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Abstract: The all-mode nonlinear controller for
mixing reactors is developed. The controller allows
to increase efficiency of mixing processes and to
provide accurate support of mixture quality under
changing the substance concentrations in the
input flows and various loads. The controller
stabilizes the mixture quality and also the level in
the reactor or the mixture flow rate. The controller
tuning parameters allow setting the system speed.
The research results show the expediency of
applying the controller for mixing reactors as a
part of the industrial technological complexes.
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INTRODUCTION

Mixing reactors are the widespread units of
technological processes in many industries (food,
pharmaceutical, cosmetics, perfume, paint,
chemicals, building materials, etc.) [1-5].

The keeping mixture concentration accuracy,
particularly in the pharmaceutical industry, is the
essential factor of the medical end-product quality
and its non-compliance can cause significant
economic damage. Moreover, increasing the mixing
speed also leads to energy consumption decrease.

Thus, increasing the accuracy of mixing and
reduction of energy intensity is an actual research
direction.

PROBLEM STATEMENT

The main requirement to mixing reactors control
systems is precious keeping of mixing quality in wide
load range. However, this requirement cannot be
satisfied by controllers, which are developed on the
base of linearized models. Therefore, it is necessary
to develop precious automatic control system of
mixing reactor on the adequate nonlinear
mathematical model base.
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AnHomauyus: PaspabomaH ecepexxuMmHbIl HenuHeu-
HbIl peaynsmop Onisi ynpaesieHust CMecumesibHbIMU
peakmopamu. Peaynsimop no3eosnsem noebicums 3¢h-
ekmusHocmb npouecca cMelweHus, obecriequsasi
moyHoe noddepxxaHue Kayecmea cMecu rpu usme-
HEeHUU KOHUeHmpauyul eeujecms 8 cMewusaeMbIX Mo-
mokax U pasnuyHbIX Haspy3kax. Peeynsmop cmabu-
JIU3Upyem KOHUeHmpauyur cMecu, a makxe ypo8eHb
8 peakmope unu pacxod cmecu. HacmpoeyHble napa-
mempbl peaynamopa no3eosnsom 3adasamb Obl-
cmpodelicmeue cucmemsbi. Pe3synbmamel uccriedo-
8aHuUsl rokasblealom UenecoobpasHoCmMb UCMObL30-
eaHus1 peaynsimopa 0nsi ynpaeneHust cMecumesbHbI-
MU peakmopaMu 8 cocmaee MPOMbIWIEHHbIX Mme-
XHOI02UYECKUX KOMITIIEKCO8.

crosa: cMecumernbHbIL
HernuHelHbIU  peayrnsamop,

Knroyeenie
8CEPEXXUMHBIU
Kayecmeo cmecu.

peakmop,
8bICOKOe

BCTYNNEHUE

CmecuTenbHble peakTopbl ABMASIOTCSA LUMPOKO pac-
NPOCTPaHEHHbIMU annapaTaMmy TEXHOJTOTMYECKNX NpPOo-
LLlEeCCOB MHOTMX OTpacnel NpOMbILINEHHOCTU (nuLe-
BOW, hapMaLeBTMYECKON, KOCMETUYECKOM, Napdrome-
PHON, NaKOKPaCO4HOM, XMMWYECKOW, CTPOMUTENbHbIX
maTepuanos u 1.n.) [1-5].

ToyHOCTb noadepKaHus KOHLIEHTpauuuM CMecH,
ocobeHHO B hbapmaLeBTUYECKON oTpacnu, sBnseTcs
CyLLECTBEHHbIM (haKTOPOM KayecTBa rOTOBOW nekap-
CTBEHHOW MpPOAYKLUMU U ee HecooTBeTCTBUE Tpebosa-
HUSIM MOXET HAaHECTU CYLLeCTBEHHbLIA 3KOHOMUYECKUI
ywep6. Kpome TOro, yeBenuyeHue ObICTPOAENCTBUS
CMELUMBaHUSI TOXE MPUBOAUT K MOHWXEHWUIO 3HEpro-
€MKOCTU MPOn3BOACTBA.

Taknum 06pa3om, NOBLILLEHWNE TOYHOCTU CMELLEHUS
N MOHWKEHMS 3HEPTrOEMKOCTU MPOU3BOACTBA SBMSET-
Cs1 aKTyanbHbIM HanpaBneHnem UccneaoBaHuUn.

NMOCTAHOBKA NMPOBJIEMbI

OcHoBHbIM TpeGoBaHMEM K cUCTEMaM YynpaBreHusi
CMECUTENbHbLIX PEeakTOpPOB SBMSIETCS MNPeLn3MoHHoe
noggepkaHume kKadecrtBa CMeELLEeHWUs] B LUMPOKOM Oua-
nasoHe Harpysok, Yero perynsitopbl, NOCTPOEHHbIE Ha
OCHOBE ITMHEapM30BaHHbIX Mogenen, obecneunts He
B COCTOsiHMU. Takum obpasom, Heobxoanmo paspabo-
TaTb NPELM3NOHHYI0 CUCTEMY aBTOMaTUYECKOro ynpa-
BMIEHUS CMECUTENIbHbIM PEaAKTOPOM Ha OCHOBaHUU
aJeKBaTHON HENMHENHON MaTeMaTM4YECKON MOAENN.
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MAIN ARTICLE

The main parameters of the mixing reactor
technological flows are the first and second input
flow rates F1 and F2 (m%s), the concentrations Ci
and Cz in these flows (kmole/m®). The main
parameters that determine the dynamics of the
mixing reactor are the reactor volume V (m3), the
liquid level in the reactor h (m), the diameter of the
outlet pipe d (m), the liquid speed from the mixer w
(m/s), free fall acceleration g (m/s?).

The accumulation of substances in the reactor is
described by the equations [6]

dv (t)

Fi(t)+F(1)-F()

OCHOBHOW TEKCT CTATbM

OcHoBHblE NMapameTpbl TEXHOOIMYECKNX MOTOKOB
CMEecUTENbHOrO peakTopa criegyllme: pacxodbl
nepBoro 1 BXoAHoro notokoB F1 u F2 (M%/c), a Takke
KOHLEHTpauuu 3Tux notokoB Ci u Cz (kmonb/m3).
OCHOBHbIMU NapameTpamu, KOTOpble ONpeaensioT an-
HaMUKy CMecUTenbHOro peaktopa sensTtes: V (M%) —
o6bem peaktopa, h (M) — ypoBeHb XUOKOCTM B peak-
Tope, d (M) — gMameTp BbIXOAHOro TpybGonposoaa, W
(m/c) — ckOpOCTb NCTEYEHUS XNOKOCTU U3 CMEeCUTENS,
g (m/c?) — yckopeHve cBoGOAHOTO NafeHus.

YpaBHeHUs, OnUCbIBalOLLME HaKOMIEHNE BELLECT-
Ba B peakTope, umetoT BuA [6]

@

dCONO)_¢, )R+ C, 0 Fo0-COO)- F).

dt

Let us introduce coefficients ki and k and write

F=knh=k-V/IS=k-V,

where
ky

Introduce the notations

x=[x, %] =v.cT, u=[u.u[ =[FR.R], y=[wy,[

where X is a plant state vector,
u is a control vector,
y is a controlled outputs vector.
Taking that

we can write two possible nonlinear model variants
S1 and Sz of the mixing dynamics of the reactor in a
standard form [3]

X=A(X)+B(x)-u,

where
sl:A(x)=["‘0M], B(x) =
sz:A<x)=[‘kf} B -
The block diagram of the mixing reactor
mathematical model, created in a graphical

simulation environment Matlab Simulink, is shown
on Fig.1. This model combines the functionality of
the models Si1 and Sz. The input variables of the
model (u1, uz) are the input flow rates F1 and F,
the output variables are (yir, yiH, y2) the mixture
flow rate (F), the level in the reactor (h) and the

_%.n.dz. 2g .
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Beeas koadpdmumeHTsl ki 1 k 3anuwem

@)

roe
3)

Beeaem crnegytoLine 0603HayYeHUs

(4)

roe X — BEKTOp COCTOsIHWI 0ObekTa,
U — BEKTOP YNpaBnsoLL X BO3LENCTBUN,
Yy — BEKTOP ynpaBnsieMbIX NepeMeHHbIX.
MpwuHsaB, 4YTO

®)

3anvileM [Ba BO3MOXHbIX BapuaHTa HeNUHENHON
mModenu Si n S AMHaAMUKM CMEeCUTENbHOro peakropa
B cTaHgoapTHoun copme [3]

y=C(x), (6)
roe
1 1
Ci—X Co—xp | C(x)=(kﬂj )
X Xy L)
1 1
Ci-% Co—X | C(x):(xl/sj : ®)
X X X2

CTpykTypHasi cxemMa MaTeMaTU4eckon Moaenu
CMeCUTENBHOro peakTopa, HabpaHHas B rpadonyeckoi
cpede UMUTAUMOHHOro  MogenupoBaHust  Matlab
Simulink, npeactaBneHa Ha puc.1. JaHHas mogenb
coBMellaeT B cebe hyHKUMOHANbLHOCTbL Moaenen S1 1
S2. BxogHbIMM NepeMeHHbIMU MoZenu (Ui, Uz2) SBMS-
I0TCS pacxobl BXOAHbIX MOTOKOB F1 1 F2, BbIXOAHLIMU
(Y1F, Y1H, Y2) — pacxopq BbixogHoro notoka (F), ypoBeHb
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mixture concentration (C), the disturbances (dcu,
dcz) are the deviations of the concentration in the
input flows.

To illustrate the developed control system work
let us choose the following parameters of the mixing
reactor: F1 = 0.05 m¥s, F2 = 0.04 m?%s, F = 0,09
mds, V=4 m3 h=25m S=16 m2 c1 = 1
kmole/m3, c2 = 2 kmole/m3, c= 1.4444 kmole/m3, ki
= 0.0569, k= 0.045,d =0.16 m.

B peaktope (h) M KOHUEHTpauusa BbLIXOAHOrO MOTOKa
(C), a Bo3myweHusMmn (dci, dcz) — OTKIMOHEHMS
KOHLUEHTpaLuuii BXOAHbIX NOTOKOB.

Ons  wnnioctpaumn  pabotbl  paspaboTaHHOM
cuUCTeMbl yNpaBneHUs 3ajagum crnegyolme napa-
MeTpbl cMecuTenbHoro peaktopa: Fi1=0,05 Mm%/,
F2=0,04 m3/c, F=0,09 m3/c, v=4 m3, h=2,5 M, S=1,6 M? ,
c1=1 kmonb/M3, c2=2 kMonb/m3, c=1,4444 kmonb/m3,
k1=0,0569, k=0,045, d=0,16 m.
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Fig. 1 — Structure scheme of mixing reactor mathematical model / CmpykmypHas cxema mamemamuyeckol modesnu
cMewusarouweeo peakmopa

The transient processes in the reactor under
stepwise disturbances equal to 10% of nominal
values of both controls are shown on Fig. 2.

yi. m¥c Yo, M

MepexoaHbie npouecchl B peakTope npu oaHOBpe-
MEHHOM CTYyNeH4YyaTOM BO3MYLUEHMM O00OMX ynpasne-
Hui BennymHon 10% OT HOMMHaNbLHOrO 3Ha4YeHUs Mo-
KasaHbl Ha puc.2.
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Fig. 2 — Transient processes in the mixer / [lepexodHble npouyeccsi 8 cmecumerne

To substantially improve the control quality of
the given nonlinear plant with taking into account
possible changes in the nominal values of regime
parameters we suggest to use a non-linear
regulator control law, which is described for the
model Si by the formula (9), and for the model Sz
by the formula (10).
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[na cywecTBeHHOro ynyudlleHns kavecTsa ynpa-
BMEHUSI NpMBEAEHHbIM HENMHENHBIM OOBEKTOM C yye-
TOM BO3MOXHOIO M3MEHEHWNSI HOMMHAMbHbBIX 3HAYEHUN
PEXWMHBIX NapaMeTpoB npeanaraeTcs UCNonb3oBaTh
HeNWHENHbIA perynaTop, 3aKoH ynpaBreHns KOTOPOoro
onuceliBaeTcs Ansg mogenu Si copmyrnon (9), a ans
mogenu Sz dopmyron (10).
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U——a-(cz_yz _);12”(}|:(

Y.—=C  yi/k

U _(Cz—YZ —S'Y1J.
Yo=C S-y

where zi1, z2 are the set points for yi1 and yo,
w1, W2 are the controller tuning parameters.
Substituting the controller law in the

corresponding expression of the plant model, we

can see that the closed-loop control system
becomes a linear system and has the form
y=M-y+N-z, M

Thus, the tuning parameters of the controller are
values meaning the inverse time constants of the
unconnected inner aperiodic links, on which the
closed control system is divided. Theoretically, in
such system it is possible to set any speed of the
control processes.

After completing the operation of multiplication in
(9,10) we can finally write the controller for any
mixing reactor of chosen type in the form

_y1J+[W1 0){)’1—21J:|, o= 1 9)

0 0 wy ) \y,-12, C-G

: S"y1]+[wl 0].[‘“*%, — (10)
0 0 wy)\Y2-2, C,-C

roe zi, Zz — 3afaHHble 3HaYeHUs Y1 U Y2,
W1, W — HacTpoeyHble napameTpbl perynsaropa.
Moacrasue BblpaXKeHus perynaTopa B
COOTBETCTBYIOLLIEE BbIpaXeHne Moaenun obbekTa
MOXHO yBUOETb, YTO 3aMKHyTasd CMCTEMa ynpaBrieHns
CTaHOBUTCS NIMHENHON U UMeeT BN

13 b e )

Takum obpasom, HacTpoeyHble napamMeTpbl peryns-
TOpa SIBNSOTCS BENMYMHAMMK, 06paTHLIMK MOCTOSIHHBIM
BPEMEHM HEB3aNMOCBS3aHHbIX MHEPLIMOHHBIX 3BEHLEB,
Ha KOTOpble pacnanacb 3aMKHyTass  cucTema
ynpaBneHus, B TaKOW CUCTEME TEOPETUYECKU MOXHO
nogobpatk npouecc nboro GeICTPOAENCTBUS.

BbinonHuB onepauun yMHOXeHWss B chopmynax
(9,10) MOXHO MOMY4YUTb OKOHYATENbHYK 3anucb
perynatopa nna noboro cmecuTenbHOro peakropa
paccmaTtpuBaemMoro Tuna B BUAE

0

0
0 w

-W
0

W

(11)

w. W
U1:—“'[W1'C2'Y1—W1'C2'21—C2Y1—W1y1y2+W1y221+}’1)’2—2'y12‘y2+2')’12'22]
k k : (12)
ona Sy
W. w
Uz:—a'(Wer)’z—Wl'Y2'Zl—ylyz—Wl'Cl'y1+W1'C1'Zl+C1Y1+kz'Y12'Y2—k2'Y12'22]
ulz_a'(wl'CZ'Y2_W1'C2'Zl_CZ'k' S-y1-W-Y1 Yo+ Wz Yp+ Yok S-yl—S»W2y2y1+S-szzy1) 13
ona Sy (13)

Uz:—“'(Wl')h'yz—Wl'YZ'Zl—Y2'k' Sy —w -G

The simulation schemes for controllers in
Matlab Simulink, that are built on the base of
models S1 and S2, are shown on Fig. 3 and 4. The
controller inputs are y1 and yz, outputs are ui and
Uz, set points of the outputs are z1 and z..

To check the efficiency of the developed
controllers the closed loop control system with
developed controllers is simulated. The most
difficult case is chosen in which set points of
both control variables are changed under
disturbances by the deviation of the both
concentrations in input flows.

The block diagram of the automatic control
system with control of level and concentration is
shown on
Fig. 5. The system with flow and concentration
control looks similar.

The concentration disturbances
f1 = 0.1 kmole/m3, f2 = 0.2 kmole/m3.

are

'Y1+W1'21'C1+C1'k'x/5'Y1+W1'S'Y1'Y2—W2'5'y1'YZ)

Cxembl Habopa perynsitopos B Matlab Simulink, no-
CTPOEHHbLIX HAa OCHOBE Mogenen Si u Sz, npvBeaeHbI
Ha pucyHkax 3 u 4. BxogHbIM1 napameTpamm perynsato-
POB SIBASIOTCS Y1 U Y2, BBIXOAHBIMU — U1 U U2, 3adaHUs-
MU Ha BENUYMNHBI YNPaBNSeMbIX NEPEMEHHbIX — Z1 U Z2.

[ns npoBepkun adppekTMBHOCTU paspaboTaHHbIX pe-
rynsatopoB 6binio NpoBeAeHO MOAENVPOBAHNE peakumi
3aMKHYTbIX CUCTEM aBTOMaTU4YECKOro yrpaBreHusi C
paspaboTaHHbiMK perynsitopamu. bbin BbiGpaH Hau-
bornee THXKeNbIN criyyan — U3MEHeHne 3aaaHuin no obo-
UM ynpaBnsieMbiM NEPEMEHHbIM MPY BO3MYLLEHMSX MO
OTKJTOHEHUIO 0O0MX KOHLEHTPALMIA BXOAHbIX NMOTOKOB.

CTpyKTypHasi cxema CUCTEMbl aBTOMaTUYECKOrO Y-
PaBfeHNsa C PErynsiTopoM YPOBHSI U KOHLIEHTpaumu
npvBegeHa Ha pucyHke 5. Cuctema C perynstopom
pacxofa BbIXOAHOMO MOTOKA M KOHUEHTPaLUN BbIrMSaNT
aHarnornyHo.

BenuuvHbl BO3MYLLEHUI MO KOHLEHTpaUMsSIM npu-
mem cneaytowmumm: fi = 0,1 kmonb/m3, f2 0,2
KMonb/m3,

90
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Fig. 3 — Mixing reactor outlet product flow and concentration controller structure / CmpykmypHasi cxema peaynsmopa pacxoda u
KOHUeHmpauuu 8bIX0OHO20 MomoKa cMecumeribHo20 peakmopa

vl g

@ .l X wi >

72 . -
.4.@_._ _'W_”

@ o] was . 4>|>—»+

N S

Fig. 4 — Mixing reactor level and outlet product concentration controller structure / CmpykmypHas cxema peaynsimopa yposHs u
KOHUEeHmMpauyuu 8bIX0OHO20 TOMoKa CMecumeribHo20 peakmopa

The transient processes of the control system
designed with two controllers are shown on Fig. 5
and 6. The analysis of the diagrams shows that the
control system effectively rejects disturbances in the
both cases. So, the specifics of the controlled plant
allow to obtain optimal transient processes with high
speed in comparison with transient processes in plant
(see Fig.2). In examined transient responses set
points are achieved without overshooting even under
significant disturbances.
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MepexoaHble NpoLEecChl CUCTEMbI aBTOMAaTUYECKO-
ro ynpasrneHusi ¢ AByMS pa3paboTaHHbIMU perynsto-
pamu npuBegeHbl Ha pucyHkax 5 n 6. AHanua rpadm-
KOB rokasblBaeT, YTO cuUCTeMa ynpasneHus adde-
KTMBHO CMnpaBnsieTcs ¢ 3agadert B oboux cryyasx.
Takum o6pa3om, y4eT ocobGeHHOoCTen obbekTa yn-
paBneHus B perynatopax no3sonsieT nony4ymTs onTu-
MarnbHble NepexofHble MPOLEeCcChl C BbICOKOW CKOPO-
CTblO MO CPaBHEHWIO C NepexoaHbIMKU npoLeccamu B
obbekte (CcM. puc. 2). B nmomnyyeHHbIX NepexofHbIX
npoueccax 3afjaHus ycTaHaBnuBawTca 6e3 nepepe-
rynMpoBaHusi faxke nNpu 3Ha4YUTENbHbIX BO3MYLLEHUSIX.
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Fig. 5 — Mixing reactor control system structure with level and outlet product concentration controller / CmpykmypHas cxema
cucmembl yripasieHus ¢ pegyrnsimopoM yPO8Hs U KOHUEHmpayuu 8bix00HO20 omoKa cMecumesibHo20 peakmopa
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Fig. 5 — Control system dynamics with mixing reactor outlet product flow and concentration controller / JuHamuka cucmembi
ynpaesneHusi ¢ peaynsimopom pacxoda U KOHUeHmpayuu ebIXo0HO20 1oMokKa CMecumesibHoO20 peakmopa
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Fig. 6 — Control system dynamics with mixing reactor level and outlet product concentration controller structure / JuHamuka
cucmemsbl yrpasneHUsi ¢ peaynsmopoM YpO8HS U KOHUEeHmpayuu 8bIX0OHO20 MomoKa cMecumeribHo20 peakmopa

CONCLUSIONS

The classical linear control systems on the base
of typical controllers, that are common in the industry,
are focusing on the specific mode of a technological
unit. When this mode is changed, the control quality
in such systems decreases dramatically.

The distinctive feature of the proposed system is
the ability to work in the wide reactor load ranges,
without singling out a specific mode and with big
changes of the substance concentration in the input
flows. This advantage is achieved by constructing the
controller of a special structure that takes into
account the nonlinear dynamics of a mixing reactor.

The quality of the developed controller functioning
can be increased by measuring and submitting to
controller the concentrations of input substances in
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BbIBOAbI

Knaccnyeckve nuHemnHble CUCTEMbl ynpaBreHus
Ha 6a3e TUMOBbLIX PErynATOpPOB, PACNPOCTPAHEHHbIX B
NPOMbILUNIEHHOCTN, OPWEHTUPYIOTCH Ha onpegene-
HHbI peXxum paboTbl TEXHONMOTMYECKOW YCTaHOBKMW.
Mpn nameHeHun pexuma paboTbl B TakMX CUCTEMAX,
KaKk npaBuio, pes3ko CHWMXKaeTCs KayecTBO ynpasre-
HUS.

OTnununTenbHon OCOBGEHHOCTBID  MPEeaSIoKEHHON
CUCTEMbI ABMSIETCA BO3MOXHOCTb paboThl MpuU LINPO-
KOM W3MEHEeHWM Harpys3ku peakTopa, He Bbloenss
onpeneneHHoro pexuMa, M npu OonblnMx BO3MY-
LEeHNaX MO U3MEHEHMUIO KOHLUEHTpauuin BellecTsa BO
BXOAHbIX NoTokax. [laHHOe npenmyLLecTBo JoCcTUraeT-
CA 3a CYeT MOCTPOeHMs perynartopa cneuunanbHOn
CTPYKTYPbl, YYUTbIBaIOWENA HENUHENHYIO AUHAMKY
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addition to the output variables. In this case, the
system would be invariant to changes in the
substances concentration of the input flows.
However, this feature is useful only if there are exist
precisions concentration sensors of mixed liquids.
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CMECUTENbHOIO peakTopa.

KauyecTBO (DYHKLMOHUPOBaHUSI pa3paboTaHHOro
perynsitopa MOXHO YBENUYUTb, €CM NOMUMO BbIXOA-
HbIX MEePEMEHHbIX U3MepPATb KOHLEHTPaLMU BXOAHbLIX
BELLEeCTB U nofdaBaTb MX B perynatop. B aTom cnyyae
cucTeMa CTaHET MHBAPUAHTHON K W3MEHEHMI0 KOH-
LieHTpauuy BeLecTB BO BXOAHbIX noTokax. OaHako,
[JaHHYl0 BO3MOXHOCTb MMEET CMbICIT MCMOoMb3oBaTh
TONMbKO B Cryyae Hanmuuus TOYHbIX [OaT4YMKOB KOH-
LieHTpaLuy CMEeLLNBaEMbIX XUOKOCTEN.
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