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Introduction. The behavior of distillation unit as a control
object is characterized by stochastic and chaotic manifestations.
This requires their identification by the nonlinear dynamics
methods for organizing the specific respective control strategies.

Materials and methods. We used the synergetic methods
and the theory of deterministic chaos for solving problems of
distillation unit prediction and control. Time series analysis was
conducted using the Rescaled Range algorithm of the analysis of
Hurst, the coating method and the correlation methods. Time
series are processed using the software package FRACTAN.

Results and discussion. The research of time series of
distillation unit showed that distillation processes are
characterized by the presence both stochastic and chaotic
regimes, the dimension of attractors of which lies in the range of
3 to 8. Most of these series are fractals, that is, despite the
significant instability of the process, their behavior remains the
same, which makes it possible to predict change of their
condition in the future. Correlation entropy index pointed to a
time on which we can predict the behavior of our system.
Changing regimes of distillation unit functioning is passing with
various periodicity, that reaches from 4 to 10 hours.

For the analysis of chaotic state of the process in behavior of
the object we used correlation dimension parameter, which
showed that this object have significant trend stability
(persistence), that characterized by high value of Hurst exponent
in the range of 0.7 to 0.96. The predictability of distillation
processes behavior 1s high, especially for the temperature values.
It is increasing with the augmentation of attractor fractal
dimension and reaching tens of minutes.

If fractal dimension is less than 1.4, then one or more of the
forces affects system, which drives the system in one direction. If
the dimension is about 1.5, the forces acting on the system are
multidirectional, but more or less compensate each other. If the
fractal dimension is much more than 1.6, the system becomes
unstable and ready to move to a new state. The analysis of fractal
dimension of time series of the distillation column bottom
pressure showed that fractal dimension is in the range from 1.0 to
1.4, which in turn indicates that the system affects several forces
that move it in one direction, that is, the system is stable.

Conclusions. The researched features of distillation umnit
functioning as the sophisticated nonlinear control object make it
possible the realization of resource-saving control strategies
based on diagnostic of its behavior by the methods of fractal
analysis.
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Introduction

Technological complexes of food industrics. including distillation unit of the distillery
arc complex control objects with the characteristics of complex control systems: a high
degree of uncertainty of various forms. signilicant noisc, multicriteriality. nonlincar
behavior. Decision-making on control in such circumstances is extremely difficult and
time-consuming process.

In order to increasc the cfficiency of complicated (echnological complex control
systems of [ood production is necessary (o provide operational analysis of the information
obtained in the operation of control systems. Thus. the development and implementation of
new algorithms and models using modern methods of information analysis is actual
scientific and technical problem.

The aim of the rescarch is to improve the cfficiency of alcohol production by
implementing operative analytical processing of data using methods of fractal analysis. that
is investigations of time series of observations using such fractal characteristics as the Hurst
exponent, the fractal dimension, the correlation entropy and etc., which make it possible to
assess how predictable is the control object. to detect precursors of future disasters and
states of emergency of technological process and to prevent undesirable states in future.

The distillation processes on the distillery factories is complicated technological
complex. Its behavior characterized by the intermittence, that is rotation of modes of
stochasticity, randomness and determinism as a result of appearance of spacetime
dissipative structures far from thermodynamic equilibrium in the nonlinear field at critical
parameter values at the bifurcation points | 1.2]. Dissipative spacetime structures are highly
ordered formations because of self-organization through the exchange of energy and
substance with the environment. They have a certain shape. size and characterized by
resistance (o small perturbations ([luctuations) [3|. The important characteristics of
dissipative spacctime structurcs arc the time of existence, the space of localization and the
fractal dimension |4]. Each type of dissipative structurcs requires the application of specific
topologically coordinatcd control stratcgics of rcsonance character. This provides the
cfficient usage of energetic and matcerial resources. Hence follows the importance of rapid
determination featurcs of the behavior, such as tvpe of behavior and its peculiar propertics,
of the distillation umit as a control objcct in rcal time scale.

The problem of the control of a technical objects condition during their functioning is
the most acute became becausce of the (ransition from the concept of "scheduled and
preventive maintenance” to the concept of "condition maintcnance.” One of the main tasks
scicntists lace today is a necessity of a constant objective monitoring of the current state of
the object and. as a consequence, strengthening requirements (0 monitoring and diagnostics
systems [5]. Currently. the main source of information about the state of diagnostic objects
is the time scries of obscrvations. Then. on this basis, arc determined diffcrent process
characteristics (the spectral. the correlation. the probability) |6].

These scrics arc usually gencrated by sophisticated nonlincar systems, the description
of which in the form of diffcrential cquations or discrele mappings arc often associated with
large difTicultics. However. it was found. that these scries arc usually fractals [6]. In other
words, accuralc (o the scale factor, such scrics at different scales look like approximately
cqually. Such a widely spread of the fractal structure is connccted with the fact that in
reality any irregular processes scck (o [find scll-similar fractal structurc as the most
cnergetically favorable [7]. This means. that the naturc of their behavior remains the same
at all scalcs, down to a minimum despite the extreme irregularity. Experimentally proved
that time series of data, obtained in the research of these systems, are characterized by
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(ractal propertics (the scll=similarity, the sclf-affinity, the fractal dimension). It makces
possiblc to predict their dynamics, (o identify hidden corrclations, cycles and so on |§].
Thus,. for objcctive reliable analysis of distillation unit as the diagnostic objcct by
{ractal time scrics you need use of adequatce algorithms, that is fractal processing algorithms
of informational signals. Today. duc to thc devclopment of the stochastic fractals theory,
such a characteristic of time scrics as an exponcent of Hurst // is becoming more popular,

Analysis of different research methods
The Hurst exponent and the fractal dimension of time scrics dctermined by the

method of H.E. Hursl. who cxperimentally found that for many of time scrics is truc an
expression [9]:

R N,
2ol 1
< (2) )]
(2)
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where 7, — the accumulated deviation of scrics [rom the mean x,,
Zu = Z(xi _xt‘]l) (5)
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where A — Hurst exponent: R — the calculated in certain way "rescaled range" of the
corrcsponding time scrics: N — the number of obscrvation periods;
S — the mcan squarc deviation of a scrics of obscrvations AT ¢ a dcfined constant

T
05+—).
(05 2)

Thus, the Hurst exponent determincs the normalized factor of amplitude (Rescaled
Range) RS of timc secrics. Hurst exponent is associated with traditional "cell” fractal
dimension /2 by simple corrclation [10]:

D=2-H (6)

An important indicator for the analysis is indicator of the correlation entropy. which
shows the degree of divergence of close phase trajectories and allows us to estimate the
amount of information required to forecast the future behavior of the object. So this
coefficient shows the time on which behavior of the dynamic system can be predicted [11].

We used one of the ways of research the fractal structure of time series — calculation of
their fractal dimension across the cell dimension 72, [8].

We used test. which used in practice. to check the chaotic component in the researched
time series lies in determining properties of the correlation amount () and behavior

Ukrainian Journal of Food Science. 2015. Volume 3. Issue 2 245



Automatization of technological processes——

correlation dimension /2,,(rj depending on the dimension of attachments m. The correlation
amount () is the probability that the couples of points on the reconstructed attractlor in
the m-dimensional lags space arc within the limits of distance » from cach other. If the
graph of the [unction /n(,r) tclatively /n(r has clearly defined lincar arca, this indicates
to the cxistence of sell=similar geometry of the attractor. which, in turn, points to the
chaotic process. The correlation dimension /> of the attractor, which characterizes the
dependence of the probability that two random points from attractor lic within the same ccll
that determines the dynamic heterogeneity of the attractorarc finding as follows. We arc
considering the correlation integral C((r), which shows the relative number ol pairs of points
of the attractor, which arc at a distance of no greater than #:

m 2wl

2
Cry=———3" > 6(r - p(x,.x,) (7)

m(m=1) = [ 7h
where, 0 — the Heaviside function: p — the distance in #-dimensional phase space; /# — the
number of points x; on the attractor. On the quite small scale lengths and when embedding
dimension / not less than topological dimension of the attractor is performed dependence:

Cry~ " ‘)

where D>
equation:

the target correlation dimension of attractor. Having taking the logarithm of
InC'(#)= 0D, Iny )

The expression (9) gives the desired estimation of the attractor dimension as a tangent
of slope angle of the straight line, that approximates the graph of correlation integral C7#)j in
double logarithmic scale.

To calculate the corrclation entropy we also calculated the corrclation integral (7). but
wc consider not only its dependence on the distance #, but also on the dimension of the
phase space #. In this case consider that

C(r.n) = r™ exp(-nk.,) (10)
whence
K,(rn)=ln—" (11)
: Cr.n+1)

Entropy K is approximated in an acceptable range of valucs » and 7.
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Materials and methods

The object of the research arc time scries of functioning of distillation unit. The
rescarched material was the time serics of distillation. rectification and cpuration columns
of distillation department of Krasnoslobodsk distillery. Detailed description of distillation
unit are shown in [12].

The temperature of distiller's wort. the temperature at the control 16th plate of RC. the
bottom and the top temperature of DC. the bottom temperature of EC. the temperature of
the bottom of RC arc mecasured by the resistance thermal converter of cxplosive
performance TSP-1088. Conductors of resistance thermal converter to the control point are
laid in metal pipes to prevent them from damage and the emergence of sparks.

For mcasuring pressure of the top and the bottom of distillation column. the top and
the bottom pressurc of cpuration column (EC) and pressure of the bottom of RK is used
DPP-2-13-001-0116 device. The output signal of this sensor is a standard pneumatic 20-
100kPa.

The maximum error for all measurement channels is less than 1%.

The investigated materials. The fractal analysis of the functioning of distillation unit
(DU) were conducted by processing of time series of the basic technological variables, such
as the expenses of alcohol from rectification column (RC), the expenses and temperature of
distiller's wort. the temperature at the control 16th plate of RC, the top and the bottom
pressure of distillation column (DC). the bottom and the top temperature of DC, the bottom
and the top pressure of epuration column (EC), the bottom temperature of EC. the
temperature and the pressure of the bottom of RC.

For the processing and analysis of distillation unit are used data of 2 months of the
distillery. The complete guidance of data in this article is considered inappropriate because
of significant cluttering the space and for the improvement of the perception of information.

The procedure of conducting research.

We have converted the time serics of technological variables to normalized form (Fig.
1) of varying duration and in difllcrent periods of DU opcration, in order to cstablish
variation of the results.

Then the time scrics ol technological parameters processed using (echniques ol Hurst
and the Fractan soltwarc package, which allows to conduct computation of the corrclation
functions, the corrclation dimension, the Hurst exponent, the correlation entropy. Morcover
to determine the fractal dimension and other characteristics that allow us (o make
conclusions about the scll-similarity of the processes [13].

Processing of investigation. The corrclation dimension used for the analysis of the
behavior of chaotic component of the object. When the correlation dimension is not
growing monotonically and has a maximum, so that indicates that the process is predictable
and it defined by a certain number of paramcters. This is the dimension of space of
attachments m as the smallest intact dimension of the spacce that contains the full attractor.
that is corresponds to the number of independent variables that uniquely identifics
cstablished movement of a dynamical system.

Correlation entropy K- allows to cvaluate the average velocity of losing information
about the state of the dynamic system over time and to determine the average time of
predictability of system behavior, which also depends on the dimension ol spacc
attachments m. If K-=0. the mode of oscillations of dynamic system is periodic. that
corresponds to the regular process. and if K>>0. then the system is in the mode of chaotic
oscillations [ 14].
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Fig.1. The normalized time-series ol technological variables ol DU or:
a - the alcohol expences from RC; b - the expenses of distiller's wort at DC; ¢ - the

temperature on the 16th plate of (RC)
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Results and discussion

Determimation of correlation dimension 1s shown m Fig. 2. As seen from the graphs,
the curve have a pronounced maximum indicating that the process 1s predictable and
dependent on the completely certain number of parameters. as indicated by dimension of
the space attachments, which completely corresponds to the number of variables that drive
the system in a particular direction (x-axis on the graphs of Fig. 2).

10 18
D, D,
8 14 ]

0 //,A\ 0 ////
b - 6 Pl g\
o
2
0
0 2 A 6 8 10 0 4 8 12 16
m m
a h

Fig. 2. The dependence of the correlation dimension D, from the dimension of the
space attachments m for time series of:
a - the alcohol expenses from RC: 5 - the temperature on the 16 plate of (RC)

The dependence of the correlation entropy K> [rom the space dimension ol attachment
m 1s shown on Fig. 3

K, % K, 25
\’\4\ 15 \
2 N\
] 10
1 .
)i | 05
0 0
1 2 3 4 56 7 8 9 1 2 38 & 5 & 1%
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Fig,3. The dependence of the correlation entropy K; from the dimension of the space
attachments m for time series:
a - the alcohol expenses [rom RC: b - the temperature on the 16 plate of (RC)

Particular importance of fractal time series analysis is that it takes into account not
only the behavior of the system during the measurement, but also 1ts history,
Fractal dimension is an indicator of the curve complexity of time series.

—— Ukrainian Journal of Food Science. 2015. Volume 3. Issue 2 249



— Automatization of technological processes——

We can learn how to predict system behavior by analyzing alternation of sections with
different fractal dimension, And. what 1s most importantly. to diagnose and predict unstable
states.

The essential aspect of this approach is the availabilitv of critical value of fractal
dimension of the temporal curve, upon approaching to which the svsiem loses stability and
goes into the unstable condition, parameters quickly grow or fall. depending on current
trends.

Here is analyzed the dynamics of change of time series on the example of a bottom
pressure of DC.

The fractal dimension of certain size can be used as an "indicator" of disaster. Analysis
of cxperimental data shows that the trend line for the time series 1s well desceribed by the
cquation:

— — Ky(lu)([_lu)
}(l) ."(lﬂ)+ (D_I)O)U

where V(7,) - the average value of the quantity of the period that preceding (o prediction
period: K, and f coelficients: #, - the period of time (hat precedes the prediction period: 7 —
the time for which is doing the forccast; )y - the fractal dimension to the period that
precedes the prediction period.

Moreover. the value of fractal dimension can indicate to the number of factors that
allcet the sysiem |11]. If fractal dimension 1s less than 1.4. then one or morc of the forces
affects system, which drives the system m one direction. If the dimension is about 1.3, the
forces acting on the system are multidirectional. but more or less compensate each other. If
the fractal dimension is much more than 1.6, the system becomes unstable and ready to
move to a new state.

Fig. 4 shows the dynamics of changes in fractal dimension of time series.

(12)

1] P, kPa
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250
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Fig.4. Dynamics of fractal dimension change of the time series of pressure in the bottom of MC

The research of the dynamics shows that during quite stable periods and slow ups the
fractal dimension of the time serics remains rather low, while i periods of abrupt changes
the total fractal dimension is increased.

Another method of fractal analysis is based on the algorithm of RS — analysis of time
SCrics.
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The Hurst exponent is a mecasurc of persisiency, that is, the tendeney of process (o
trends [7]. The value of H > Y% means that the dynamic of the process dirccted in a certain
side in the past is likely (o cause continuation of movement in the same direction, IC A =
I3, il is predicied. that the process will change the dircction. /& % mcans uncertainty —
Brownian motion [13].

To determine the [ractal characicristics of chaotic information (lows arc calculated
value of the Hurst exponent of time serics for the main process variables of distillation
department of distillery over a certain period (fig.5).

R PR—
lgs /
i 1g(t)
R | ;
lgs
21 -
D - S
/ : :
! 2 31g(t)

Fig 5. Calculation of the Hurst exponent of
a - the alcohol expenses (H=0.8992),
b - (he pressure in (he boulom of Distillation (Mash) Column (DC) (£ 9830,
¢ - the temperature on the 16th plate of rectification column (RC) (H=0.9621)

The generalized rescarch results are presenied in Table 1.
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Table 1
The generalized research results
) H/D Correlation The dimension of the
The observed parameter . . }
dimension, D, phase space ,n

Exp(.;nsc of distiller's wort, 0.83/1.17 1363 5
I, m/h
Tcmpsn‘nurc ol distiller's 0.84/1.16 5408 7
worl, “(
Pressure of the bottom of aFi ¢
DC P. kPa 0.809/1.19 3.233 6
Pressure of the top of DC P. 0.82/1.18 2334 1
kPa
Temperature of  the 1
bottom of DC. 1, °C 0.76/1.24 2474 i
Tcmpcomlurc of the top of 3205 4
DC. ¢, °C 0,725/1.275
Pressure of the bottom of
EC P. kPa 80.86/1.14 2.185 3
Temperature of the -
bottom of EC. 7. °C 0.722/1,278 5.712 7
Pressure of the bottom of
RC P. kPa 0.86/1,14 5.343 3
Temperature of the s -
bottom of RC. 7. °C 0.73/1,27 3.873 b
The temperature in the L HE
control platc of RC , ( °C 1. 350L15 4. 758 G

Conclusions

The computed exponents of Hurst testify about characteristic of the persistency of
considered variables and the possible sufficiently deep their predictability.

After analyzing the Hurst exponent we can conclude that the estimated indicators of
Hurst show that the time scrics data, and in turn distillation unit itscll is a complex
nonlincar dynamic control objcct, which has persistently characteristic ol temporal behavior
0.5 1)|16,17].

The results of rescarch pointed to the presence of intermittency in the technological
processes that requires the monitoring systems creation for diagnostic regimes of operation
ol distillation unit. The opcrative identification of deterministic, stochastic or chaotic
rcgimes by the methods of nonlincar dynamic makes it possible (o implement resource-
saving control strategics in the algorithms of control of distillation tcchnological processcs.
which will incrcasc the clficiency of distillation unit functioning.
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