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other hand is carried out. The calculation is performed for 25 modes. The results of the calculations which
determine the dependence of turbo-mechanisms energy on technical parameters and operating conditions may
ten times vary.

To define real power consumption of turbo-mechanisms we should take into account the most rational
and possible modes of its operation.To calculate power intensity, defined in the normal turbo-mechanisms
operating modes, we must use the minimum and maximum values of static efficiency, static pressure and air
volume corresponding to the values of fan parameters performance.Iln this case we should perform the
calculation for the 25 modes.The results of the study prove the dependence of turbo-mechanisms power of
technical parameters and operating conditions which may vary by tens of times; therefore, it requires further
investigation of equipment automation and devices for its saving.
air-gas flow, turbo-mechanisms, specific power supply, power system, dependence, efficiency
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Modeling of optimal automatic control of the process of
biological clearing of polluted waters by fractional order
regulators

The problem of modeling the control of the process of biological treatment of polluted waters using
fractional P1*D* - regulators is considered and solved. Optimum tunings of fractional regulators are obtained,
the dynamics of transient processes of control action and the state of the purification system is investigated.
Numerical simulation of fractional and classical control is carried out, a higher efficiency of fractional P1*D*
regulators is shown.
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Introduction. A fractional calculation deals with derivatives and integrals of random
order (rational, actual and even complex). Riman, Liouville, Griinwald, Litnik [4,5,8] began
in 17 century a fractional calculation to occupy. But especially actively the theory of
fractional calculation develops in recent year, and the results of her widely drawn on in the
areas of research of chaotic dynamics, dynamic neural networks with fractional orders,
constructing (to the synthesis) of regulators of fractional orders in the theory of automatic
control and others like that.

Operator, generalizing classical differential and integral operators, called the operator type

d7 /dt’,  y>0
y : 1)
D7 =11, y=0

J.at(dr)_y, y<0

where y — order fractional operator (real number);

a — a constant related to the initial conditions of the dynamic process.

Operator (1) derivativintehrator is so called because it combines two things at once —
derivative and integral.

Formulation of the problem. Traditionally, the theory and practice of automatic
control is focused on the use of classical differential or integral calculus, it is logical that the
development of fractional calculus is needed opportunities to study the application of the laws
of fractional fractional management and building controls and control systems identifying
characteristics with them.

The purpose of the article. The article is not only a fractional comparison with
classic controls and capabilities and efficiency of their application in automatic control, but
the numerical simulation of control processes purification of contaminated water.

Presenting main material. This paper considers the problem of numerical modeling
of process control biological wastewater treatment using activated sludge - regulators
fractional order. Cleaning system (Fig. 1) consists of a bioreactor- aeration tank and clarifier
sludge.

Sin D i Xa S (1+r)D ES (1_ﬂ)D
—————»{ Aeration tank s X - »| Clarifier %r RN

i Xr (|"+,B)'D i

i X r-D % D

Figure 1 — Wastewater treatment process

A mathematical model describing water treatment for the scheme is obtained from
materialbalance for aerator and clarifier as the following system of differential equations.
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% = p(t)%, () = D)L+ )%, (t) + rD(t)x, (1),

’ 2
% - _@Xa () = D()(L+1)s(t) + D(B)s;, (1), 2
dxét(t) =-D(t)(B+1)X (1) + D(t)A+1)x,(t),

where x_(t), s(t) —according biomass concentration and substrate in the bioreactor;
x. (t) — recirculation concentration of biomass;

D(t) — dilution, defined as D(t) =F(t)/V, where F(t) — volumetric flow rate;
v — volume bioreactor;

Sin(t) — substrate concentration in the input stream;

Y — factor output (yield) biomass;

4(t) — biomass specific growth rate, which is defined by Mono [3]

S(t) 1 (3)
K, +s(0)

H(t) =t

where tmax — maximum specific growth rate biomass;

ks — saturation constant, determined experimentally;

r, f— coefficients determined in accordance recirculating flow ratio and flow of waste
biomass to the incoming flow;

XaO, SO, Xro according biomass concentration, substrate and recirculation of

biomass at the initial time to;
t, <t<T, T-end-time process control.

A value s(t) (the concentration of the substrate in the bioreactor, which determines
the quality of water) is selected as an adjustable parameter (output model). The system
function dilution D(t) is selected as controlling influence (action).

For the convenience the system (2) is written in vector form

dx(t)
— = fx@OuO),  <tsT, @
X(t,) = x°,
f,(x(t), u(t)) x (1)) (x,(t)
where £ (x(ty,u(t)) =| f,(x(®).u®) |* x©)=| %@ |=| s |© v\O=P®, 6
f,(x(t),u(t)) Xp(t) ) (% (1)

£ (X(), (1)) = a(X()% (1) — (Lt )X, (U + X, (BU(D),
100,00 =40 6 0 - @y Ou) + 5, OuC).

Fa(x(1), u(t)) = =(B + ) x(Ou(t) + L+ r)x, (Ou(t),

X, (1)

,Ll(X(t)) = Himax m )
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Adjustable parameter while written as
s(t) = x,(t) = ¢ x(t), (6)
where c=(0 1 0).

Transformed system (4) is linearized in the vicinity of a given nominal control U" and
corresponding vector equilibrium X = (X, %;,X3)", in which f(x",u")=0 and which is the
solution of systems of nonlinear equations f (x,u”) =0 on vector x. We introduce the notation

Axg (1)) [ x(t) =%
AX(t) =| A%, () | =] X, (1) =X} |=x(t)—x"» Au(t)=u(t) —-u”. (7)
A (1)) | X3() =X

Then the system of equations linearized model (4) is represented as

% — AAX(t) + bAU(Y), 8)

AX(t,)) = x° =X,

Considering the ratio (6) and symbols (7), the equation for the controlled variable
(output model) can be written as As(t) = cT AX(t), 9)

where As(t) =s(t)—c'x".

Model management (8) has one input and one output. Known methods of stabilization
required parameters is to use regulators in the feedback circuit as part of an automated control

system. We use fractional PI1*D*- regulator [1,2] and compare its performance with classic
PID - regulator.

Similar work [7, 9] P1*D* - regulators represented as
Au(t) =k, (As(t)) +k, (, D *As(t))+kp (, DFAS(1)), (10)

where K, K,, K —adjustment coefficients regulator;
4 D, *As(t) — fractional derivative order £;

, Df'As(t) — fractional integral of order », moreover A, x — arbitrary real number in

the interval, ie A, e(0,2). If 1>2 or u>2, then PI*D* - regulator takes high order, and
structure it differs from the classical PID - regulator. The controller (10) is a generalized
fractional - regulator. At A=1 and x=1 are classic PID - regulator, if A=1, #=0, we get PI -
regulator, if 1=0, =1 have PD - control and in A=0, x#=0 — P - regulator. These types of
classic PID - regulators are special cases of fractional Pl1*D* - regulator (10). However

P1*D* - regulator is more flexible and has the ability to better regulate (adjust) the dynamic
properties of control systems. On P—1-D - plane, this means that instead of "hops" between
four fixed points (P, Pl, PD i PID (Fig. 2)) the plane is the possibility of continuous

movement ( P1*D*) between them.
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MU
PD PID
PI*D*
A
Pl
Figure 2—P —1 — D - plane order fractional derivatives and integrals

Fractional derivatives and integrals defined as the limit
t-t,

L (a .
LD f () =limh Z; (—1)J(Jf(t— jh) (11)
]=
where | | - binomial coefficients form | ¢ | _ [(e+1) , In which T°(x) -
J 1) T(i+D-T(a-j+1)

Euler gamma function view 1(x) = Te’yyx’ldy (recall that in general, x = kit is '(k +1) =k!);
0

[] — floor and ceiling functions;

h >0 — increase temporal coordinates (quantization).

If «>0, then correlation (11) defines a fractional derivative, if a<0, then -
fractional integral. Therefore the relation (11) is also often called derivativintehrator as
equation (1). Note also that in the entire orders « in (11) will end amount, while fractional «
—an infinite number of members of the series.

Considering (9), PI1*D*- regulator (10) is written as the operator of the state AX(t)
Au(t) =c” (ke (AX()) +k; (, D" AX(D)) + ko (i, DFAX(D)))- (12)

and criterion as automatic control system functioning biological treatment —

J, = ]|As(t)|p dt :thAx(t)\p dt, (13)
fo

t

where p >0 - option, which in practice is considered equal p =1 (module error) or

p = 2 (Mean square error).
For the implementation of this numerical problem of optimal regulation do dedicated

system (8), fractional P1*D*- regulator (12) and criterion (13), breaking time interval [t,,T]
on n parts of step h=(T —t,)/n (h-during quantization). The points breakdown in [t,,T]
denote ty, and the state of the system (8) in these times tx —as z, = Ax(t, ) .

Approximate continuous input Au(t) piecewise constant function:Au(t) =u, at
t <t<t.,, k=0,12,..,n, using a matrix of linear continuous system (8) and obtain its next
discrete analog
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{zkﬂ ez, +AYE-ebu, k=012..n-1 (14

0y
z,=%x =X,

where E — identity matrix,e”" — matrix exhibitor.
Next discrete fractional PI*D* - regulator is represented as

k k
u, =c' (kp(zk)+k, [hﬂzwgﬂzkj}kt, [h”Zwﬁ")z“D- (15)
j=0 j=0

Note that when k = 0, then a control signal is
Uy = (ke +k,h* +kph™ )Tz, (16)

Quiality criterion (13) is written in discrete form
hij . 1P S 7P 1. (P
Jp_EUC zo‘ +22‘c zj‘ +‘c z.| | (17)
j=1

Numerical simulation of control system of biological treatment search for the optimal
regulator conducted at the following initial data: s;, =200 [mg /1], Y =0.65, 4, =0.15
[hY], k=100 [mg s 1. r=0.6, =02, u*=0.05 [h1], t,=0, T=1 [n], BexTop
MOYaTKOBOro cTany cuctemu (8) mpuitmascs pisrum X° = (X, X7, X5)" = (286, 17, 568)"
[mg /7 1]-

The method of exhaustive search with a uniform step to solving the problem of
minimizing the criterion relative

|y (A, )= min 3, (ko K, ko, 2, 2) (18)

P K1 Kp

parameters A and g The results of the optimization method of exhaustive search criteria (18)
are shown in the table 1.

Table 1 — Best shot settings fractional PI*D* - and classical PID -regulators

P A H kP k| Ko | p (A, 1)
1 1 1 —0.1381 -3.3019 —0.0016 0.0963
1 |10.9750 0.750 -0.2231 0.0072 -1.0847 -10° 0.0854
2 1 1 -0.1294 —-3.6445 —0.0015 0.1184
2 10.9875 0.600 -0.2234 0.0068 —3.1249 -10° 0.0855

In the pages A and y orders are fractional derivatives and integrals regulators, in pages
K, K, ,kp — optimal settings of these controls in the last column - the minimum value of the

criterion (18). Here are the results for comparison to classical optimization PID - regulator
with A =1and y=1.
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The results show that the objective function value 1, (4, 1) (p=1,p=2) the optimal

fractional P1*D*- regulator less than the classic PID - regulator.
To study surface quality criterion 1, (A, 1) Fig. 3 shows a graph of the criterion of

fractional order derivatives (1) and integrals (1), used in fractional PI*D* - law regulation (15).

Figure 3 — Schedule surface of objective function 1, (4, 1)

With a package system MATLAB Optimization Toolbox following results were
obtained. Figure 4 graphs optimum control functions (dilution rate of fluid flow) of water in
biological purification classic PID - i PI*D* - fractional regulators (15).

0.03
~
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=

s

—

=

Figure 4 — Dynamics optimal fractional P1*D* - controllers (speed
dilution fluid flow) and classic PID-regulator (1 =1, z=1)
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Figure 5 shows respective optimal transient (changing substrate concentration) of the
system by criterion J, (K, K, Ky, 4, ) .
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Figure 5 — Optimal transient changes in substrate concentration at different fractional P1*D*.
and classic PID - regulators

Comparative analysis of transient dynamics shows more speed and quality with
optimal damping fractional PI1*D* - regulator (A =0.965, = 0.5375) compared to the best
classic PID - regulator (1=1,x=1). It is seen that the optimal fractional controllers with

accurate configuration settings A (fractional order integral) and y (fractional order derivative)
are more efficient compared to classical PID - regulator.

Conclusions. The degree of fractional efficiency regulators and causes high sensitivity

optimality criterion and transients on the order of fractional derivatives and integrals require
further research.
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MopenoBaHHsT ONTHMAJIbHOIO AaBTOMATHYHOIO0 KepyBaHHSI MPOLecOM 0i0JIOriYHOr0  OYMIIEHHSI
3a0py/IHEHUX BO/I PETYJISITOPAMH JPOOGOBOTO MOPSIAKY

PosrnsimaeTsest i po3B’sA3yEThCS 3afadya ONTHMAIBHOTO KEPYBaHHS MPOIECOM O10JOTiYHOTO OYHIICHHS
3a6pyIHEHHX BOJ 32 J0NOMOro0 apobosux Pl*D# - perymsropis. [IponoHyeThcs MaTeMaTHYHE MOJICTIOBAHHS
rIporecy 010JIOTIYHOTO OYMIIEHHS SIK 00'€KTa KepyBaHHS, BUBOANTHCS HEIHIHHA TUHAMIYHA MOJICNIb KEPyBaHHS
Ta MPOBOAMTHCS 11 JiHeapu3anis. Mozenp KepyBaHHS Mae OJMH BXiJ Ta OJUH BUXiA. BBoauThcs mo posrimsamy
ONTUMAJBGHUN KPUTEpili SAKOCTI aBTOMAaTHYHOTO KepyBaHHS 3a JOIOMOTOI JpOOOBOIO  perylsTopa
(yHKIiOHYBaHHS O0i0JOTIUHOI CHCTeMH OuHWIIeHHS Boaw. OTpHMaHi ONTHMANbHI MapamMeTpHu HalallTyBaHHS
apobosux P1*D* - perynsropis. JlociiakeHa JUHAMIKa MEPEXiHUX MPOLECIB KePyBAILHOIO BILIMBY 1 CTaHy
CHCTEMH OYHIIICHHS.

YncenbHe MogemoBanHs apoboBoro P1*D* - i xmacmunoro PID - kepyBaHHs NpOBENEHE IS
MiATBEPKEHHS OIMBII BHCOKOI €(PEKTHBHOCTI APOOOBHX pETrYJATOPiB, IO BiZOOpa)keHO B pe3yibTaTax
JIOCIIKEHb.
apoOoBe yMcieHHs, AudepinTerparop, onTuMalibHe KepyBaHHs, YUCeJbHe MOJeJI0BaHHS, 0iI004YHIIEHHSs
BOJI
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[II1sx1 MoAepHi3allli CHCTEM aBTOMATHUKHU
XOJIOAUIBHOTO YCTATKYBaHHS 3 OJHUM
TEPMOPETYTIOBAUILHUM BEHTUJIEM

CrarTsl MpUCBsIUCHA aHANI3y TEHICHIIH MiIBUILEHHS e()EeKTHBHOCTI XOJIOJWIBHOTO yCTaTKyBaHHS 3a
paxyHOK MOJEpHI3alil CHCTEMH KepyBaHHS pOOOTOI0 TEpMOpPEryJIOBaIbHOrO BeHTWs1. [lokazaHo, mio
xonoamwibHe obnanHaHHsa ¢ipmu Danfoss mimeuiiye e(peKTHBHICT YTBOPCHHsS XOJIOJY 3a PaxyHOK 3MiHH
YCTaBKH TEperpiBy BUIApHUKA. | 0JI0BHA ifes MoJepHi3alii noisirae y 3acTOCyBaHHI CHCTEMHOTO ITiIXOAY 10
pO3MIISAY XOJNOJWIBHOTO YCTAaTKYBaHHS y KOMIUIGKCI 3 XOJIOJMJIBHOIO KaMepol Ta TNPOJYKTaMH, sKi
30epiratoTeest y Hill. s peamizarii 3a3HadeHoi ifei y cTaTTi po3poOieHa HOBa CTPYKTypHa CXeMa CHCTEMH
OXOJIOJDKEHHSI TPOAYKTIB SIK 0OaraTOBUMIpPHOI CHCTEMH CIIiIKyBaHHSA, sKa (YHKIIOHye B yMOBax 3MiHHU
TeMIEePaTypH y XOJOAWIBHIN KaMepi, KOIUBAHHAX THCKY Ta TEMIEPaTypH XJIaJareHTy.

XJIaJareHT, BUIIAPHHUK, CTPYKTYPHA CXeMa, BEKTOP, 30ypeHHs, peryJsTop
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