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Purpose. Increasing accuracy of dynamic models of the complex nonlinear processes for solution of the tasks for these

processes control.

Methodology. Structural-parametric identification of nonlinear dynamic processes including the identification of the mo-
del structure based on selection by non-shift criterion, as well as self-reactance identification of the optimum structure model
by the regularity criterion through the whole sampling of experimental data.

Findings. The algorithms of global and local optimization of nonlinear dynamic process models realizing the procedure of
structural-parametric identification by their structural and self-reactance optimization were developed, which allows getting

the models of extra accuracy.

Originality. The method of identification of nonlinear dynamic processes consisting of procedures for estimation of the
state and characteristics of the process, as well as their structural-parametric identification, was offered. It allows, unlike the
known of methods, to fulfil the identification of these processes in the batch mode by structural-parametric and in real-time

mode by self-reactance optimization of their models.

Practical value. The results of the research can be used while developing algorithms for controlling complex nonlinear

processes based on their complex estimation and identification.

Keywords: method, algorithm, identification, nonlinear process, model

Introduction. To manage complex control objects (CO),
which are characterized by nonstationarity, nonlinearity and
stochasticity, it is relevant to solve the problems of identifica-
tion and forecasting that allows improving the management
quality of such CO due to increase of accuracy of estimation
of their condition and mathematical model.

Among such complex CO there are: mobile objects, tech-
nological processes of ore-preparation (crushing and grind-
ing), telecommunication systems, etc.

Problem definition. Identification of the process as a dy-
namic system consists in receiving or specifying the mathe-
matical model of this process using experimental data; the
model is expressed by means of one or another mathematical
apparatus.
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The process of structural-parametric identification in-
cludes the definition of the structure, estimation and optimi-
zation of CO model parameters. The first two operations are
solved by generating (by means of basic functions) pretend-
ing models of various complexity and setting up their param-
eters with the subsequent selection of the best of them accor-
ding to the chosen criteria (the optimum structure). The ope-
ration of determination of the optimum parameters is solved
applying the known methods of optimization by specifying
values of parameters received earlier according to the criteria
of regularity through all sample of the initial data [1].

To implement the approaches considered above to the
work [2], the compositional method of CO structural-para-
metric identification has been offered; it consists of the fol-
lowing:
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1) formation of an identification problem with a cho-
ice of methods and criteria of structural (global) optimiza-
tion, methods of constraint accounting, a model structure
type; basic functions and methods of parametric optimiza-
tion;

2) identification of the CO model structure based on the
composition of the methods of global optimization which
contain the generation of pretending model structures (basic
functions), and methods of local optimization for parametric
education of basic functions, and also selection of the best
models according to the criteria of structural optimization;

3) identification of parameters of optimum structure
model by its lead-through with the methods of local paramet-
ric optimization according to the criteria of regularity thro-
ugh the entire data sample.

Objectives. Development and estimation of the efficien-
cy of the identification methods and algorithms of nonlinear
dynamic processes realizing the composition method of
structural-parametric identification of the complex CO.

Main research. Identification technique. The identifi-
cation technique of nonlinear dynamic processes (Fig. 1) is
offered based on the composition method.

1. Estimation of CO condition and characteristics

1.1. Determination of functioning mode

1.2. Estimation of time characteristics:
- depth of exact prediction;

- sampling interval;

- dimension (memory depth)

2. CO structural-parametric identification

2.1. Forming the identification problem:

- identification criteria;

- basic functions;

- methods of global and local optimization

2.2. Structural identification:
- generation of structures;
- selection of models

1.3. Forming a vector of observation estimation

2.3. Parametric identification

Fig. 1. The identification technique of nonlinear dynamic process

This technique consists of stages of estimating the CO co-
ndition and characteristics and its structural-parametric iden-
tification.

The estimation of the CO condition and characteristics in-
cludes:

a) the procedure of the CO functioning mode definition,
containing:

- the qualitative analysis of the time signal type, its range,
correlation function and wavelet transform;

- calculation of correlation entropy, being the evaluation
of the Kolmogorov entropy and characterizing the CO func-
tioning mode [3];

b) the procedure of estimating the CO temporary charac-
teristics, containing:

- calculating the correlation interval of predictability
(forecast depth) of the process, being the assessment of the
interval of exact forecasting of the CO condition [3];

- determining the equivalent time of a delay in the CO by
mutual correlation functions of the CO channels;

- selecting the sampling period by the value of correlation
interval of predictability and interval of correlation;

- calculating the correlation dimension of an attractor,
which characterizes the Hausdorff dimension [3];

- determining the dimension of attractor nesting (dimen-
sion of phase space — memory depth) of the CO by the corre-
lation dimension of the attractor;

¢) formation of the CO condition vector estimation.

The structural-parametric identification of the CO inclu-
des:
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a) formation of the identification problem which is carri-
ed out with selection of:

- types of criteria of structural-parametric identification;

- basic functions;

- the structural (global) optimization method;

- methods of parametric optimization defined by selecti-
on of basic functions.

The above-described selection is carried out at the stage
of designing the control system for the nonlinear dynamic
process and is based on aprioristic (theoretical and experime-
ntal) data;

b) structural identification carried out by means of the
method composition of global and local optimization by
generating the structures of the pretending models (basic
functions with their structural characteristics) and selecting
the best of them according to the criterion of structural opti-
mization;

¢) parametric identification consisting of determining the
model parameters of the optimum structure by its lead-
through with the method of local parametric optimization ac-
cording to the criterion of regularity.

Identification algorithm. The error value J

ez (criterion

of regularity) is the criterion of parametric identification of
the CO model. Its physical sense means that it defines the dif-
ference between the values of the output of the CO optimum
structure model and the real output of the CO. Therefore, re-
definition (adaptation) of the optimum parameters of the CO
optimum structure model occurs in real time (Fig. 2).
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— 1

Estitration of CO descriptions.
Impletnentation of structural -parmtnetic identification

¥

Implementation of parametric identification

Calcwlation of parametric identification
critenion value (fpe)

J'pea > J'ﬂnn

> Estitnation of CO descriptions.
Implementation of structural identification

Fig. 2. The scheme of the structural and parametric iden-
tification algorithm

If the value of error/ ,, for optimum values of parame-

ters is higher than the admissible error (., > J,,,, ), it me-

e

ans that the CO model optimum structure determined earlier
is not the same any more (for example, due to the change of
the CO functioning mode). Therefore, it is reasonable to con-
sider an error J ,,, while making a decision about the need of

proceeding to the estimation of the CO characteristics and its
structural identification (Fig. 2).
Otherwise, (if the error I pee < oon ) the CO model para-

ec —

metric identification continues to be carried out in the real ti-
me mode.

Given this, steps 1, 5 of the algorithm in Fig. 2 are carried
out in an automated mode and steps 2—4 — in an automatic
one.

The generalized scheme of structural identification using
the global optimization methods is as follows: direct random
search (DS) and genetic algorithm (GA) [4] and basic functi-
ons in the form of Feed forward neural networks (FFNN), ne-
ural networks (NN) with radial basis function (RBF), as well
as adaptive neuro-fuzzy inference system (ANFIS) 5] is giv-
en in Fig. 3.

The algorithm of global optimization using the DS meth-
od is carried out as follows:

Step 1. Formation of the initial points. Definition of struc-
tural characteristics of the model is carried out; they include
the type of basic function, amount of neurons in the hidden
layer, the type of activation (membership) functions of the
hidden layer, as well as the type of the parametric optimiza-
tion algorithm. Each point represents a vector of structural
characteristics. At that, the options for the DS work are adju-
sted: conditions for stopping of the DS algorithm, choice of
methods, means and properties of the search.

Step 2. Calculation of the value of the structural optimi-
zation criterion for the initial conditions. Using the local opti-
mization algorithms of basic functions, the values of CO mo-
del output are determined; they are used to calculate the valu-
es of the structural optimization criterion.
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Forming of initial conditions:
points (D), individuals (GA)

!

Calculation of structural optimization criterion
value for initial conditions
M |

— 2

Is the condition of stop yes

executed?

Genenating of new termns:
pointz (D), individual s (GAY

B Calcwlation of strachural optitization
criterion walue for newtertns

v

¢ Zelection of the best points (D3,
individuals (GA)
; v
Forming of model with optimal
structure

Fig. 3. Scheme of structural identification algorithm

Step 3. Is the algorithm of the stop condition fulfilled? If
it is, then the transition to Step 7 occurs, otherwise one proce-
eds to Step 4. At that, the DS stop conditions are the follow-
ing:

- the number of iterations reaches the specified maxi-
mum value;

- the size of a cell (a point) is smaller than the preset val-
ue;

- the total number of calculations of the objective func-
tion values reached the maximum preset value;

- the distance between the point found in a successful
poll, and the point found in an unsuccessful poll will be
smaller than preset value;

- changes in the objective function for one successful poll
and the subsequent successful poll will be less than the value
preset.

Step 4. Generation of new points occurs due to the search
methods adjusted in Step 1.

Step 5. Calculation of the criterion value for new points
occurs similar to the calculations at Step 2.

Step 6. Selection of points with the best criterion values,
which are entered in the new sequence of the search. Further,
the transition to Step 3 occurs.

Step 7. Formation of optimum structure model. The valu-
es of the best points (structural characteristics) corresponding
to the extremum of the criterion are determined using the DS
algorithm. The model of the optimum structure is formed.

The algorithm of global optimization using the GA is car-
ried out analogously to the DS:

Step 1. Formation of the initial individuals. Each individ-
ual represents a vector with elements in the form of structural
characteristics. At this stage, the adjustment of the GA opti-
ons is carried out; they are stop conditions, the population si-
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ze as well as formation of the genetic operators (mutation,
selection, crossing-over, migration, etc.)

Step 2. Calculation of the criterion value of the structural
optimization for the initial conditions.

Step 3. Here the GA stop conditions are the following:

- the number of generations reaches the preset value;

- the preset operating time of the algorithm has run out;

- the criterion value of the best individual of the current
population reaches the extremum;

- there is no improvement of the criterion in the sequence
of the generations following one another; the length of the
sequence is set at Step 2;

- there is no improvement for the criterion within the
preset time interval.

Step 4. Generation of new individuals occurs due to the
genetic operators adjusted at Step 1. First, the selection of pa-
rents is fulfilled, and then the crossing-over of parents occurs
followed by crossing and probabilistic mutation of the desce-
ndants. Here the share of the individuals migrating from one
population to another is defined.

Step 5. Calculation of the criterion value for new individ-
uals occurs.

Step 6. Selection of individuals with the best criterion va-
lues for new population.

Step 7. The values of the best individuals (structural cha-
racteristics) corresponding to the criterion extremum are de-
termined using the GA. The model of the optimum structure
is formed.

The generalized scheme of the parametric identification
algorithm using the basic functions in the form of FFNN,
NN RBF and ANFIS is given in Fig. 4.

— 1

Choice of parametric identification critetion

v

Fortning of NN model with optitnal
structure

— 2

L 4

Optirization of NN model parameters

Forming of model’ with optirral structire
and with optitnal parameters

Fig. 4. The scheme of the parametric identification algo-
rithm

The algorithm of local optimization using the basic FFDD
function is carried out as follows:

Step 1. Selecting the type of the parametric identification
criterion.

Step 2. Formation of the optimum structure model. The
FFNN development with the following structural characteris-
tics: memory depths, the size of the hidden layer, the functi-
on of neurons activation of the hidden and output layers as
well as the parametric optimization method. The option adju-
stment for NN training is performed: conditions of training
halt, formation of arrays of the training and test data, functi-
ons of one-dimensional search, etc.
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Step 3. Optimization of the model parameters (NN train-
ing) by determining the values of the weighting coefficients
according to the method of parametric optimization selected
at Step 2. Training halt conditions are:

- the number of cycles (epochs) of training has reached
the maximum preset value;

- the error has decreased to the preset level;

- time of training has reached the maximum preset value;

- the level of the error excess of the test selection in com-
parison with the training has reached the maximum preset
value.

Step 4. Formation of the optimum structure model with
optimum values of parameters corresponding to the mini-
mum of the parametric optimization criterion (weighting co-
efficients of communication of input and output layers).

The algorithm of local optimization using the basic NN
RBF function is carried out similarly to FFNN:

Step 1. Selection of the parametric identification criteri-
on.

Step 2. Formation of the optimum structure model. Cho-
ice of structural characteristics of NN RBF: depths of memo-
ry, the maximum size of the hidden layer, functions of neu-
ron activation of the hidden (RBF) layer, functions of neuron
activation of the output layer, as well as the parametric opti-
mization method. Options are adjusted for NN training; they
are training halt conditions, choice of deviation value (an in-
fluence parameter), etc.

Step 3. Training halt conditions are as follows:

- the error has decreased to preset level,

- the number of neurons of the hidden layer has reached
the maximum preset value.

Step 4. Formation of the optimum structure model with
optimum values of the RBF parameters of neurons of the
hidden layer and weighting coefficients of the output layer.

The algorithm of the local optimization using the ANFIS
basic function is carried out as follows (Fig. 4):

Step 1. Selection of the parametric identification criteri-
on.

Step 2. Generation of a Sugeno-type structure with selec-
tion of the following structural characteristics: depths of
memory, functions of membership and the number of rules
for decomposition at inputs.

Step 3. Training halt conditions are:

- the quantity of cycles (epochs) of training has reached
the maximum preset value;

- the error has decreased to the preset level.

Step 4. Formation of the optimum structure model with
the optimum values of parameters for membership functions.

Modelling. Let us consider the development of the intel-
lectual predicting model of the complex CO by an example
of the process of ore large-sized crushing (LSC), the output
coordinate of which is the content in shredded ore of class
+100mm T, ;o -

Hr+,003[k+n]—1:+1005[k+n]H’ )

J
Hr+1003[k+"]H

peeKKI =

where k, n are the current time step and depth of the fore-
cast; T, 005> [ 11005 ar€ the experimental values and values
recei-ved according to the model of the CO output.
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As the structural optimization criterion, the criterion of
unbiasedness of the type was used

J _ Hl:uom[k+”]—f+1003[k+n]H ©)
kit Hrnoo[k"'"]H

whereT, 0.4 T, 1005 are the values of the CO output received

according to the model during its training by the training A4
and test B samples.

To identify the LSC process as the input signals, the ex-
perimental temporary sequences of the weighted average of
input ore fineness and rigidity was used, as well as the opera-
ting influence — the size of a crusher opening.

Herewith, according to the dynamic properties of the LSC
process, the depth of the forecast wasn =3 time steps (for
compensation of delay and time to produce and realize the
control actions), and the memory depth made 4 time steps.
The measurement error of the LSC process variables did not
exceed 10%, and the size of realization was N = 60 time steps
(ore portions).

The DS and GA were applied during the identification as
global methods of optimization. At the same time, the basic
functions in the form of NN were used: cascade FFNN, NN
RBF and ANFIS.

The results of global optimization of the LSC process
model structure are given in Fig. 5, 6.

Best Function Yalue: 0.0664
05

0.4

E
%z .
5
g0z °
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o 5 10 15 20 25 30 35 40
Iteration
a
Current Mesh Size: 8.5367e-007
20 T T T T T T T
15 ~
L)
M
Iz
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[
[t}
=
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1] 5 10 15 20 25 30 35 40
Iteration

Fig. 5. Global optimization of the model structure using
the DS: the convergence process (a) and the search
space size (b)

The GA had a single-point crossing, selective choice of
parents and formation of new population with replacement;
the DS algorithm was an adaptive step of search and com-
plete search around the current iteration. The number of ite-
rations for the DS (for the GA generations) was limited at the
level of 100 while the size of the search space for the DS (for
the GA it was the size of the GA population) was 30.

With the global optimization, the following structural
characteristics of the model were used (varied):

1) the basic function type including cascade FFNN, NN
RBF and ANFIS;

2) the number of neurons in the hidden layer;
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3) the type of activation functions (for FFNN) and mem-
bership (for ANFIS) of the hidden layer;

4) the algorithm type of the parametric optimization (for
FFNN and ANFIS).

Best: 0.048721 Mean: 0.1135
10

- Best fitness
ir - *  Meanfiness

Fitress value

Generation
a

Swerage Distance Between Individuds

Avergae Distance

L * f 4 % % 4 4 o= w o}
s 10 15 1] 25 30
Generation

b

Fig. 6. Global optimization of the model structure using
the GA: the convergence process (a) and the popula-
tion size evolution (b)

As a result of modelling (Fig. 5, 6), it has been established
that the GA has a higher speed of convergence (the GA goes
to the area of optimum decisions at the first generations,
whereas the DS does after 15 iterations). The DS algorithm
revealed the higher response speed (4.2 s on iteration at 10.6 s
on generation in the GA). The convergence of the GA algo-
rithm is higher than that of the DS algorithm (the criterion va-
lues (2) were 0.048 and 0.066 accordingly).

In general, it has been established that the basic functions
in the form of FFNN cascade correspond to the minimum of
the unbiasedness criterion (2) for the LSC process. At that,
the number of neurons in the hidden layer makes 26, the acti-
vation function of the hidden layer is sigmoid and that of the
output layer is linear, the algorithm of NN training is based
on the Levenberg-Marquardt method.

As a measure of parametric identification accuracy of the
optimum structure model, the regularity criterion was used
(1), its value for the model of the LSC process was 0.0357.

The adequacy of the received intellectual predicting mo-
del of the LSC process was checked by nonparametric crite-
rion of signs. It has been established that the developed mod-
el with the identified structure and parameters is relevant to
the significance level of 0.01 to the LSC process dynamics.

The search time of optimum decisions at the global opti-
mization of the LSC process on a PC with a Pentium IV pro-
cessor made 4...12 min that is much less than the periodicity
of change of the functioning modes of ore-preparation pro-
cesses which take several hours. The time of the NN para-
metric optimization of the LSC model does not exceed 3 s,
and the time of calculations according to it makes up to 10 ms
per forecast cycle. In general, the realization of the algorith-
ms suggested does not bring any temporary restrictions re-
garding their use in the control system of the LSC process.

Conclusions. The identification technique of nonlinear
dynamic processes consisting of procedures to estimate con-
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ditions and characteristics of the process and its structural-pa-
rametric identification has been suggested. Unlike the known
one, it allows carrying out the identification of these process-
es in a batch mode by structural-parametric optimization and
parametric optimization (in a real time mode) of their models
by.

The algorithms of global and local optimization of the
nonlinear dynamic process model have been developed; they
realize the procedure of the structural-parametric identifica-
tion by their structural and parametric optimization that al-
lows receiving models of the improved accuracy.

Time expenditures on identification and calculation of
the model do not impose any temporary restrictions on their
realization in the process control system.

The further studies are to be directed at the development
of algorithms of difficult process control using the techniques
and identification algorithms suggested.
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Mera. IligBuleHHS TOYHOCTI AMHAMIYHUX MOJEIEH
CKJIaJIHUX HEJIHIMHUX MPOIIECIB JUIS pO3B’SI3aHHS 3a/1a4d Ke-
PYBaHHS LIIMHU TPOLIECAMH.

Metoauka. CTpyKTypHO-TIapaMeTpH9HA imeHTH(iIKa-
IIis1 HETHIHHUX TUHAMIYHUX TPOILIECIB, IO BKIIOYAE 17ICH-
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TU}IKAIIO0 CTPYKTYPH MOJETI Ha OCHOBI CENEeKINi 3a Kpu-
TepieM HE3MIIIEHOCTI, a TAKOXK MapaMeTpHuHy i1eHTudika-
LI0 MOJIENI ONTUMAIIBHOI CTPYKTYPH 32 KPUTEPIEM perylis-
PHOCTI y BCiif BUOIPI]i €KCIIEPIMEHTAIIBHIX JIaHHX.

Pe3yasTaTn. Po3poOneHi anmroputMu TIIOOATbHOI Ta
JIOKQJIBHOT OITTAMI3aLIi] MOIeIel HEJIIHIMHOTO JUHAMIYHOTO
mporiecy, AKi peanizyloTh HPOIEAypy CTPYKTypHO-TIapa-
METPUYHOI iAeHTU(IKAIT NUIIXOM X CTPYKTYypHOI Ta ma-
pamMeTpu4HOT ONTUMI3aLlii, 110 JI03BOJISIE OTPUMYBATH MO-
JIJTi TTi/IBUIIICHOT TOYHOCTI.

HaykoBa HoBHM3HA. 3amporioHOBaHa METOJMKA ilCH-
TUQIKaIi HEMHIHHUX TUHAMIYHUX IIPOLECIB, IO CKIIaja-
€TBCS 3 TIPOLEYP OLIHKH CTaHy Ta XapaKTEPHUCTHK TIPOLie-
Cy, a TaKOX IX CTPYKTYPHO-TIApAMETPUIHOI iMeHTHIKAII.
Le mo3BoJIs€, Ha BIAMIHY BiJ] BITOMUX METOIMK, BHKOHYBa-
TH 17eHTH(DIKA[I0 [UX MPOLECIB y MAKETHOMY PEKUMI
HIIIXOM CTPYKTYPHO-IIApAMETPUYHOI, & B PEXKHUMI peaibHO-

[pakTnyna 3HaYMMicTb. Pe3ympraTé mociimkeHb
MOXYTb OyTH 3aCTOCOBaHI IPH PO3pOoOIli ANTOPUTMIB Ke-
pYBaHHS CKJIaTHUMHU HENIHIHHIMH TIpoIlecaMy Ha OCHOBI
X KOMIUIEKCHOT OIIHKH Ta i1eHTH(IKAIII].

KuarouoBi cioBa: memoouka, areopumm, ioenmudhi-
Kayis, HeliHIUHULL npoyec, MoOoelb

Ilesn. [loBbImieHre TOYHOCTH ITUHAMUYECKHX MOJIEICH
CJIO’KHBIX HEJIMHENHBIX MPOLIECCOB IS PELIECHUs 3a1ad yII-
PpaBJIeHUS ITUMH IPOIIECCAMU.

Metomuka. CTpyKTypHO-TIapaMeTprIecKas uieHTH(U-
Kalysl HEIMHEWHBIX JUHAMUYECKHX MPOLIECCOB, BKIIOYAIO-
I1ast WACHTH(OUKAIMIO CTPYKTYPBI MOJICITA HA OCHOBE CEJICK-
LUH 110 KPUTEPUIO HECMELLIEHHOCTH, a TaKKe apaMeTpuie-
CKYIO MJICHTU(UKAIMIO MOJIEJN ONTHMAIBHON CTPYKTYpbI
TI0 KPUTEPHIO PETYISIPHOCTH [UTS BCEH BRIOOPKH SKCIIEpUMeE-
HTAJIbHBIX JTaHHBIX.

PesyabTaThl. Pazpabotanbl aaropuTMbl III00AIbHON U
JIOKAJILHOM ONTUMH3ALUKU MOJIeNIed HEIMHEHHOro TUHAMU-
YECKOr'o MpoLecca, KOTOPbIE Pealu3yloT MPOLELypy CTPYK-
TYpHO-TITapaMETPUUIECKOI HACHTH(OUKAIHN ITyTeM UX CTPYK-
TYpPHOM M MapaMeTPUYECKON ONTUMHU3ALMK, YTO MO3BOJIIET
[I0JTy4aTh MOJIENIN NOBBIIEHHOM TOUHOCTH.

Hayunas HoBu3Ha. [Ipeyioxkena MeToauka uieHTHGH-
Kalliy HEMMHEHHBIX TUHAMUYECKUX MPOIIECCOB, KOTOPast CO-
CTOUT M3 MPOLEAYP OLEHKH COCTOSHUS M XapaKTEePUCTUK
IpolLiecca, a TAKXKE UX CTPYKTYpHO-IIapaMETPUUECKON UJIEH-
TUPUKAIIHA. ITO TIO3BOJISET, B OTIIMYHE OT U3BECTHBIX METO-
JIAK, BBITOTHATH HACHTU(HKAIIIIO ATHX MPOIIECCOB B TIAKET-
HOM pEeXHME ITyTeM CTPYKTYpHO-TIapaMeTPHUECcKOii, a B pe-
KHUME PeaJbHOrO0 BPEMEHH — MapaMeTPHYECKON ONTHMM3a-
MU UX MOJIENIEN.

IpakTuyeckass 3HAYMMOCTb. Pe3ynbTaThl HccienoBa-
HHUI MOTYT OBITh WICTIOJIH30BaHEI MPU Pa3padOTKE alIrOpHT-
MOB YIIPABJIEHUS CJIOKHBIMHU HEJIMHEHHBIMU MIPOLIECCAMU Ha
OCHOBE MX KOMIUTEKCHOH OIICHKH W HACHTH(UKAITHN.

KaroueBrble ciioBa: memoouxa, areopumm, uoeHmupu-
Kayust, HeMUHELIHbII NPOYecc, MoOOeb

Pexomenoosarno 0o nybnikayii O0okm. mexH. HAYK
B.B. Cnecapesum. [lama naoxooxcenns pykonucy 04.02.15.
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