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Abstract

The work compares two regulators for optimal temperature regime inclined diffusion apparatus of sugar factory.
First synthesized by standard algorithms ACOr and second with same algorithm, but with the introduction of an
integrated component on error signal. Based on the heat balance of the mathematical model of control object, which
consists of eight linear differential equations, the model coefficients are calculated and presented it to the space of state
variables. Based on the simulation show that the control system, which is synthesized by ACOr insignificant static error
that allowed for technological regulations diffusion process. The use of optimal control algorithm with integral
component of theerror signal by significantly delaying transients in the systemalthough it eliminates static error, because
the latter algorithmimpractical to use.

Key Words

Mathematical model of the control object, heat exchange, masstransfer, diffusion apparatus, algorithm of optimal
control.

Anomayis

B pobomi npoeooumucsi nopieHiHHs 080X ONMUMATLHUX PE2YISMOpie OJisk MEMNEPANYPHO20 PEXNCUMY HAXUNEHOT
Oughy3itinol yemanogru yyxpoeoeo 3aeo0y. Ilepuuii cunme3sosanuti 3a cmanoapmuum anzopummom AKOP, a opyeuit 3a
BKA3AHUM GN2OPUMMOM, aJle 3 88e0eHHAM iHmezpanbHol CKIA0080i 3a cusHanoM po3y3eooxcents. Ha ocnosi mennogoeo
banancy pospobieHo MameMamuyty Mooeib 06 €Kma KepygaHHs, o CKIadaemspcs 3 80CMU JIHITHUX Oughepenyianvhux
PigHAHb, po3paxosaHi xoegiyienmu Mmodeni ma npugedeHo ii 0o npocmopy 3miHHux cmany. Ha ocrnosi mooemosanns
NOKA3aHO, WO cUCeMA 3 pe2yiamopom, sxuti cunmesoganuii 3a AKOP mae wecymmesy cmamudny noxuoxy, o
OOnyCmUMa 3a MeXHONIOZIYHUM pe2laMeHmMoM npoyecy oughysiii. A 3acmocy8anns aneopummy onmuMaIbHO20 KepYy8aHHs
3 IHMeSPANbHOIO CKIA008010 3a CUSHANIOM PO3Y320004CeHH SHAYHO 3amA2Ye nepexioni npoyecu & cucmemi xoua i nikgioye
cmamuyHy noxubKy, momy OCmMaHHiti an2opumm HeOOYLIbHUT 8 3ACOCYBAHHI.

Knrouosi cnosa

Mamemamuyna modenvb 00'cxma YNpasiinms, meniooOMiH, MacoobMin, Oudysilinuti anapam, an2opumm
OnNMmMUMailbHO20 yl’lpa@ﬂiHH}Z.

Annomayus

B pabome nposooumcs cpagHenue 08X ONMUMATLHLIX Pe2YIMoOpog Osi MeMNepamypHo20 pelcuma
HAKJIOHEHHOT  OUGHDYIUOHHOT  YCMAHOBKU CaXApHO20 3a800q. Ilepevili 6vll CUHMESUPOBAH NO  CHAHOGPIHOMY
aneopummy AKOP, a emopoii npu noMouju YKasaHHo20 ai2opumma, Ho ¢ 8ge0eHUeM UHMeSPalbHOl cocmagnauet no
cueHaﬂypaccxoofcdeHu}z. Ha ocnoge meniiogoco bananca paspa6omaHa Mamemamu4eckas Mooenb 06vexma ynpasienud,
coCmoaas U3 OCbMU JUHEHbIX OubghepeHyuaNbHbIX YPOsHe U], paccuumansl Koag@uyuenmer Moodeny. Ha ocHoge
MOOENUPOBAHU  NOKA3AHO, UYMO CUCHEeMA ¢ pe2yIamopoM, Komopwlil cunmesuposanuti sa AKOP umeem
HeCYUeCMEEHHYI0 CMAMUYecKyro nocpetHocms, 4mno donycmujwa}z HO MeEX-HOJO2UYECKUX peclaMenmam npoyecca
ougdysuu. A npumenenie aneopumma oN-MUHUMAILHO2O0 YNPAGNEHUA ¢ UHMESPANbHOU COCMAasnaoueti no CUSHATY
paccoaiacosarnsl SHa4YUmMeNvbHo samaAacueaem I’IEPEXOaHble npoyeccel ¢ cucmeme xoma u ﬂukeudupyem cmamudecKyro
noecpeuHocms, nOSMomMy nocieoHuil aneopumm H€u€ﬂ86006pa3€H 8 NpUMeHeHUU.
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Knoueswie cnosa

Mamemamuyeckas Mmodels 00vexma ynpaeienus, MmMenioooMeH, MaccoobMeH,

aneopumm onmuMaibHo2co ynpasjieHusl.

Abbreviations

ACO- ant colony optimization

ACOr- ant colony optimization for continuous
domains

Problem formulation

In the process of complex with continuous type
function technological objects, which are characterized by
many interconnected regulated coordinates. Often several
controlled origin, whose number n > 4 have the same
physical nature and contours of regulation are based on the
same structure. This applies, for example, diffusion plants
gentle slope-type sugar mills, which are governed by n> 4
temperatures in different zones.

Thus, food enterprises can be identified class of
objects [1], which are characterized by the following
properties:

- Have the same coordinate state n>4 a physical
nature;

- Have significant internal relationships between
variables;

- Similar in structure to describe mathematical
models;

- Governed by a similar scheme.

In traditional systems automation to adjust each of
the coordinates of the object class uses a separate automatic
regulator, leading to undesirable influences one path to the
other and, consequently, deterioration in the quality of
transients and increase energy.

Highlight unsolved parts of the general problem

The use of autonomous systems leads to complexity
of the structure of the system by including joints and does
not provide a significant improvement of quality of
transients. Therefore, to build a system of such objects
must use an approach in which the optimality conditions
will be carried out on the quality of the transition process,
reducing the cost of energy and the autonomy of individual
control channels. Among a variety of algorithms for
optimal control of industrial objects [2] are algorithms for
multidimensional ~ systems with control criterion
corresponds to the aim of the study. This algorithm analytic
construction of optimal regulators (LQR), for which at
present there are many additions and extensions.

The purpose of the research problem

ougysuonnvli  annapam,

Compare discrete system of automatic regulation of
the optimal control for the diffusion apparatus of the sugar
factory, a synthesis algorithm ACOr with the introduction
of an integrated component on error signal and without
during task change.

Comparison of optimal controls carried out by
simulation using application package Matlab, which are
ready mentioned algorithms that significantly reduce the
time writing and debugging programs.

Materials and Method

The mathematical model of control object. The
object is inclined diffusion apparatus for sugar production,
which has four zones with one steam chamber (Fig. 1) [1].

A mathematical model is developed under the
following assumptions:

- Object (diffusion part of heat exchange apparatus)
consider lumped parameters;

- Diffusion apparatus has an ideal thermal insulation
for neglecting losses to the environment;

- The couple of steam chambers is in the state of
saturation, and the enthalpy of the heating steam and the
enthalpy of the steam chamber adopt the same as the
consumption of steam and condensate;

- Takes in a constant specific heat capacity beet
chips and juice, heat transfer coefficient and density of
juice and beet chip mixture;

- Thermal diffusion facility design capacity is not
considered.

Derive the equation for the second heat exchange
zone beet chips and juice mixture, which make up the heat
balance equation
G.’C0, +GIC.L0, + KF (0, -0,) =G ’C°0, + G/CL0,,

@)

i i i

where GCJ > G/ézlca ch > C;{c — consumption and
heat capacity beet chips and juice from the i-th to the j-th
zone under; 0 I» 0 nj — temperature juice and chips
mixture of steam in a steam chamber in the i-th zone under;

k, F' _ heat transfer coefficient and arca heating steam
chamber.
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Fig.1. Smplified flowsheet gentle slope diffusion apparatus

When imbalance will occur a change in heat
capacity at a speed dependent on the imbalance

6
MH, Lpc, % = NG C0, + Gra CIe05 + kF(8, —0,) — GF CEP0, — G C226,), )

where M, H,, L, p,C —width, height and length
of the device, density and heat capacity chips juice mixture,
respectively.

do, 1
dr MH,Lpc,

+ kFAB,, — kFABy) — ng C A0, - C20, AGE - 021 Crelr0y — Craby A

For other arecas beet chips and juice mixture
equations are derived similarly.

Derive the equation of heat transfer for steam
capacity. Putting the heat balance equation:

G,r,=kF(@,-6), ©®

where G, I. — steam flow in the steam chamber

n2 |
and heat of vaporization in the i-th zone diffusion
apparatus. When imbalance will occur a change in heat
capacity at a speed dependent on the imbalance:

\c db,, =AG,r, —KF8,, +KF8,)), (5

nl
T

where V, C i —volume of the steam chamber and

heat of steam in the i-th zone, respectively.
Turn to deviations:

dé , 1 1 rac,
dr VC

The heat capacity of steam depends on the internal

—KkFAG,, + KFAG)). (6)

energy of steam U and vapor density o

In deviations of variables based on linecarization
equation becomes:

(G2 CP A0 + CP0, AGY + 032 CraA0; + Cral3 AG; +

21
AG .,
3)

cp=uza+p'b,

o —rr .
u,=u,+b0,;

where 7,, EH? a,b - determined
experimentally.

In [2, 3], the concentration of sugar in the juice
and chips on the current length of the diffusion apparatus 1
is described exponential dependence. According
consumption and heat capacity of chips and juice for long
diffusion apparatus can be described :

G, =31,25¢ M7 [kg/sec],
G,, =375 03! [kg/sec], (8)
C, =3,40e"7° [k /kg °C1,

G, =3,61e"%  [kJ/kg °C].

The result is a mathematical model of heat transfer
diffusion apparatus:
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dﬁel _ MLI—ll o (GUCIA0, (€10, ~CL0,)AG, + G Ca0, +
T 1
+(C.,6,, —C..6, )AG,, +KFAB, —(KF + G’C” + G}, C,)AH,;
dﬁez - (GECEAG, + (CF6, ~CZ0,)AG, + GEC2AG, +
T 2pC2 0 0 0
+(C.6,, —C160, )AG,, +KFAG,, —(KF + GZ’C? + G, C1)AG,;
dA03 l 2323 23 34 43 43
r = MLH oo (G, C A8, +(C. 0, —C"0, )AG, + G, CJAG, +
T 3PG;
+(C,6, —C20, )AG,, + KFAD,, —(KF + G'C' + G C3)Ab,;
dﬁe‘* _ I\/ILHl (GHCHAB, +(CH0, —C*6, JAG, + G, C,A0, +
T 4pC4 0 0 0 0
+G,, C,A0,, —C20, AG, +C,0, AG, +C, .0, AG, +kFAG,, —
~(KF +GC* + G2 CP)A,:
dAd
T —Vl (AG, —KFAG, +KFAB,);
T nl
dAéd
w_ 1 AG, —KFAG, + KFAG,):
d V 2 n2 n2 2
r Ve, ©)
dAd
e VL(rSAGnS _KFAG,, + kFAG,):
T n3
d
iiﬂ‘* - —Vé (r.AG,, —kFAG,, + KFAB,),
n4d
where  AG,A0;,A0, - deviation chips A6, —to change A ;. which in turn will also affect A
temperature at the entrance of the diffusion apparatus, ;. Change of AGM,, AGﬁ, 6., 6, leads to changes A
barometric and pulp water respectively;

AG,,AG, , AC,,AC - deviation expenses and heat

capacity of barometric and pulp water respectively.
As can be seen from the model object is multiply
connected, change the temperature of a beet chips and juice

mixture & 7 leads to changes in temperature and vapor beet
chips and juice mixture both direct and reverse. If the trace
variables AG,, AG,, then rejection leads to changes

AO ; indirect (direct impact) and return path, and through

04, acting on a return path to change A O, 1anl .

For stationary mode operation of the sugar plant
capacity of 3000 tons / day, calculated values of the
coefficients of the mathematical model of the object for the
typical modes of operation based on the design features of
the facility. Mathematical model of heat exchange
diffusion system brought to the form (machine time
7=100t, wherez, sec):
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daé,
1.157
ot

dAd,
1.181
ot

dA®,
1.169
ot

dAd,
1.193
dt

+AB, =0.43A6, +0.54A60, +0.03A8,, —0.27AG, + 0.15AG, ;

oc

+AB, = 0.43A6, + 0.54A0, +0.03A8,, —0.14AG, + 0.04AG,;

oc

+AG, =0.43A0, +0.54A0, +0.03A0 , —0.04AG, +0.03AG,,;

+A8, =0.43A60, +0.33A6, +0.03A6,, +0.21A0,, + 0.92AG, +

+0.92AG,, —0.87AG,_ +0.09AG, ;

dA
0.0887 —L+ A8, = A0, +279.91AG ;
dAé,,
0.0393 +A6 , =A0, +288.9AG ,;
dAd
0.0489 AN AB = A0, +286.5AG, ;;
dAfd
0.0715—2+ A8, =A0, +282.3AG,,, (10)
Transformed model to the space of state variables: vector of perturbation, where

x(t)=[A0,. AO,. AO,. AO, . AO, . AO,,.AO,,.AO,, |
€8))

Vector of state parameters consisting of
temperature beet chips and juice mixture and steam in
steam chambers in their respective areas of apparatus;

ut)=[AG,,AG,,, AG ,, AG,,|" - (12)
vector control, consisting of steam consumption in
their respective areas of apparatus;

z(t) =[A0,, AG,, AG, , AO,, AO,  AG,, AG,_ |

nl> n2> n3>

AG,,AG,,,AG,,AG,, - expenditure of chips, juice,

barometric and pulp water, A@,,A0,,A0, ~ chips

temperature at the entrance of the diffusion apparatus,
barometric and pulp water respectively;

yt) =[A6,, AG,, A6, A6, -4
vector of observations (measurements), consisting
of a beet chips and juice mixture of temperatures in their

respective areas of apparatus.
Then the matrix model (10) have the form:

(13)
_0.8643 04667 0 0 00259 0 0 0
03678 —08554 04619 0 0 00257 0 0
0 03641 —0.8467 04572 0 0 00254 0
| 0 0 03604 —08382 0 0 0.0251 (15)
1127 0 0 0 —1127 0 0 0
0 2545 0 0 0 _2545 0 0
0 0 2045 0 0 0 -2045 0
0 0 0 1399 0 0 0 -13.99 |
0 0 0 0
0 0 0 0
0 0 0 0
oo 0 0 0 6
B=|315560 0 0 o [ 19
0 735115 0 0
0 0 585890 0O
0 0 0 3948.25
03717 —02334 01299 0 0 0 0
0 —01198 00342 0 0 0 0
0 —00339 00254 0 0 0 0
Go| 0 00754 07293 0.2766 0.1760 0.7712 0.7712 (a7
=l 0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
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Algorithm of optimal control. Several algorithms
based on or inspired by the ACO metaheuristic have been
proposed to tackle continuous optimization problems. One
of the most popular ACO-based algorithm for continuous
domains is ACOr. Today there are many additions to the
classic problem ACOr particular solution to known
external disturbances, or given values of vectors x(t) and
u(t) in integral quadratic criteria. There are also discrete
analogs of these problems.

An interesting variant of the problem ACOr with
the introduction of an integrated component on error signal
(e = r-y, where r - vector problem, y - vector stabilizing
output).

Results and Discussion

Compare discrete system of automatic regulation of
the optimal control for diffusion plants, a synthesis
algorithm ACOr with the introduction of an integrated
component on error signal and no change in the task.

The purpose of the research problem is synthesis of
optimal controls, so we used the Control System Toolbox

r1-4 Ul-4

(18)

Iqi and lqry, realizing set algorithms. For example, take a
mathematical model that describes the diffusion zones of
temperature settings, and we assume that all measured
temperatures, and it is only necessary to stabilize the
temperature beet chips and juice mixture reject external
disturbances missing.

Lqry function implements a multidimensional array
controller type u = -Kx the coordinates of the system while
minimizing the criterion:

| (u) = [(y'Qy-+u'Ru)dt — min ,
tO u
Block diagram of the system with the introduction
of error signal is shown in Fig. 2 Iqi function returns
multidimensional optimal regulator type u=-K[x;xi], where
x; — output of the integrator (Fig. 3). Data connectivity
features implemented series, feedback and connect.

19

-

+

. Y=X1-4
Object of >
/’ control X5-8

Fig.2. Block diagram of the systemwith optimal control (algorithm ACOr) and task signal

1/s

. Y=X1-4
Ui-4 Object of
2 control x5-58

Fig.3. Block diagram of the systemwith the optimal regulator (ACOr algorithm) and an integral part of the task signal
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As can be seen from the results (Fig.4. and Fig.5.)
of the program at the step change task to a second output
using an integrated component of this channel is observed
elimination of static errors, although the transition process
increases by about 200 times. By cross-linking observed
transients on other channels. Also note that the static error
for all channels using the algorithm ACOr minimization
criterion for outputs does not exceed 0.3 °C, invested in
production schedules (maximum deviation from the set
temperature should not exceed 0.5 °C).

In addition, following the automatic control system
optimal regulator with integral component does not have
time to work out a signal problem.

Thus, for a given object the feasibility of using
multivariate regulator with integral component of outgoing
channels is not confirmed. In addition, a closed system
optimal control has eigenvalues on the verge of stability, ie
to further investigate system for robust stability.
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