dedzv bizOBGerddg”  f ShoClhsted Mls O B W tste d3lz
[7R[BOREdSd o9ditdkzO' @3t L O HGY SBSEBE (K
yd Mdzseo 56 MA DIZOBZ L Iz

T0=0.1; Tv_uo02=1.2; kv_u02=6;

Al=[1 - TO/Tv_uo2];

B1=[TO/Tv_uo2];

Cl=[kv_uo2];

S0=0bsv(Al, C1);

CO=ctrb(A1, B1);

rank(S0);

rank(CO0);
I1=acker(Al', C1', exp ([ -2.5].*T0))

)UC@() Hts O. Aj ®BLdAOYO', s §od



94
I tjLbzd SO’ o dabkés daPURIYGIs bW EMATL AB, hts
Vst BERE | to BEAR: ¢ dzO dzts ¢ 1 Wbizls= Qi7EZY Ob, = 1
5ilsto d k@@, = 6.0019, €000l =0.0081, = 6.001;

1zo LOfSEOBB Odzd?2 WEAdS y' tsdzOdz! dzd 2
J2jdB jtce jtcO dzO Bso' ot OBRBzo Odzdz® T ff tots
SSH o' HYBS9o HdzseBs WkdzC Yy BdzOdz! dzgse s B dzsC I

Cbserve r_ET

Observer
ButtonStart — ENAELE StateEstimated

V02 —V02k
¥C02 —{YCO2k
U02k_1 —U02k

eState

UHkE 1 —Hk
taun —tau
dT0 —dT0

tdfm. 3.6 ARdMSUWsSEROdEshGE |t ¢OYyo s Odz
| Ofszfddds o Oy dzdedd3 J dzj d3j delstsds [ 1t ° W
SR OtOCIjtedL iz s LOoOBEOEY ¢z c ' Wz dzzg° C

0900 A v, )Ry, F) d5Qu,B (G40

HIRIS@ T HBHOIsdzs o dL dzOyj dz' Hnikdzjods t€d dpdg”
cstedL sdlslk fescdstlk. | JCsdo &t ade' 8 ¢
fesyj Mk O Ct5j ¥R igGD aZlsk s ozl yu s W S s f

fjejR' ngsets fsyj Mk R:éﬁﬁf@%ﬁp@gg of%gmﬁ%*’@dm“

| stedL Bdzls &jitc 2 & 0 tedals ) B3 1 On wesets €.
Ld3" dzt 90OIsdm* . (¢ odHdes L tdfm. 3.7, {§tod
tcj clzdzs 9 Odzdz? L tesMIsO HEts Ctodlsdydets’™ Istsy®C «
LesmMIsO’ , Odzy MSC &ZOH Az Mis! ttBYdmdzifz L B[ d
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LOBj L jyjdedz" dgjtsBR' Hdets™ WwWCsfls' o] ¢lzdzs s
EstedLtsdls §jtzoOddzr © 5 CtsC' o.

CKIagHICTh SIkicTh
PO3paxyHKIB peryIoBaHHA
30000 1200
—A— CKI1amicTh
25000 _ 1000
—>—SIKICTh
20000 800
15000 600
10000 400
5000 200
0 0
0 10 20 30 40 50 60
P, xpoku

tdm. 3.7 1 0dzjydz Mmls: MC ZOH dzsIs® tesL t6C
ctstedL sdzlslz ftotse detsL z o O dadaw

lo LOftsctcOBBo Odzd?2 WEkdzCy' sdzOdzr dzed?2 B &z

ftese tc OBR IOEEtc ORso Odzd » dzse " Yydzd = S tsdzlstet

WEdC y' tdzOdz detse s BdzsSC 2z dzOo jH jdzd?2 © HBHC

[ d&zv fshkCk Gflsdd@Ood ds’ MseOlsjec’ ™ ¢
sflal’ L Oy’ ° WhkdSy sdodkkz (3.40) ftd dOwe
J=3(v(m), o ¥ UD min .
1 min ¢ I_K )t ¢ mLx umin ¢ l*/02(1:) ¢umax
dH(t) du,, (1)
- ¢—= ¢d U ——
dl- min dt ]nax QmU dt ma>s
1 min =150 1. =0% (3.41)
1 max =3.008 U =100%
= —oe
dl. min ~ 02%] dnH1 _250yfr]

dy maxzo.z% dy =25°/yfn
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CostFunction 0

CostFonction
eState —|ObservedState Costlut —
Generate SP Step 02
tau tau ———SP_FGE
dTo TO
Generate 5P Step CO2
tau tan ——-EP_YCGZ
dTO T0

dU02 —dUuoz

dH — dH
Tau —tan
dT0 —dT0o

tdm. 3.8 AbkdCy' sdzOdz dzd2 B dzsE W Iz «
OHOYyk L sfkddk L0y fted ddzOwWo dtsfmils' 5B (
Istc OW dzd n Wikd€ y' 2 (N QD@ HizO0 s ff 7diz© 3. v Oy
FdzC y' sdzOdzz fted dzOW o dztsfls’ tsB d3j ¥ J dz L
OcOlstsod 3 todzs Istc®f Hz ZW Iz @G YW soddta QleC=d * (Is3

F(ou) =5 ( ® Kl uf

r-h st OW dzgd 2 f Of (3.42)
I(Du) -sB d3 ¥ § dadz" .
OC®) dls SBHE tjOd LOY' @ RiSTHiE] ksl

csctcOBBzo Odzdzw 1 [ s

IFABS(dUO2[P])>dU02_MEKEN
Cost:=Cost+Penalti*(dUO2{B0O2_ Max)*(dUO2[RJUO2_Max)+Penalti;

END _IF;

IFABS(dH[P])>dH_MakHEN
Cost:=Cost+Penalti*(dHHdH_Max)*(dH[PJdH_Max)+Penalti;

END_IF;

IFHk>H_MaxTHEN
Cost:=Cost+Penalti*(Hk_Max)*(HkH_Max)+Penalti;
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END_IF;
IF Hk<H_MImTHEN
Cost:=Cost+Penalti*Hk*Hk+Penalti;
END_IF;
IFUO2k>UO2_MaxHEN
Cost:=Cost+Penalti*(UO2KkO02_Max)*(UO2JO2_Max)+Penalti;
END_IF;
IFUO2k<UO2_MITHEN
Cost:=Cost+Penalti*UO02k*UO2k+Penalti;
END_IF;
[ BtcOdzd 2 -Cdo' Ol tQQls| Yydzd 2 WikdeC y' sdzOadz ts
s {ON 3" Myd LOHOYO BGfiEkzCdEeo®Hc®t d gl o @ dza
LOHOdzd?2 OdzetstedlIsdy” ydes, IssBz BRzdzs L OfMmists
LOMssMso zs Is! . Isds o qfdOwdddny d LSds@agj dedzvW
Yy dz se s’ WikdeC y* o dzj d3stsy dzd o J , O kOSCtY [
Odze sted Is d3’ y dats, LsCte] &3O, Ctdzd Hdzw tBYdMmc
LdzOyJ dzdzv = Oteckzdzj dzskz f slste” Bdzes f tetso § Misd
A &3 FBHH Ols dz' ¢ tsdzd WikzdeG y'ow dzj HO W J t6 ]
odL dzOyOs Is+ mw L fsndBCsE hts ftoedLotsH(
tsB yd fmdzj dzdz' fsn' Hdsd R . [ijlsHd (W Bsets
oditstedMmMlstsolze Is! v dzdh j L 2Oy dedzgy W HalzC y*
tsB tc O dzts B sgdo Mz S @ tod M. 3.9), wed?2
My o9 " Hdetsh jdgdgw 3" ¥ €' dzr €' Ml CtetsC ' o |
odt' hj dzdz sflsdds" L Oy’ 2 dets”’ L OHOY' 2 f st
B IssHisdZ3 dzO2h o dH B &8 Mgk fhUdsH 2y fitgScdzO HAGY)' Ids
fsimdz Hsea dzetsils® CtetsC " &9 YN ECE HAY HGBMdz H
(tedMm. 3.10) , L wWEefs’ 2 odfOHCE EmMYf " R~k
ftosyjHEzZted dz0o jH | dats dad ) U4 :
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Al dBteOIsd ff syOlsS saz SOE Y Mrleoddsdsditésty diis
LB dages” jx1,2,é,n. [oydd® CtsSk d
Hdzw eofm' A L o3 dazded =~ .

B.r smdz' Hy ke Olsd f (X) dzQa ¢ Hhizts 58 O S iFdRE
HOdzdr flots dzsC Odzt dzgj  tsotsHY dadzw W L
od¢ stod Mis s ovlz oLCBARIIYH YHjddzdzY f tSIstc’ B dats Gt
LO LtOL € t5d3, LO HBfGhRsGes:H wWCsGets
B' dzZ hsets My OHOdedzy WkdeSy" " . 16hEC,
stsySaddbsdiz’ Is! v sOCdd3 yd dzts dz:

1. 8 ydmdzd Isd L dzOyj) dedz” BYOR dfSipgiz' "2 fls(tsby 1

2. S @z L d3' dzedzO s yjter ' L d3 dg¥ ‘' Is! fmw
v OSdB yddtsds, B3 B Ydndzithelts LHEO:
eisHddd ydzd?2 o Cltste I @l ta) Y e dis
His L d3j dgh j dedzV L dzOjCidstzvdz"W Hsela@ipy * dzO
V fteslsddzj ¥y das digs WwAfirifd@ H Csts L dz@ U j dzds

hhe) , ° wWehs 77 L dzOyd @dg' dav dgsdz"
hhe) . ¢cShts ysHjdz "L o9dStsdzOdedrn
L d3j dgh j dadzv L dzOy g dzdz? W iz @&dih OF s 1§
dzj L d3' dzdats® ' toftsL G dzW H OF Is! s ls B

L dzOR sH dIs! MY L dzOthjedlzdz  Wskz dzl y ' s ts dic
tesLddzw dzgzls® ofp' n L A3 dededn, d3d B
by;

3.WC h ts=bp) IstsBlsts L oBj dgh j dzgdzv W kS y'
HsfMdz' HY jdedgv Y solststes ' Is! Mw  dzPo € sd
OdzjL d3jLdzh j dess Htsey ddes® CtesClk. 1 0O
L dgj dgh j dedz?v CtotsCkz (StesC' o) . HJ
H 59 Y :;d dzd

4WCh 5 By, ISt odCtdk’ 5! Mw §sh S L O
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Clted fshkCE LO LtOLSBAR odSstcdMmistse Lz
ftotsyjdfjdz® Hy J dedev, ° 3 dzg' d3' LOY' ' w Wk
z dOftw ik, LOHOMsHBEZ LtOLStsd. AW
My s’ B :
lsL zgdzs ez~ Olsd My 22 B0 EHdgelz €

sMe"  dz ¢d fshike B y! sk dzOf tow d3C &
L dzOyj dede? . W Btk sByYydMmMdzd dzts W Iz dz€ y°
=hh+2(kxib) . v L OcOdz deshiz2 (e thOH ¢ 2 :

2.sls’ d3 HBMdz' HY J dzdz? 9 Otelsts 1ty H tso X &
3WCh 5 dzO2 a3 dzh | L dzOyJ dedz”? dzO Ctofsy
BOL dMdz 23 ( lssn@C Odf'f @Bl ,b Ists Glsted
dzso z B OL d fdiz Us@EQdz' datsidfz) ,0 difif Oz
o Qtclsts fsolststcdIlsd Stets¢ C. 1. v ftets
fshzC L O L teOi(f+ddy ,” LO fteusSHAS ol d Is d
o Istfntl), b

4109 jeh dfdesyjjd, SCtdzd HBoaddzO Ctots
BkH] Ld&@jdg" jdzO HEts LOHOdEets dGOdtsc
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Moyamok

Y
Obyucnumu 3HavYeHHs1 ghyHKUIT
& basucHiti moyui

A d
BukoHamu
docnidxeHHs

lMomoy4He 3HavyeHHs1 MeHLWe
3Ha4vYeHHs e b6a3ucHil moyui?

Bzsmu Hoey
6asucHy mouky |

Hi r
3pobumu Kpok
nowyKy no 3pasky Tak
3meHwumu Hi Kpox docmamHso
« 7?
006XUHY KpOKY Manud: v
1 BukoHamu
BocnidxeHHs

Tak

lMomo4He 3HaYeHHs1 MeHLe
3Ha4YeHHs e basucHili moyui?

tdfm. 3.9 wdWstedzdOYy' F dg@oMm®Oj BBO d3j Ist

1 kze LOf tctsc tcOgs 0 Odzd 2 WizdzC y' sdzOdzt dzd 2
sflsddzs' L @y de vz CdO dtse ' S T s € & O &ls 8@ dadzy dzd
Ctsdzlstetsdzj o' 9. sBBH o  Hitse ' Hdzsets WhkdzC y' tsd
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( Movyamok )

A J
Mepwa
koopduHama

v

36inbwumu
KoopOuHamy Ha KpoK

@yHKUIA
MeHLwunace?

Tak

Hi
4

3mMeHwumu
KoopOuHamy Ha KpokK

@yHKUIA

Tak:
3aMeHwunace?

\ 4
Hi Sanam'amamu Hose

\ 3Ha4YeHHA KoopouHamu
PosansHymu 3anuwumu novyamkoee ma Hoge 3Ha4YeHHs
Hosy KoopduHamy 3HaYeHHs chyHKUIT

Bci koopduHamu )

Tak

{df). 3.10 wdWstedoy 2d0 MRj B0 HEM
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MPC

Hooke Jeeves Method

ButtonStart —ENABLE Calc_Cost_Count — Count_Cost
X0—4X o0 Calc_Step_Count [~ Count_Step
eState —|ObservedState 002k — U02k
Generate SP 02 UHk — UHk
tau —tau - sp_vo2
dT0 —TO
Generate SP CO2
tau —tau - —SP_¥CO2
dT0 —T0

tau —jtau
dT0 —dTO0

tdm. 3.11 ARzdC y' tsdzOdz' dzd 2 -IByog=eSMm @4 Is s H
l tjLkzd IsO® BRkdzs MddlsjL tseo Odzs Mddyk 4 A3z
cjydhizz HEE®BdE gl sdiscs sy Mz = o (¢
ftosedatsL 28 yséts tojcekzdzw IststcO.
l dmMdzsea € d HB L H' dziz
I zdass L tetsB dzj dzt© o 1 ¢ fig® s Ry €ldis dz s of OB o34 Is tc O d
toj 1 ddisz HEIslewd CSREHERIEE L :
lod S stedMmlsso s yd HBsHjdz2 o fteshmisste' i
tcSLtcOn 59 Odzts dAOW® ] S Iz dz2® Eztdetsd { ' odzls § dzfy
HElss"insB@J dzv 5§ dMmdej dedzy 9 linds @fztso odzH dz
fiyf Mlsj BO € j oz d @akde'del d akdzddfls' HEISkW
M Mmlsj &3 ¢ j tolz o Mdzdevts dao dg 'tefiply e dzdfr ¢ OL OR
2.flcts O dzOdz' L s Odets odf drif ézls | @fdz] o diztsfipls * w2
2O L a3 dzz Mmisizq j dav  t5C d &) dzj (dgdzd M b ‘Iz s ‘dAp
HW 4 tej dgy’ 2 dzd d§ tc'j a dzdolzdz Gyl € s Gaf2@ztz’ LA
Csdi ' datso Odzs’ M d Mk j-Shs(d3the)j dEfip@lts B O dzdzy L
3Mddzls j L s Odes MY sinkdgeic] © HJ Ahids Oz Is Is W
lteOrtsolzy yd HJdzOd3 ydids L sc@@ iz @fids gk O s t
My smisj oL ¢ @apPOB ONjOds Otc OC Is j Jo d B)'ls af dg'datzdzw
odStstedmlssolze 9§ ¢ fisdBOEAZOdz' L 5o Odzts ¢
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o ZOMIs dogHifHds C so sets S Bdeskztlkz S5ty Cy'
tesL B ydesfmls® &3 dBsHj dzdzse SO toj Odz' dzt
4.nsMdz’ H 3 Ezftelg' 4 d i3z H Iz ledey § ssfrpisl) e ) Bpd@d o
Cljteso Odz' Mis! L G ' Hdets [Op&d Isig! t€ dw (030 €3
mMfsmlsjtc] Y kzo Odzsmis” Is O, hGsj tdds oo@idgts2fr IS¢ * d
MsOdz' 9 , ssteBEIE Cdlsjtc’ 2 s OzBORZO 9 (
mMismlsjtc] ko Odzts SO § Jjtetso Odzatse o,
Mffds j 6 ¢ Oy MsOdzz IsO twjeckzdzwiIstste.

5.1ds te d d3Q@idzddR-CRod@H e Olsd ydzd 2 WEdz2C y' sdzOdz
Is s 3z RO a3 Myy LOHOYO s EzC-d&zsG s
CoOHOIsd ydzd 2 WEdzC y' sdzOdz L OH Odzd 2
LOMissMtse Blzts d gidz @ s o 56 8§ mif & BWHalzO



104
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4.1 wdg Oy 2dzgj dBsSHJ dzt 9 Odgdz? € sz ' dzts 9 O dzl
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+
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+
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as,

Mogens npoayeku

t d.f2c5H j dz2 Ctsd3B " dztso Odzets’ tc iy Bk BZd z ks € 2 &z
Cdzo j elsj tedzsets fesyd Miz
t SLcOrbkdztsS § Otc O3] Is Bt6 jo ¢ eV tds' zoo Olsizotzw € t
CsdiB ' dztso Odats’ MmMdMmisj &i3d G Jtlzo Odzdz?y o d ¢ s5dzOC
B s®HE NI mum | SE Zhual@ -Gagdslf J &hOBsistcon 1
BB H J dz¥ 9 O dzdzW fJtejnm" Hdd R - s O Coldjntgid fr) léndf S
QolstsBOIsdydzisets o G Iz dz¥ 9 O dzbizts dzdej t§ 5] jJd3tz dztsHelASIS Isi
iBLedwdz i3 f jtejnmn HAZE =~ OWOSIjtdmMisdSlkz Mm
Hizlslsw G dmdzj o 56 t54.3F (s dzgf Jsticls[ Jd3©@z" ( W dsi§.OL dzed € d
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1
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=
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1.5 ~ | Il
[THeBMOKIANIaH KHCHIO
W & T ‘ 2|
e
0.5F 7
0 | | . . . | . . il
| ] | | | 1 ] | |

0 1

(S

3 4 5 6 7 8 9 10
Yac, ¢

tdM31 jtejnrn'  Hdd2 ftetsyjfm MdfMmisj &3d tj clzdz® 8 O
f sdztsy J dzdzv € dzOf Galakls tf @lst @ yS d 1§ din dzs
sOBdzdyw 4.1 1 8C0LddSd WwWCBf

1 sC0OLdzd S (d wetsimls® 1 O9 H ©alzdzt * H
dlsOlsdydz® f snde SO 0

[ 2Oz ydzO s~ deB €O 0,025

Yy Ot e zdz¢ 9 Odadzv , T 4,35
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PROGRAM PLC_PRG

VAR
Observer_0: Observer: _
eState: ARRAY [0..7] OF REAL; To=100Mc
MPC: Ho :ke_JeE-:es_!-!eth od;
¥_0: ARRAY [0..%] OF REAL:
Count_Cost: DINT;
Count_Step: DINT;
SP_CD2: REAL;
SP_02: REAL:
A 4
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dTo TO
Generate SP_CO2
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tau—tau
dT0 —dT0
Configuration
Priority (0.31 ) 1
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PROGRAM FLC_FRG
VAR
" CnocTepirad cTaxHy
Observer 0 : Cbserver ;
eState :_mmr [0..7] OF REAL ;

MPC : Hooke_Jeeves_Method ;
X_D:ARB.B.Y[C..?-]OE‘ REAL ;
Count_Cost : DINT ;

Count_Step : DINT ;

S /Y oraBrM
SP_C02 : REAL ;
SP_02 : REAL ;

S /CrapT cHTCcemMit

ButtonStart : BOOL ;

S/Eac 3 noYarKy 32a0yCcK)y CHCoTeMM, XEBE

tau : REAL :=0.0 ;
dT0 : REAL :=0.1 ;

Observer 0

Observer
ButtonStart —ENABLE StateEstimated
V02 —V02k
YCOZ2 —¥YC02k
U02k — U002k
UHk —Hk
tau—tau
dT0 —dT0

I——eState
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b

wn

MPC
Hooke Jeeves Method
ButtonStart —ENABLE Calc Cost Count |-Count (
X 0—x o0 Calc sStep Count |~Count !
eS5tate —ObservedState U2k U002k
Generate SP_Step_ 02 UHk - UHkK
tau —tau —SP_ V02
dT0 —TO

Generate SP Step CO2
tau —tau —{SP_YCO2
dT0 —TO0

tau —tau

dT0 —dT0
SEL
Buttonstart —G —— tau
0.0 —INO
ADD
tau + IN1
DIV
dTo —
60.0 — /
Calc_SP Step CO2
tau —tau ——SP COZ

Calc SP Step 02
tau —tau ——SP_02
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2
2
2
2

a2

FUNCTION BLOCK PredictionModelStateSpace

VAR_INPUT
LoadState : BOOL ;
Statel : ARRRY [0 .. 7]
dUCZk : REAL ;
dHk : REAL ;

: REAL ;

: REAL ;

OF REAL ;

tau
dT0
END_VAR
VAR_OUTPUT
VOZk : REAL ;
YCOZk : REAL ;
U0Zk : REAL ;
Hk : REAL ;
END_VAR
VAR

AE:ARRAY [0 .. 7] OF ARRAY [ C 7
, 0.0, 0.0, 0.0, 0.01, [0.0, 1.0
P , o, 1.0, 0.0, 0.0, 0
] ' 0, 0.0, 0.01, [0 ¥
’ ’ o, 0.0, O , 0.0,
] ' 0, 1.0, 0.01, [0 ¥ 0

S
A
B

State : ARRAY [0 .. 7]

), 0.01;
ControlAction : ARRAY [0 .. 1
CutModel : ARRAY [ 0 .. 1]
i: INT;
k: INT;

rowh : INT := & ;
colR @ INT := & ;
rowB : INT := & ;
colB : INT :=2 ;
rowC : INT := ;

colC : INT := & ;
rowState :
Tv_uo2 :
Tly uc?Z :
T2y:u02 :
T3y uc? :
le:H :
T2y _H :

H
=
. H
.
i
X
o

REAL : 1.0;
kv_uo2 : REAL := 6.0 ;
ky uo2 : REAL := -0.736;
ky H: REAL := 12.1°5
Load Trig : R_TRIG ;
END_VAR

0.0, ' ¥ 0, 0.0, 0.01

0 r 0 ' [ 0, o, 0 "
0.0, ’ - I 0, 0.0, 0 1
0 r 0 ’ [ 0, 0, 0 ’ :
0.0, ’ I 0, 0.0, 1.01]
0 0.0, 0.0, 0. I 0, 0 4



POU: PredictionModelStateSpace

148

45

1 Load Trig ( CLK := LoadState , Q=> ) ;
2 IF Load Trig . @ THEN

3 State := Statel ;

4 END_IF ;

5 Tly_H :=Calc_Tly H (tau:= tau) ;

(4] T2y_H :=Calc_T2y H ( tau := tau) ;

7 ControlAction [ 0 ] :=dUQ02k ;

8 ControlAction [ 1 ] :=dHk ;

9 A[0][0]:=1.0-dT0/ Tv_uo2 ;

10 A[0][6]1 :=dT0/ Tv_uo2 ;

11 A[1]1[2] :=dT0;

12 A[2]1[31 :=dT0;

13 A[3]1[1]:=-dT0/ Tly uo2 ;

14 A[3][2] :=-dT0* T3y _uoZ / Tly uol ;
15 Al 3] [3]:=lAC—dTD*T2y_u02/le_qu:
16 A[32]1[6]1:=dT0/ Tly uo2 ;

17 A[4][5] :=dT0;

18 A[5][4]:=-dT0/ Tly _H;

19 A[5][5]:=1.0-dT0 *T2y_H/ Tly _H;
20 A[5][71 =dTO/le_H;

21 B[O][0] :=dT0/ Tv_uoZ;

22 B[3][0] :=dT0/ Tly_uoZ;

23 B[5][1]1:=dT0/Tly_H;

24 CL[O][0] :=kv_uo2;

25 Cl[11[1]:=ky_uo2;

26 Cl[1]10[4]1:=ky H;

27 FOR 1:=0 TO rowh-1 DO

28 A x[1]:=0.0;

29 FOR k:=0 TO colA -1 DO

30 A_x[i]:=A_x[i]+}\[i][k]*State[k];
31 END_FOR ;

32 END_FOR ;

33 FOR 1:=0 TO rowB-1 DO

34 B x[1]:=0.0;

35 FOR k:=0 TO colBE-1 DO

36 B x[i]:=B x[i]+B[i] [k] *ControlAction [k] ;
37 END_FOR ;

38 END_FOR ;

39 FOR 1:=0 TO rowC-1 DO

40 OutModel [i ] :=0.0; //Yk[i]

41 FOR k:=0 TO colC-1 DO

42 OutModel [ 1] :=OQutModel [1]+C[1i] [k] *State [ k] ; //¥k(i]
43 END_FOR ;

44 END_FOR ;

3 FOR 1:=0 TO rowState -1 DO

46 State [1 1 :=A x[1i1+4+B x[il;
47 END_FOR ;

B VO2k := CutModel [0 ] ;

49 YCO2k :=0utModel [ 1] ;

50 U002k :=State [ 6] ;

51 Hk :=State [ 7] ;

un
o™
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POU: Observer

1 FUNCTION BLOCK Observer
2 VAR INPUT
3 ENABLE : BOOL ;
4 VO2k : REAL ;
YCO2k : REAL ;
6 U0Z2k : REAL ;
Hk : REAL ;

8 tau : REAL ;
9 dT0 : REAL ;
10 END_ VAR

VAR OUTPUT
StateEstimated : ARRAY [0 .. 7] OF REAL ;
13 END_VAR

—
[

i

K x :ARRAY [0 ..5] OF REAL:=[0.0, I
ControlAction : ARRAY [0 .. 1] OF REAL := |
Error : ARRAY [0 .. 1] [
State : ARRAY 0..5] 0.
OutModel : ARRAY [0 .. 1] OF REAL := [ 0.0, 0.07] ;:
i: INT:;

k : INT;

rowk : INT := 6 ;

B b
) M

58]
s,

B B B B
~1 on LN oW

(58]
oo

29 colk : INT :=6 ;

30 rowB : INT := 6 ;

31 colB @ INT :=2 ;

32 rowC : INT := 2 ;

33 colC : INT := 6 ;

34 rowState : INT := 6 ;
35 Tv_uoZ : REAL := 1.2 ;
36 Tly uo2 : REAL 9 ;
37 T2y uo2 : REAL := 1
38 T3y uo2 : REAL :=

39 Tly H: REAL := 1.0 ;

40 T2y H: REAL := 1.0 ;
41 kv _uoZ : REAL := ©
42 ky uoZ : REAL := - 0.
43 ky H: REAL := 12.15;
44 END_VAR

1 le_H : Calc_le_H ( tau : tau )
2 T2y H :=Calc T2y H ( tau := tau)
3 A[0]1([0]:=1.0-dT0/ Tv_uo2 ;

ETET
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[l e B e e
LTI S I e e I U T v 4

-1 O LN

= oW

W o -] v LN s e D

= o

H O w5 N W

(R N ]

il

L L 1 6 I B 1 O I 6 O e Y e A S .- J ™ - ' T 7S [ 'S R W I /S I 5 L 'S I WS- B % 1% |

oy Ln

:=dT0 ;
:=dT0 ;
-dT0 / Tly uo2 ;
-dT0 * T3y _uo2 / Tly_uo2 ;
1.0 =dT0 * T2y uo2 / Tly uo2 ;
dro ; B B
:=-dT0 / Tly H ;
:=1.0-dT0 * T2y H/ Tly H;
:=dT0 / Tv_uo2 ;
:=dT0 / Tly uo2 ;
:=dT0 / Tly H ;
:=kv uo2 ;
:=ky uo2;
[4] :=ky H;
ControlAction [ 0] :=U002k ;
ControlAction [ 1] :=Hk ;
IF ENABLE THEN
FOR 1i:=0 TO rowAR-1 DO
Ax[41] :=0.0;
FOR k :=0 TO colA -1 DO
B x[i]l:=Ax[i]+A[i]l[k] *State[k]

L BS

Lo b =
i1 n

fi=e
1]

IRV L B VR O T B

wn

(=TS

e R e i e T e e T e B
= IS
]

o T T o I v+ o + B o v I =T TR T = e R T = =]

[1]
[ 2]
[ 3]
[ 3]
[ 3]
[ 4]
[5]
[5]
[ 0]
[3]
[5]
[ 0]
[1]
[1]

H = o oW oo

END_FOR ;

END_FOR ;

FOR i :=0 TO rowB -1 DO
Bx[1] :=0.0;

FOR k:=0 TO colB-1 DO
Bx[i]:=Bx[i]+B[i] [k] *ContrelAction [k] ;

END_FOR ;

END_FOR ;

FOR i:=0 TO rowC-1 DO
OutModel [i] :=0.0; //Yk[1i]

FOR k:=0 TO colC-1 DO
OutModel [ i ] :=0OutModel [i ] +C[i] [k] *State [ k] ; //Yk[i]
END_FOR ;
END_FOR ;
Error [ 0] :=V02k - QutMedel [0 ] ;
Error [ 1] :=¥C02k - QutModel [ 1] ;
FOR 1i:=0 TO rowB -1 DO
Kx[4i] :=0.0;
FOR k:=0 TO colB-1 DO
Kx[i]:=Kx[i]+Ke[i1] [k] *Error [k];

END_FOR ;
END_FOR ;
FOR i:=0 TO rowState -1 DO

State [1] :=A x[i1]+B x[1i]1+Kx[1i];
END_FOR ;
FOR i :=0 TO rowState -1 DO

StateEstimated [ 1] :=5tate [ 1] ;
END_FOR ;

StateEstimated [ 6 ] :=U02k ;
StateEstimated [ 7] :=Hk ;
END_IF ;
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VAR _INPUT
ENABLE : BOOL ;

X 0: ARRAY [0 ..
ObservedState : ARRAY [0 .. 7] OF REAL;
4] SP_VOE : ARRAY [ C
SP_YCOZ : ARRAY [ ([

tau : REAL ;

] dT0 : REAL ;

END_VAR

VAR _OUTPUT
Calc_Cost_Count :
Calc_Step_Count :
UCZk : REAL ;
UHk : REAL ;

] END_VAR

VAR
Cost_Kl : REAL ;

19 Cost K2 : REAL ;

X K2 : ARRAY

X ZR : ARRAY

Optimal ¥ : ARRAY

[ O
¥ K1 : ARRAY [0 ..
[ O

X DF: ARRAY [0 ..

FUNCTION BLOCK Hooke Jeeves Method

5] OF REAL ;

.. 24 ] OF REAL ;
.. 34 ] OF REAL ;

DINT ;
DINT ;

OF REAL ;
OF REAL ;
OF REAL ;
OF REAL ;
[0..2] OF REAL;

(=]
[R R

] OF REAL ;

5 Recalc_X Base : BOOL ;
6 h: ARRAY [0 .. %
7 i : INT ;

j : INT ;
CostFunction_ 0 :

) dU0Z : ARRAY [ 0 ..
31 dH : ARRAY [ O ..
32 Actionl : REAL ;

ActionZ : REAL ;
Explore Point 0 :

END_VAR

VAR CONSTANT

C : INT := 5 ;
N : INT := 10 ;
41 dU0Z2 Max : REAL :

d: REAL := 7.5 ;
END_VAR
IF ENABLE THEN

Calc_Cost_Count :
Calc_Step_Count :

POKL

dH Max : REAL :=0.0

CostFunction ;
4] OF REAL ;

%4 ] OF REAL ;

Explore Point ;

Check Cost_0 : Check_Cost ;

eps : REAL :=0.0000
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FOR j:=0 TO N-1 DO
h[j1:=1.0;
END_FOR ;
WHILE TERUE DO
//nopaxyearu zHaveHHA ¢QyHkUii B Bazsomin rowni X Ki
FOR j:=0 To C-1 DO
duoz [J ] :=X Kl [J ] *dUuo2 Max ;
diE[Jj]:=X Kl [Jj+C] *dH Max ;
END_FOR ;
CeostFunction 0 {
ObservedState := ObservedState
SP_V0OZ :=3P_V02 ,
SP ¥COZ := SP ¥C02 ,
duo2 :=duoz ,
dH :=dH ,
tau := tau ,
dT0 :=dTo0 ,
CostOut => Cost_K1) ;
Calc_Cost_Count 1= Calc_Cost_C‘.ount +1;
//KporZ2 BHKOHATH OOoCHlOgXxeHHA QyVHKIII HaBxomo BazoBol ToukM
Explore_ Point 0 (
X=X K1,
h:=h ,
ObservedState := QbservedState
SP_VOZ :=3P_V02Z ,
SP_¥YCOZ2 := 5P_YCOZ ,
tau := tau,
dT0 :=dTo0 ,
¥ 1=>% K2 ,
Calc Cost Count => ,
Calc:Step:Count =) :
Calc Cost_Count :=Calc_Cost_Count + Explore Point 0 . Calc Cost_Count
Calc_Step_Count :=Calc_Step Count + Explore_Point 0 . Calc_Step_ Count
//Kpox3 mopaxyeaT 3HaveHHs QyHxnii B HoBin Touni X K2

FOR 3 :=0 TO C-1 DO
duo2 [ 3] :=% K2 [ ] * dU02 Max ;
dH[ 3] :=X K2 [§+C] *dH Max ;
END_FOR ;

CostFunction_0 (

ObservedState := ObservedState ,
SP V02 :=SP V02 ,

SP_YCO2 := SP_YCO2 ,

duoz2 :=duoZ ,

dH :=dH ,
tau := tau ,
dT0 :=dT0 ,

CostOut => Cost K2 ) ;
Calc_Cost_CounE :=Calc_Cost_Count + 1 ;
//Kpok36
IF Cost_K2 »= Cost_Kl THEN
//Kpork5a IIepeEipHTH YMOEY 32aBSpWeHHA COpPaXVHKY Ta SMeHIMTH

BEAMYMHY KDOKY

[

o oo o

B L

Check_Cost_D {(d:=d , eps :=eps , Check_ => , h:=h ) ;
IF (C‘.heck_Cost_U . Check_] THEN

Optimal X :=X K1 ;

EXIT ;
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ELSE

END_IF ;

//Kpok4 [poBecTu Homykx 3a 3pasKoM
FOR 1. 3=0 ‘TO 2Z *¢g*=1 DO

X ZR [4:] #=X K2 [4 ] +0.9% (X'K2 [ i ]=X K
END_FOR ;

220 I 0 M 7

//BuKOHaTH HOCHImKeHHS @QyHKI1I HaBxomo Touky X ZR

Explore_Point_0 (
X:=X ZR,

h:=h ,
ObservedState := ObservedState ,
SP_VO2 :=SP_V02 ,
SP_YCO2 :=SP_YCO2 ,
tau := tau,

dTO :=dTO0 ,

X_1=>X DP ,
Calc_Cost_Count => ,
Calc_Step_Count =>) ;

Calc_Cost_Count :=Calc_Cost_Count + Explore_Point 0 .
Calc_Cost_Count ;
Calc_Step_Count :=Calc_Step_Count + Explore_Point 0 .

Calc_Step_Count ;

Recalc_X_Base := FALSE ;
FOR i:=0 TO N-1 DO
IF NOT((X_ZR[i]—X_DP[i])=C) THEN
Recalc_X Base := TRUE ;
END_IF ;
END_FOR ;
IF Recalc_X Base THEN
//Touxa X _DP cTae TOYKOL HOBro 6asucy
X K1 :=X DP;

//Kpok5a [NepeBipuTy YMOBY 3aBEepWEHHS OOPaAXyHKY Ta 3MEHIIMTH

BEIUYMHY KPOKY

Iammaerecsa

Check Cost_0 (d:=d , eps:=eps , Check_
IF (Check_Cost_O : Check__) THEN
Optimal X :=X K1 ;
EXIT ;
END_IF ;
ELSE
//nomyk 3a 3pPO3KOM BBaXaE€THCA HEyCnimHuM,
TOYKOKW HOBOr'o Gasucy
X_K1 :=X K2 ;
END_IF ;

END_IF ;
IF Calc_Step_ Count >= 500 THEN

Optimal X :=X K1 ;
EXIT ;

END_IF
END_WHILE ;
UO2k :=dU02_Max * (Optimal X [ 0] ) + ObservedState [ 6] ;
UHk :=dH_Max * (Optimal X [C] ) + Observedstate [ 7] ;

ELSE
Calc_Cos

Calc_Step_Count
U02k :=0.

UHk := 0.

END_IF ;

t_Count

o’ 2l L B

Touxka X K2

h

)

’
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FUNCTION BLOCK Explore Point

VAR _INPUT

¥ : ARRAY [ O ..
h: ARRAY [0 ..
ObservedState :

SP_V0OZ2 : ARRAY

SP_YCOZ : ARRAY

tau : REAL ;
dT0 : REAL ;
END_VAR
VAR _OUTPUT
¥ 1: ARRAY

END_VAR
VAR
¥ 0 : ARRAY

[0..
Calc Cost Count
Calc Step Count : DINT ;

[0..

[o..
[0..3

%] OF REAL
%] OF REAL

ARRAY

9]

9]

Cost Base : REAL ;

Cost : REAL ;
i : INT ;
j + INT ;

CostFunction 0 :
[0..
dH : ARRAY [ 0 ..

dU02 : ARRAY

END_VAR

CostFunction ;
OF REAL ;
OF REAL ;

34 )

34 ]

OF REAL ;
: DINT ;

OF REAL ;

] VAR CONSTANT

8 C: INT :=5 ;

9 N : INT :=10 ;

30 dU0Z Max : REAL :=2.(

31 dH Max : REAL :=0.02;

32 END_VAR

1 X 0:=X;

2 Calc Cost Count :=0;
Cale Step Count :=0;

4 Cost Base :=0.0;

5 Cost :(=0.0 ;
FOR j:=0 TO C-1 DO

b B B

[T

duo2 [§1 :=X 0 [j ] *dUO2 Max ;
dH[3]:=X 0[3j+C) *dH Max ;

END_FOR ;
CostFunction 0 {

ObservedState := ObservedState

SP_VO2 :=SP_VO2 ,

SP_YCO2 := SP_¥CO2 ,

duo2 :=duoz ,

dH :=dH,
tau := tau ,
dT0 :=dT0 ,

CostOut => Cost_Base ) ;

FOR 1i:=0 TO N-1
FOR j:=0 TO C-1

IF i=3

DO

THEN
duo2 [§1:=(X 0[j]+h[i]) *dUO2 Max ;

DO
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23 ELSE
24 duc2 [§J ] :=(X 0[3F])*dUu02 Max ;
25 END_IF ;
26 IF i=(3j+C) THEN
27 dH[j]:=(X0[j+C])+h[i]) *dH Max;
28 ELSE
29 dH[j]:=(X0[j+C]) *dH Max;
30 END_IF ;
31 END_FOR ;
32 CostFunction 0 (
33 ObservedState := ObservedState ,
34 SP V02 :=SP V02,
35 SP_YCO2 :=SP_YCO2 ,
36 duoz :=duozZ ,
37 dH :=dH,
38 tau := tau ,
39 dT0 :=dT0 ,
40 CostOut =>» Cost ) ;
41 Calc Cost Count :=Calc Cost Count + 1 ;
42 IF Cost < Cost Base THEN
43 X 0[i]::=X0[4i]l+h[i];:
44 Cost Base :=Cost ;
45 Calc Step Count :=Calc Step Count +1 ;
46 ELSE
47 FOR j:=0 TO C-1 DO
48 IF i=9 THEN
49 dvo2 [j] :=(X 0[3]-h[1i]) *dUOZ Max ;
50 ELSE
51 dvoz2 [j] :=(X 0[3]) *dUuo2 Max ;
52 END_IF ;
53 IF i=(j+C) THEN
54 diH[§]:=(X0[3+C]-h[i]) *dH Max ;
55 ELSE
56 dH[§]1:=(X 0[3j+C]) *dH Max ;
57 END_IF ;
58 END_FOR ;
59 CostFunction_O (
60 ObservedState := ObservedState ,
61 SP_VO2 :=SP V02 ,
62 SP_YCO2 := SP_YCO2 ,
63 duoz :=duoz ,
64 dH :=dH ,
65 tau := tau ,
66 dT0 :=dT0 ,
67 CostOut => Cost ) ;
68 Calc Cost Count :=Calc Cost Count + 1 ;
IF Cost < Cost Base THEN

X 0[i]:=X0[i]-h[1i];

Cost Base :=Cost ;

Calc Step Count :=Calc Step Count + 1 ;

END_IF ;

74 END_IF ;

15 END_FOR ;
| ¢ X 1:=X0;
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POU: CostFunction

1 FUNCTION_ BLOCK CostFunction
2 VAR_INPUT
3 ObservedState : ARRAY [0 .. 7] OF REAL;
4 SP_VO2:A.RRAY [0 .. 24 ] OF REAL ;
5 SP_YCO2 :ARRAY [0 .. ] OF REAL ;
6 dUo2 : ARRAY [0 .. 34 ] OF REAL;
/ dH : ARRAY [ 0 .. = OF REAL ;
8 tau : REAL ;
9 dT0 : REAL ;
10 END_VAR
11 VAR_OUTPUT
12 CostOut : REAL ;
13 END_VAR
14 VAR
15 LoadModel : BOOL := FA H
16 PredictionModel : PredictionModelStateSpace ;
17 P: INT:=10;
18 Cost : REAL :=0.0 ;
19 V0Zk : REAL ;
20 YCO2k : REAL ;
21 U022k : REAL ;
22 Hk : REAL ;
23 END_VAR
24 VAR CONSTANT
25 UOZ_Max : ;
26 U02 Min :
27 H Max : REAL :
28 H Min : REAL :=
29 dU0Z Max : REAL : 5;:
30 dH Max : REAL :
1 Penalti : REAL : H
P Horizon : INT := 35 ;
33 R VOZ : REAL :=0.2 ;
34 R_YCOZ : REAL :=
35 Q UOZ : REAL :=0
36 Q H:REAL :=0.2;
37 END_VAR
1 Cost :=0.0 ;
2 FOR P:=0 TO P Horizon -1 DO
3 IF F=0 THEN
4 LoadModel := TRUE ;
5 ELSE
6 LoadModel := FLLSE ;
‘ END_IF ;
8 PredictionModel (
9 LoadState := LoadModel ,
10 State( := ObservedState ,
11 duo2k := dvuo2 [P ],
12 dHk := dH[P],
13 tau := tau+dT0*P/ 60.0,
14 dT0 := dT0,
15 VOozZk =>» VO02k ,
16 YC02k => YCO2k ,

17 U2k => U002k ,
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Hk => Hk) ;

Cost :=Cost + R_VOZ * SP_VOZ [P] -VO2k ) * { SP_VOZ [P] -WVO2k ) +R_YCO2 =
SP_YCOZ [P] -YCO2k ) * { SP_YCO2 [P] -¥CO2k ) + Q_UOZ *duo2 [P] *dUun2 [P ] + QH
*dH [P] *dH [P] ;

IF ABS (dUQZ [P ] ) »dU0OZ Max THEN

Cost := Cost + Penalti * (duo2 [ P ] -dU0O2 Max ) * (dUO2 [ P ] - dUO2Z Max ) +
Penalti ;
END_IF ;
IF ABS (dH [P ] ) > dH_Max THEN
Cost :=Cost + Penalti * (dH [P ] -dH Max ) * (dH [ P ] -dH Max ) + Penalti

END_IF ;
IF Hk > H Max THEN
Cost :=Cost + Penalti * (Hk - H Max ) * (Hk - H Max ) + Penalti ;
END_IF ;
IF Hk < H_Min THEN
Cost :=Cost + Penalti * Hk * Hk + Penalti ;
END_IF ;
IF UO2k > U02 Max THEN
Cost :=Cost + Penalti * (UO2Zk - UO2Z Max ) * ( UO2k - UO2Z Max ) + Penalti ;
END_IF ;
IF UO02k < UOZ_Min THEN
Cost := Cost + Penalti * U0O2k * UD2k + Penalti ;
END_IF ;
END_FOR ;
CostOut := Cost ;
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1 FUNCTION BLOCK Check Cost

2 VAR INPUT
3 d : REAL ;
4 eps : REAL ;
END_VAR
VAR OUTPUT
Check : BOOL ;
8 END_VAR
g VAR
10 i: INT;

11 Check H : BOOL :=

12 END_VAR
14 VAR _IN_OUT
15 h: ARRAY [ (0 .. 2] OF REAL;
16 END_VAR

1 Check_H := TRUE ;

2 FOR i :=0 TO ¢

3 IF h[i] >eps THEN

4 Check H :=FALSE ;

: h[i]l:==h[i]/4d;

END_IF ;
] END_FOR ;
8 Check :=Check H;

POU: Calc_T1y_H

FUNCTION Calc Tly H REATL
VAR _INPUT
tau : REAL ;
EHD VAR
VAR
Tly_H: REAL ;
END VAR
Tly H :=1 “EXP (- { (tau-23.47}) / 1 * [ (tau=-3.473 /S 2.9} ) +14.
EXP (= ( [ tau = 1 b * ( (tawm =15. ySA2.6) )+ 24 . cHEYEXP (- ( [ tau -
y/e0y* {(tanu=-9.73 ) S E.0) )
Calc Tly H :=LIMIT { ¢ ¢ Tly H A1) ;

‘¢
Y om
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FUMCTION Calc T2y H
VAR _INPUT

tau : REAL ;
EHD VAR
VAR

T2y H: REAL ;
END VAR

EEAL

T2y H :=T7_05 *EXP ( - { { tan~- 3.
= (tau=15_57) / Z.
T3) S e0) )

Se.0)y* {{tau- 9.

47 ) /1 2.9)

E)*({ (tau=15.

Calc T2y H :=LIMIT {4.3c, T2y H

¥

57 ) £ 2.

13.83)

* [ { tau - 3

6) ) +11.

P

73}

ATy /2.9 )+ 6.8 Y EXP |
48 *EXP (- ( {tau- 9%
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function [outj= RW_YCO2_OPCUA(input)
persistent  init_Server;

persistent  init_Nodes;

persistent  uaClient;

persistent  ReadVal

1 31dde o2hidyafh 284y} af
persistent ~ Var_Node_ SP_CO2,;

1 ydde oahidyah oeiy ) ah
persistent  Var_Node_YCO2;

i 1)1t I1pD3x19p0t1m 861} ) ah
if  (isempty(init_Server))

ReadVal = 0;
init_Server = 0;
init_Nodes =0;

end
i1 /0# 5! OAOOAO 50, #% pdedynt gids3sswyltdym 33
ydecoday
if (init_Server == 0) || (uaClient.Status== "Disconnected” ) ||
isempty( uaClient)
init_Server = 1;

uaClient = opcua( 'Mariiash’ ,4840);

connect(uaClient);
end
i o288} pL dy } }ddi1o 961y ah o0 ydecodael
if uaClient.isConnected == 1 && init_Nodes ==

init_ Nodes =1,

Var_Node_ SP_CO2 = opcuanode(4, '|var|CODESYS Control Win V3
x64.Application.PLC_PRG.SP_CO2" ,uaClient);

Var_Node_YCO2 = opcuanode(4, '|var|CODESYS Control Win V3
x64.Application.PLC_PRG.YCO2' ,uaClient);
end
i 8L avYyyongnpgawnonaael ) ) ah ydecodacy
if uaClient.isConnected == 1 && init_Nodes ==

[SP_CO2, ~, ~] = readValue(uaClient, Var_Node_SP_CO02);

writeValue(uaClient, Var_Node_YCO2, input);

ReadVal = SP_COz2;
end

out = double(ReadVal);
end
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; A HMnpekrop ITAE
HarionaibHoro TexHi9HOTO yHiBepeutery Vipainy

'+ «KuiBchKUi MO TeXHiuHMIA inCTUTYT
il IKOPCBKOTOY
VLHMC;; eHHUl € M.

[Ipo BUKOpHCTaHHS B HaBYAJILHOMY Tpolieci Kadeapy aBToMaTu3artii
eHepreTuuHuUX npoueciB ITAE Hauionanshnoro Texniunoro yHiBepcutery Ykpainu
«KHIBCHKHH MOJiTeXHIYHMIA iHCTUTYT iMeHi Iropst CiKopehKoro»
pe3yJIbTaTiB AucepTaliiiHol po6otu Mapisma [O. 1. Ha Temy
«MoaenpHO-TIPOTHO3YK0UEe aBTOMATHYHE KepyBaHHS PeKUMOM Iy TTs KUCHEBOIO
KOHBEPTEPA 3 €eHEProeHEKTUBHUM 3aCBOCHHAM TEILIa»

Kowmicist y cknani 3aBigyBaua kadeapu AEIT ITAE Bosnomyka B. A. (ronosa
KoMicii) Ta BUKIagauiB Kageapu K.T.H., gou. Barana T. I'., k.T.H., fou. Hosikosa
[I. B. posrasiHyJa MOXIUBICTh BHUKOPUCTAHHs MaTepialiB pe3yJbTaTiB
aucepTamiiinoi po6otn Mapisma FO. 1. npu migroToBwi creudiamicTiB 3a
criemiagbHicTIO 151 — ABTOMATH3allis Ta KOMIT FOTEPHO-IHTErpOBaHi TEXHOJIOTI.

I1o pe3yabTaTaM MepeBipKy YXBaJIHIH BUKOPUCTATH MaTepialli pe3y IbTaTiB
aucepraiiiHoi podot Mapisma FO. I. B kypcax:

1. «MeTooJOTisi  yIOCKOHAIEHOrO  KepyBaHHSA  TEXHOIOTYHUMU
npomecamMu» A 3100yBadiB  CTyHeHs JOKTOpa dinocodii 151
CTIeiaJIbHOCTI;

2. «OmnepaniifHi TeXHOJIOTIi KiGep-eHePreTUIHMX CHCTEM kadenpu AEIL

KpiMm TOro, pesyibraTu AucepTalliifiHoi poOOTH BBIMIIM 10 CKIaxy
HAaBYATBLHOrO NoOciOHMKAa i 37400yBadiB CTyNeHd JIOKTOpa dinocodii 3a
OCBITHBOK-HAYKOBOKO IPOrpamoro «ABTOMATH3ALLS TA KOMIT'FOTEPHO iHTErpoBaHi

TexHosorii» 151 cneniaabHOCTI.

I"onoBa komicii A / Bonomyxk B. A./

5
Ynienu koMicii (/ /Barau T.T./ '
%A / HosikoB I1. B./
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