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ALGORITHM FOR THE SYNTHESIS OF DUAL NON-PARAMETRIC CONTROL
OF "BLACK BOX" TYPE DYNAMIC OBJECT WITH USE STATE MATRIX
DIAGONALIZATION METHOD

The subject of the article is a variant of an efficient algorithm for synthesizing a dual discrete model and
controller for tracking a given trajectory of a dynamic nonlinear, nonstationary black box object, using standard
procedures for diagonalizing the state matrix, which makes it possible to simplify obtaining control values in
numerical form and reduce the number of calculations. The current article presents one the possible solutions
to the problem of regulator synthesis to ensure stable development of a given trajectory of motion of a nonlinear,
non-stationary object of "black box" type using the concept of dual control. The task was set to simplify the
previously proposed synthesis algorithm for the adaptive control of dynamic nonlinear, non-stationary objects
using the example of first-order object of the "black box" type, using standard procedures for the diagonalization
of the state matrix. An extended state matrix is the basis for obtaining a control model and predicting the behavior
of a nonlinear non-stationary object, which in turn makes it possible to effectively use the concept of dual control.
Methods used in the work are based on concept of dual control, nonlinear dynamic models, matrix theory,
difference equations. Obtained results of this work consist of the development of a version of a dual
nonparametric controller of nonstationary nonlinear processes, which has adaptive properties, does not require
knowledge of the physics of functioning of the control object, is presented in the form of a simple algebraic
formula that does not contain coefficients that require adjustment. Conclusion. Scientific novelty lies in the
application of each interval matrix operator control for the diagonalization of the state submatrix. This operator
is used for subsequent calculation of the control action. This approach enables the use of a standard
diagonalization procedure using mathematical applications. The results are presented in the form of a final
formula that does not require use of matrix operations during control, which makes it possible to simplify the
synthesis of the controller using standard mathematical procedures.

Keywords: “black box”; dual control; extended state matrix, diagonalization; local model; global model;
deterministic chaos.

extremely difficult or impossible. In many cases, direct
measurement of the technological processes parameters

Introduction

In principle, all technological processes are non-
linear dynamic with non-stationary parameters. It is
customary to describe them using models in the form of
linear or nonlinear differential equations, difference
equations with parameters and nonlinear characteristics,
neuro models, etc. It is important to note that the use of a
linear apparatus requires the implementation of the
principle of superposition. Non-linear systems do not
meet this principle. For this reason, linear equations,
transfer functions, frequency characteristics, correlation
images of processes, for example, of Wiener-Hopf, most
statistical methods and integral models are not suitable
for obtaining models of nonlinear processes. The linear
apparatus, in principle, cannot take into account such
phenomena as deterministic chaos and bifurcations,
which also take place in the processes of ore
disintegration. Real production processes are non-
stationary and depend on a large number of physical
parameters. The description of models of such processes
based on the physical laws of their functioning can be

is not possible with a sufficient degree of accuracy. Non-
linear characteristics of processes are often obtained as
static. However, in reality, these characteristics are built
into the dynamics of the process. Dividing them into
"dynamics" and “statics" requires proof and for this
reason, looks artificial.

A large number of methods for solving the problem
of dynamic objects control synthesis are known. These
methods are well known to professionals. This raises
some problems. Let's consider some of them.

To obtain a mathematical model of an object, it is
not always possible to use the knowledge of its physical
nature. For example, it is very difficult to obtain an
analytical model of the ore disintegration process with
bifurcation properties. The problem may be the provision
of a given temperature inside the heating well when
loading or unloading ingots with different initial
temperatures, and different grades of steel.

The problem of choosing mathematical models'
class arises (linear, nonlinear, stationary, nonstationary,
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etc.). If these are differential equations, then it is
necessary to choose their order and form. The
construction of a non-stationary process global model is
meaningless. Nevertheless, attempts of this kind
continue.

In the case of neuroregulators, despite successes,
the issues of choosing a network, the number of layers,
and the number of neurons in a layer are still
insufficiently defined. In addition, the structure of the
neural network is quite complex and its operation is not
always available to the user. In some cases, a training
sequence of considerable length is required. The resulting
settings remain relevant only within the training
sequence. In the case of control non-stationary processes,
these settings become meaningless. The use of adaptive
neuroregulators significantly complicates the algorithms
of even relatively simple control objects. The synthesis
of controllers based on fuzzy logic involves the so-called
fuzzification and defuzzification procedures, which
complicate the synthesis problems and reduce the
accuracy of obtained results. The use of neuro-fuzzy
technologies to tune three coefficients of PID controller
is most likely of academic interest. It would be possible
to further enumerate methods for the synthesis of
controllers, but it is important to emphasize that in the
case of objects close to linear, stationary, there is no need
to use complex controllers. Practically ideal in this case
are Pl and PID controllers with constant, pre-calculated
settings.

1. Related works

It was previously noted that, as a rule, only input
and output data are available for measurement. It should
be noted once again that the influence of factors
inaccessible for direct measurement affects the external
object behavior [1]. Thus, the "input-output™ accounting,
strictly speaking, contains complete information about
the control object. This was first noticed by W. Ross
Ashby [2], who posed the problem and introduced the
"black box" concept - an object about which only input-
output data are known. Recently, this approach has
become more widespread.

The well-known concept of dual control, put
forward by A. A. Feldbaum, is in good agreement with
this concept of a “black box” [3, 4]. The dual control
problem, as you know, consists of three parts:

1) on each discreteness interval, the working control
actions are simultaneously considered as testing;

2) the object model is being built;

3) the optimal control is calculated.

We will not discuss optimization for now, since
A.A. Feldbaum is credited with the opinion that this task
is very difficult. And this is perfectly true. In this paper,
we consider the problem of calculating control to ensure

given trajectory tracking. Tracking error is minimized by
updating the model at each discreteness interval. This
approach fits well with the concept of dual control.

There are relatively rare attempts to solve, at
suitable level for practical use, at least the first two parts
of the set by A. A. Feldbaum problem. These include, for
example, work [4].

The paper [5] presents the use of machine
intelligence to solve complex problems. An important
property of the proposed metric is the universality, as it
can be applied as a black-box method to intelligent agent-
based systems (IABSs) generally, not depending on the
aspect of IABS architecture. But this approach is quite
difficult to implement for technical systems with
distributed parameters.

In the work [6], it has been proposed the synthesis
method of a fuzzy adaptive control system with variable
structure for uncertain and nonstationary dynamic
objects. Since the proposed fuzzy control system
constructed regarding to bynar-coordinate and
parametrically feedback, it is also not suitable for our
case when considering the enrichment and grinding
processes.

In [7, 8], implicit dual control methods are
considered by systematic approximation of Bellman's
stochastic dynamic programming equations. The very
formulation of the problem is beyond doubt, however, the
mathematical apparatus used is rather complicated and
cumbersome to implement.

At the moment, much attention is paid to research
on identifying systems for more accurate creation of their
models. So, for example, in research [9] it is considered
a novel approach to system identification that allows
accurate models to be created for both linear and
nonlinear multi-input/output systems. In addition to
conventional system identification applications, the
method can also be used as a black-box tool for model
order reduction. A nonlinear Kalman filter is extended to
include slow-varying parameter states in a canonical
model structure. Interestingly, despite all model
parameters being unknown at the start, the filter can
evolve parameter estimates to achieve 100% accuracy in
noise-free test cases and is also proven to be robust to
noise in the measurements.

Also, article [10] investigation is devoted a novel
guidance scheme based on the model-based deep
reinforcement learning (RL) technique. With the model-
based deep RL method, a deep neural network is trained
as a predictive model of guidance dynamics which is
incorporated into a model predictive path integral
control. However, the traditional method assumes the
actual environment similar to the training dataset for the
deep neural network which isimpractical in practice with
different maneuvering of the target, other perturbations,
and actuator failures.
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In [11], it is proved that the extended state matrix of
the control object, which includes, following the concept
of a "black box", the values of input and output variables
at some discrete time interval preceding the calculation
of the control action, is control object, discrete model.
The results of this work, even before its publication, were
successfully used in works [12, 13]. This serves as a
rationale for obtaining the results of this work.

For example, the paper [13] develops a sampling-
based approach to implicit dual control. Implicit dual
control methods synthesize stochastic control policies by
systematically approximating the stochastic dynamic
programming equations of Bellman, in contrast to
explicit dual control methods that artificially induce
probing into the control law by modifying the cost
function to include a term that rewards learning.

It should be especially emphasized that, at short
discreteness intervals, the behavior of even complex
objects is close to linear law. The foundations of
mathematical analysis are based on this, which are also
confirmed by the practice of approximating the behavior
of high-order objects on small discreteness intervals.
Taking this property into account makes it possible to
significantly simplify the control object model on
separate discreteness intervals, even in the case of high-
order control objects.

Nonlinear deterministic models are widely used in
completely different areas. For example, at work [14]
explores a fast and efficient method for identifying and
modeling ship maneuvering motion.

Separately, we note the work [15], which deals with
the synthesis of dual nonparametric controllers. There are
interesting formulations of problems, for example, the
accounting for gaps in measured data, synthesis of
controllers for multiply connected systems, and systems
with delay. Numerous sales are quite good. However, the
use of weight functions (linear concept), bell-shaped
functions, blur parameters requiring verification of
convergence conditions, parametric models, and
statistical methods lead to complications in the controller
synthesis technique. The technique proposed in this work
makes it possible, in several cases, to simplify the
synthesis of controllers.

2. Objectives

The work aims to simplify the previously proposed
synthesis algorithm for dual control of dynamic
nonlinear, non-stationary objects [11,16] using the
example of a first-order object of the "black box" type,
using standard procedures for diagonalization of the state
matrix, which makes it possible to simplify obtaining
control values in numerical form and to reduce the
calculations.

The main approach to the synthesis of the controller
is outlined in [11]. However, this approach requires
additional analysis and recommendations for its
application. In addition, the following will show the
possibility of simplifying the transformations to obtain
the final controller formula.

3. The main provisions of the synthesis
method for the ""black box" model

Let us consider the main provisions of the synthesis
method for the "black box" model as an example of a
nonlinear nonstationary discrete object with scalar input
and output in the form of a difference first-order
equation,

x[n+1]=a(n, x[n—1], u[n—-1], At)-x[n] +
+b(n, x[n—1], u[n =1], At) -u[n],

where At — is the discreteness interval (polling sensors
and issuing control); n — is the number of the discrete-
time interval; x[n] — output reaction of the object; u[n] —
control action; a(n, x[n-1], u[n-1], At), b(n, x[n-1], u[n-
1], At) — coefficients functions of discrete-time, output
reaction of the object and control action.

Obviously, under the condition of physical
realizability, these coefficients can be determined no later
than on the [n-1] - th interval. Further, we simplify the
designation of the coefficients, keeping their meaning as
functions of discrete time, control action, and output
response. Taking this into account, the equation of
motion of the object takes the form:

x[n+1]=a-x[n]+b-u[n]. (1)

However, the discreteness interval affects not only
the values of output quantity x[n + 1] and x[n], but also
the coefficient a(n, x[n-1], u[n-1], At), b(n, x[n-1], which
determines the stability of the object. The root of the
characteristic polynomial is equal to:

root = a(n, x[n —1], u[n —1], At), b(n, x[n -1]), (2

and the condition for stability of the object’s discrete
model has the form as:

|root| <1.

It is assumed that the parameters of the object,
including the discreteness interval, are unknown. The
output response and the input action (control) calculated
by the controller are available for measurement. Thisisa
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typical black box case. Control actions u[*] at the initial
stage of the object start-up are set in the range of
admissible control values, and then, in the course of
normal operation, are calculated by the controller.
Hereinafter, the symbol "*" is used in the sense of "for
any moment of discrete time".

Following the concept of dual control, the
coefficients of the model equation (1) must be
determined on a limited interval of discrete time. Then
these coefficients must be calculated at each next
interval. On limited time intervals, even complex
processes can be approximated by a low-order equation.
In principle, all calculus is based on neglecting values
above the first order of magnitude over a short time
interval. In addition, higher-order equations are always
reduced to a system of first-order equations. Then each
equation is processed separately.

Let's compose equations for two unknown
coefficients of a and b model (1) on discrete time interval:

[n], [n-1], [n-2]:

x[n]=a-x[n—1]+b-u[n-1],
X[n—-1]=a-x[n—-2]+b-u[n-2]. A3)

To determine the coefficients of the model (3), we use
Cramer's method:

x[n] uln-1]
a—A—a— x[n-1] u[n-2]
A |X[n-1] u[n-1/
x[n-2] u[n-2]
(4)
x[n-1] x[n]
Ap  [XIn=2] x[n-1]
A -1 un-q]

X[n-2] u[n-2]

where A, Aa, Ap— are determinants of the system (3).
Equation (1) is represented in an equivalent form:

X[n+1]—-a-x[n]—b-u[n]=0.

Then, taking into account (4), we obtain the
equation of model (1) in the form:

X[n=1] u[n-1] | [x[n] uln-1j
X[n-2] u[n-2] - x[n-=1] u[n-2]
x[n-1] x[n]
X[n-2] x[n-1]

X[n+1]

‘ x[n] -

‘ u[n] =0. ®)

This is the sought difference equation of the black-
box model, in which only the measured output data and
the calculated control action are used. This model is
almost continuously adapting to changes in the control
object. Input and output data are continually being
processed. The impression that the model does not take
into account the internal parametric and structural, as
well as external, not measurable perturbations is not
entirely true. The point is that the indicated perturbations
inevitably affect the output data and determine the x[*]
result. Numerical and field tests of the model of this kind
of perturbed object gave positive results.

The discrete model of (5) contains coefficients
depending on control and output variables on a limited
discrete time interval. A model of (4) must be obtained
based on the latest data on the state of the control object.
The problem of "data aging" is practically eliminated.

At the same time, the form of a model does not
differ from the form of the equation of the (1) object,
which makes it possible to assess the significance of the
Lyapunov exponents, which means that the current state
of the control object belongs to the basin of attraction or
repeller.

4. Practical application
of the method

The purpose of further research within the
framework of this work is to find another, possibly
simpler and more convenient, the algorithm for
synthesizing the model of the form of (5).

Let's compose an extended matrix of the object
state, which includes both the measured values of the
output x[*], the calculated and realized values of the u[*]
control at discrete times [n + 1], [n], [n-1], [n-2]

x[n+1] x[n] u[n]
M(X, U) =| x[n] x[n-1] u[n-1]
X[n-1] x[n-2] u[n-2] , (6)

where X, U — is column vectors, respectively output and
control.
In [11], the following theorem holds: that

det(X, U) =0,

is a discrete equation of the control object of the form (5).
The essence of the theorem can be represented as
follows: expand the determinant of matrix (6) along the
leftmost column and equate it to zero. We get:
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x(n-1 un-1| [x[n]  u[n-1] 5. Implementation of an adapted method

X[n+1] - x[n] +
X[n-2] un-2]| [x[n-1 u[n-2] ) )

" Let's consider a method of forming an extended
+ x[n] x[n-1] ‘ u[n] =0. state matrix (6) using the auxiliary matrix and the inverse
x[n-1] x[n-2] state submatrix. The input of the object receives control

Comparing it with the (5), we notice that after
rearranging the columns in the last determinant, we get
an expression that exactly coincides with the equation of
the discrete model of the "black box" (5).

Let us note an important property of the described
method. Model (5) is dual. This means that it can be used
both to predict the future value of the output quantity x[n
+ 1] and to determine the control action u[n], to estimate
the signature of Lyapunov exponents.

The presented approach in various final forms was
successfully used in the numerical simulation of various
objects, the state of which changed from stable to
unstable in the example of the pendulum with a lower
suspension point [16]. Such an object is considered one
of the best test objects for checking the quality of
regulators. In addition, a model of a multi-zone furnace
was created using a dual regulator. Each zone has its
damper, which is controlled by software with the ability
to open the heat outflow channels throughout the layout
of the furnace to create perturbations. The first version of
the test was to calculate the angle of rotation of the
damper separately in time for each zone. In the second
variant, the calculation of the gate angle was performed
using parallel computing technology. In both cases, the
task schedules were worked out with sufficient accuracy.
Also, this approach was implemented and processed in
the forecast mode on the data of real operation of the
processes of disintegration of ore raw materials, which is
described in detail in [17].

The tests indicated earlier were based on obtaining
the controller model by a purely algorithmic method and
were analytically substantiated in [11].

An important result is proof that the extended object
state matrix is the basis for obtaining a regulator or
predictor. This allowed us to develop different
approaches to obtaining specific formulas of the
regulator.

The presented work shows how it is possible to
synthesize the same dual regulator in another way,
obtaining some savings at the stage of regulator synthesis
using matrix algebra. The coincidence of the results
obtained in different ways confirms that these results are
not accidental. In addition, we consider it important that
in each case of testing, the physical nature of the control
object did not matter. The learning sequence consisted of
only 4 steps. Then, during the entire period of operation,
the regulator adapted to the disturbances.

actions at different moments of discrete time n. The result
is the reaction of the object at the appropriate times.
Divide the matrix (6) into two submatrices. There are two
lower lines of (6):

X[n] x[n-1] u[n-1]
(x[n -1 x[n-2] u[n- 2])

we present in the form of two sub-matrices: a square
submatrix of outputs and a matrix-vector of control
actions.

~( x[n]  x[n-1]
n_(x[n—l] x[n—2]j'

ufn-1j
Upg = .
ufn-2]
Similarly, we define the extended matrix on the next
(n + 1)-th, not yet implemented, discreteness interval.
For this purpose, we will use the first two lines of
the matrix of (6). For brevity, we immediately represent

the square matrix of outputs X, + 1 and the vector of
control actions U, in the form
_(XIn+1]  x[n]
T Xl xn-11)

Un:( ufn] J
u[n-1]

where x[n + 1] is a given (hence known) value of the
output quantity in the next interval; u[n] is the desired
control on the n-th interval, which should provide the
given x[n + 1].

Let us pose the problem: find the matrix operator S
for transforming the square submatrix (7) at the previous
and current intervals into the square submatrix (8) at the
next one containing a given output value. After that, the
obtained operator S is applied to the column vector (7).

Let us reduce the square submatrix X, +1 to some
diagonal matrix Xgiag

Y]

®)

x[n+1] O J ©)

Xd‘agz( 0 xn]
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The transformation operator S is obtained from the
sequence of relations

SXp = Xdiagv
-1
S=(Xeiag )(Xn) -

The control vector Un.1 must be processed by the
same algorithm as the square submatrix Xn. Then, it will
be obtained the vector as:

Un= (Xdiag )(Xn )_l Un—l_ (10)

In [3, 20], the essence of the algorithm was reduced
to reducing the square submatrix (7) to a submatrix, the
top row of which coincides with the sum of rows of the
submatrix (8). Using a diagonal matrix simplifies the
transformations, allowing you to get the same result.

We add all the elements of the vector Un in formula
(10), we take the obtained value for the control u [n].
After transformations, we get

ufn] = ((x*[n +1]-x[n — 2] —=x[n —1]- X[n]) -
-u[n =11+ (x[n]-x[n] = x*[n +1] - X[n -1]) -

-un —21) 7 (X[ - 2]- X[n] = X[n —1]- x[n ~1]).
(11)

This result coincides with those previously obtained
using other algorithms in numerical and physical
experiments and published in [3, 17-19]. However, the
use of a sparse inverse matrix allows reducing the
number of calculations in the case when the control
controller is  programmed considered  matrix
transformations. This is especially felt with the
increasing order of the extended matrix. In this case, you
can do only numerical transformations of matrices (7),
(8), without using symbolic transformations of matrices
and further programming by numerical methods. In this
case, the symbolic transformations of the matrices were
performed and a ready-made simple form of the (11)
controller was obtained.

To start the controller, which implements the
formula of (11) regulator, it is necessary to set the
training sequence by feeding to the object (1) by (11) a
sequence of arbitrary admissible controls u[n-2], u[n-1]
with the discrete interval of the sensors and actuators set
for the given object. The obtained values serve as initial
(starting) data for filling in part of the formula (11). Then
in the formula of the regulator (11) enter the first set value

of the output x3[n + 1] and by calculation receive the first
operating control action u [n] to ensure the value of the
output x[n + 1] in the next interval. This value in the
process tends to the given x3[n + 1]. This completes the
learning process. The regulator then automatically adapts
to the control object. In case of maintenance work at the
facility, it is recommended to save the training sequence,
and then use it to restart the process. Although this is not
necessary. The learning process, in this case, is short and
can be repeated with a new arbitrary admissible control
sequence after the object is prevented.

The performance of any product must be verified
through testing at the limit of capability. Therefore, the
coefficient in the object model of (1) was changed in such
a way that the root of the characteristic polynomial of (2)
during the tests slid near the stability boundary. The
coefficient a [n] was specified as: a = 0.1sin(n). Thus, the
amplitude of the root (2) varies smoothly according to the
harmonic law within the limits (1 + 0.1). In this case, root
(3) smoothly migrates across the boundary of the stability
region in both directions.

In fig. 1 it is shown the result of the regulators'
operation when given trajectory according to the law of
quadratic parabola was working out. In this case, the root
of characteristic polynomial (3) slides along the stability
boundary. The first three intervals are training.

Fig. 1 it follows that the proposed dual
nonparametric controller successfully controls the object
that smoothly crosses the stability boundary on both
sides. The stability indicator is the ratio for the root of the
characteristic equation. In the figure, the root modulus
value fluctuates, on average, about one (stability
boundary). The regulation error is about zero on average.

More detailed studies have shown that, in contrast
to the PID controllers widely used to date, the increase in
the degree of reference polynomial does not lead to
complications of the controller structure and does not
reduce the accuracy of the task processing [20].

In fig. 2 the results of the regulator's operation when
processing more complex tasks and abrupt changes in the
root of characteristic polynomial shows and are on the
border of sustainability. The process remained stable and
then settled at the given value. The first three intervals
are training.

The simplicity of the regulator formula is reduced
by replacing the formula of the PID controller or other
controller with the formula of (11). In this case, the
training sequence in the form of permissible control
actions u[n-1], u[n-2] is given to fill the initial data of the
formula of the (11) controller only at the beginning.



ISSN 1814-4225 (print)
ISSN 2663-2012 (online)

30
Radioelectronic and Computer Systems, 2022, no. 2(102)
25 ! ! ! ,
fact value : :
——— set value

2+ —#%— carrent root

value

D 'r*r*r'rl

Fig. 1. Results of controller operation on quadratic specified trajectory near the stability boundary.
Designations: set value=x3[n + 1], fact value=x[n+ 1], current root=root

Then the regulator itself learns (adapts). Any work
sequence is at the same time instructive, which exactly
corresponds to the concept of dual control. This
eliminates the need for classical experiments to obtain
transient characteristics, which is acceptable only for
linear, stationary objects. In real production conditions,
such experiments are in most cases unacceptable or
impossible.

Conclusion

In this paper, one of the options for using the matrix
operator is shown, which allows diagonalizing the state
submatrix at the previous control intervals, and then
calculating the control to achieve a given state at the next
discreteness interval. The proposed method for the
synthesis of the controller in the form of a simple formula
that does not require significant calculations allows one
to adapt to changes in the parameters and characteristics
of a non-stationary nonlinear control object.

Based on the obtained results, the following
conclusions can be drawn:

—the presented controller (11) combines at each
discreteness interval the identification of the control
object according to the input-output data and the
definition of u[n] control. From (11), we can also easily
obtain forecast of x[n + 1] output value for given u[n]
control;

—for the controller synthesis no knowledge of the
physics of the control object is required,;

—the training sequence is only set at the start of
operation. Then the regulator learns itself (adapts). Any
working sequence is at the same time teaching, which
exactly corresponds to the concept of dual control;

—abrupt changes in the parameters (characteristic
polynomial) do not lead to emergency modes, even in the
most unfavorable case with bilateral sliding on the
stability limit;

—beyond stability, the controller also copes with the
tasks. Relatively large fluctuations that occur are found.
However, this property is inevitably characteristic of any
regulator in the case of control of an unstable object;

—the regulator formula is invariant to the value of
discreteness interval, the frequency of data collection and
the issuance of control actions;

— the regulator's formula is extremely simple
compared to most studies in this area. The results were
tested on a model of the heating furnace. Such simple
adaptive regulators are most necessary for the
management of real production processes;

— the property of regulator invariance for
discreteness interval and data sampling frequency has
many advantages: it frees from the analytical
determination of specified parameters; at the same time,
in the course of the real control process, by changing the
sampling interval and the frequency of data collection
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Fig. 2. The results of the regulator's operation when processing more complex tasks and abrupt changes
in the root f characteristic polynomial. Designations: set value=x3[n + 1] — dotted line,

fact value=x[n + 1],

and control, it is possible to minimize the error in the
regulator operates in the normal use. For nonlinear, and
even more so for nonstationary objects, this must be done
constantly, since the analytical determination of these
parameters is impossible;

—the regulator of (11) does not require the
definition of the parameter and, as a consequence, their
setting. Therefore, itis called nonparametric. The process
of identification and regulation are combined, which
corresponds to the duality concept. This allows you to
conduct the management process without interfering
with the technological process.

As a direction for further research, one can single
out the solution to such problems as:

—the development and testing of dual
nonparametric controllers for multiply connected objects
of "black box" type;

—the signature evaluation of the Lyapunov
exponents of the "black box" type objects to identify
bifurcation points of possible deterministic chaos;

—the use of sparse matrices in regulator synthesis to
significantly reduce the computation time;

—the investigation of physical realizability of
analytical expression structure of a controller of (9) type
and the limiting values of output quantities and control

current root=root

actions, especially when the set initial value reaches the
constant value, although numerous studies have not
identified any problems.

Contribution of authors: statement of the research
problem, the previously proposed synthesis algorithm for
dual control of dynamic nonlinear, non-stationary object,
adaptation of the algorithm and analysis of results,
formulation of conclusions — A. Zhosan; implementation
of developed algorithm and modeling, processing of
obtained results, formulation of directions of further
researches — I. Marynych; analysis of works according
to the research topic, interpretation of obtained results
and formulation of conclusions, translation and text
editing — O. Serdiuk.
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AJI'OPUTM CUHTE3A IYAJIbHOI'O HEITAPAMETPHYECKOI'O YIIPABJIEHUSI
JUHAMMNYECKNUM OB BEKTOM THITA "YEPHBIU ALAK"
C UCIIOJIb30BAHUEM METOJA TUAT'OHAJIN3AIIMA MATPHUIIBI COCTOSSTHUA

A. A. XKocan, H. A. Mapunuu, O. IO. Ceporwxk

IIpenmeTom cTaThyu sBIsieTCS BapHaHT 3()(GEKTHBHOTO AITOPUTMA CHHTE3a NyalbHOH NUCKPETHON MOIEIH U
perynaTopa Ajsl CISKEHUs 3a 3alaHHON TPaeKTOpHeH ITUHAMUYECKOTrO0 HEIMHEWHOro, HECTALMOHAPHOTO OOBEKTa
THOa ''9epHBIA AMMK'', ¢ WUCIOJNB30BAaHHEM CTAHAAPTHBIX MPONEAYp IHATOHAIM3AIUN MATPHIBI COCTOSHUS,
TI03BOJISIFOIETO YIPOCTUTh IOMYyYCHHUE 3HAUCHUS YNPABIECHHWS B UHCICHHOM BHJE, YMEHBLIUTH KOJIUYECTBO
BbluncieHUH. Ilebl0 CcTaTbH SABISIETCA NPEJCTABIECHUE OJHOTO U3 BO3MOXKHBIX BAPHAHTOB DPEIICHHS MPOOIEMbI
CHHTE3a PEryisiTopa JJisi oOecrieueHHs YCTOHYMBON OTPabOTKH 3a/IaHHOW TPAeKTOPHU JBWKEHHS HEIUHEHHOTrO,
HECTAaI[MOHAPHOTO0 O0BEKTa THIA "depHBIN AMMK" C MCIIONF30BAaHHEM KOHLICHIIMH AYallbHOTO yIpaBieHus. brira
TIOCTaBJIEHA 3a4a4a yIPOCTHTh paHee MPEAI0KEHHBIH alrOpUTM CHHTE3a aalTUBHOTO YIIPABICHUS JUHAMHYECKUM
HENIMHEHHBIM, HECTAIlMOHAPHBIM OOBEKTOM Ha MpHMepe OOBEKTa IEPBOTr0 TOpPSIKAa THIA ' YepHBIH SIIHK',
JMarOHAIN3aIMEN TOAMATPHUIBI COCTOSTHHS C UCIIOIb30BAaHUEM CTaHAAPTHBIX MAaTPHUUYHBIX Hpolenyp. Pacmmpennas
MaTpUIA COCTOSHHS SIBIISIETCSI OCHOBOW JUIS TONYYEHUS MOJETH YIPABICHHS M MPEACKa3aHWs ITOBEACHHS
HEITMHEHHOr0 HECTAIIMOHAPHOI0 00BEKTA, YTO B CBOIO OYEpeb MO3BOSIET H3((PEKTUBHO UCIIOIB30BATh KOHIIECHIIUIO
JyaJbHOTO yIpaBieHus. MeToabl, CIOIb30BaHHBIE B padOTe, OCHOBAHBI HA KOHLENIUH AyaJbHOTO yIpaBIICHUS,
HEITMHEHHBIX JMHAMHUYIECKIX MOJEIeH, TEOPUH MaTPHIl, PAa3HOCTHBIX YpaBHEHUM. [lomydeHHbIC pe3yJbTaThl padoThI
3aKITI0YAlOTCS B pa3paboTKe BapuaHTa TyallbHOTO HEMapaMeTPHIECKOro PEryasTopa HECTAMOHAPHBIX HETHHEHHBIX
TIPOIIECCOB, KOTOPHIH 00JIaaeT aJaTUBHBIMU CBOMCTBAMH, HE TpeOyeT 3HaHUA (PH3UKHN QYHKIIMOHNPOBAHHUSI 00HEKTa
YIOpaBJICHUS, TPENCTaBICH B BHIC IPOCTON anreOpandeckoil (GopMynsl, He coaepkameld Kod(pQHUIIUEHTEHI,
TpeOyromux HacTpolku. BbiBoabl. Haydnas HOBHM3HA 3akmiodaeTcs B TNPUMEHEHMH Ha KaXXIOM HHTepBale
YIIpaBICHUS] MATPHYHOTO OIEPATOPa IS ANArOHATU3ANNH TOAMATPHIIBI COCTOSTHHS. DTOT ONEpaTop MCIOIb3YeTCs
JUTSL TIOCTIEYIOIIETO BBIYMCICHMS YIPABISIONIEr0 BO3JEHCTBHA. Takoi moaxos oOecneynBaeT HCIIONb30BaHHUE
CTAaHIapTHOH NpoIeTypsl JUAarOHAIM3ANNK C TOMOIIBI0 MAaTEMAaTHIECKUX MPUIOKEHNH. Pe3ynpTaT mpencraBieH B
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BH/Ie KOHEUHOH (hOpPMYJIBI, HE TPEOYIOIIEeH NCTIOIB30BAHMUS MATPUYHBIX OIIEPAIMi B XO/I€ YIIPABJIEHHS, YTO IIO3BOJISIET
YOPOCTUTH CUHTE3 PETYIATOPA C UCIOIb30BAHUEM CTAHAAPTHBIX MATEMaTHUUECKUX MPOLERYP.

KialoueBnie ciaoBa: ‘“gepHBIi AMMK; AyaldbHOE YIpaBJIEHHUE; pACIHIMPEHHAss MAaTpUIla COCTOSHHUS;
JIMarOHAJIM3aINS; JTOKaJIbHAsT MOJIENb; TII00aIbHAs MOJEIb.

AJI'OPUTM CHUHTE3Y AYAJIBHOI'O HETAPAMETPUYHOI'O KEPYBAHHSA
JAHAMIYHUM OB'€EKTOM THITY "YOPHUM AILIAK"
3 BAKOPUCTAHHSIM METO/Y JIATOHAJIIBAIIIL MATPHUIII CTAHY

A. A. Kocan, 1. A. Mapunuu, O. IO. Cepoiox

IIpeameTom craTTi € BapiaHT e(peKTUBHOTO AITOPUTMY CHHTE3Y IyaIbHOI TUCKPETHOI MOJIENI 1 peTyIsiTopa Juis
CTe)KEHHS 32 3aJ[aHOI0 TPAEKTOPI€I0 AUHAMIYHOTO HENTiHIHHOTO, HECTAIIOHAPHOTO 00’ €KTa THITY "JOpHHU SIIUK", 3
BUKOPHCTaHHSIM CTaHAAPTHHUX MPOLEAYp AMaroHajiizamii MaTpuii cTaHy, IO JO3BOJISIE CIPOCTUTH OTPUMAaHHS
3HAYEHHs YIIPaBJIiHHS B YMCEIBHOMY BUIJISAJI, 3MEHIIMTH KiJIbKICTh 00YHCIEeHb. MeToI0 CTaTTi € MpeACTaBICHHS
OHOTO 3 MOKJIMBUX BapiaHTIB BHpIIICHHS NpPOOJEMH CHUHTE3y peryisropa s 3a0e3ledeHHs] CTiKoro
BiJINpallOBaHHS 3aJlaHOi TPA€EKTOpii pyXy HENIHIHHOro, HECTAl[lOHApHOrO 00’€KTa TUIy "JOpHWH sIMK" 3
BUKOPDHCTaHHSIM KOHIEMIIi JyanbHOro ynpaBiiHHSA. bByrmo mocraBieHO 3aBHAaHHS CIPOCTHTH — paHile
3arporOHOBaHHI aJIrOPUTM CUHTE3Y a/IallTUBHOTO YIPaBIIiHHA TUHAMIYHUM HENiHIHHAM, HECTAL[IOHAPHUM 00’ €KTOM
Ha NPUKJIaAi 00’ €KTa IepIIOro MOPsAKY THUITY "HOpHUIA SIMK ", AMaroHai3ami€ero MaIMaTpyLl CTaHy 3 BAKOPHCTaHHIM
CTaHIApTHUX MAaTPUYHUX Mpoleayp. Po3impena MaTpuis craHy € OCHOBOIO JIIsl OTPUMAaHHSI MOJIENl YIIpaBIiHHS i
nepen0aveHHs MOBEAIHKM HEJIHIMHOrO HECTal[lOHApHOrO 00’€KTa, 10 B CBOIO 4Yepry J03BOJSE e(pEeKTHBHO
BUKOPUCTOBYBATH KOHIICHIIIO AyalbHOrO yrpaBiiHHA. MeToau, BUKOPHUCTaHI B poOOTi, 3aCHOBaHI Ha KOHIIEMIIii
JyaJIbHOTO YIpaBIJiHHS, HENIHIWHAX AWHAMIYHUX MOJIENSX, Teopil MaTpullb, Pi3HUIEBUX piBHSAHBb. OTpuMaHi
pe3yJabTaTH poOOTH MOJIATaloTh B PO3POOII BapiaHTy JyalbHOTO HEMapaMeTPUYHOTrO PErylsTopa HeCcTalliOHapHUX
HEeNIHIMHUX MpoLeciB, SIKUIl BOJIOMiE afaNTUBHUMU BIACTHBOCTSAMM, HE BUMarae 3HaHHA (i3MKU (QyHKIiOHYBaHHS
00’€KTa yNpaBIiHHI, TPEJICTAaBICHUH Y BUIIAI MTPOCTOi anredpaidHoi popMysiH, sika HE MiCTHTh KOe(iIlieHTH, SKi
notpe0yoTh HacTpoiiku. BucHoBku. HaykoBa HOBHM3HA NOISTAE B 3aCTOCYBAaHHI HA KOKHOMY 1HTEpBaJIi YIIPaBIIiHHS
MaTpUYHOTO OllepaTopa JJlsl AMaroHaiizalii maMartpulli crany. Llel ornepaTop BUKOPHCTOBYETHCS VIS MOJAIBILIOTO
OOYHCIIEHHS! KEpYIOYoro BILIMBY. Takuii miaxiza 3a0e3neuye BUKOPUCTAHHS CTAHAAPTHOI NPOLIENYPH JUaroHasi3arii
3a JIONIOMOT0I0 MaTeMaTU4HUX J0JATKIB. Pe3ynbTaT npeacraBieHuid y BUTIIsII KiHIEBOT GopMyiH, sika He ToTpedye
BUKOPHCTaHHA MAaTpUYHHMX OIepaliii B XOIi yHpaBJiHHS, IO J[AO3BOJISE CHPOCTHTH CHHTE3 pErynsiTopa 3
BUKOPHCTAHHSM CTaHAAPTHUX MAaTEMaTHYHUX MPOLEAYD.

Koarouosi ciioBa: "qopHwuii AUk KyalibHe KepyBaHHS;, PO3IIUPEHA MATPUIIS CTaHy; JiaroHasizallisy; JIoKajibHa
MOJEIB; TJI00aJIbHA MOJIENb.
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