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Abstract—This article discusses the optimization tasks of managing a complex control system of the
electric power system. The problem of synthesizing the structure of the control system in the design of
electrical systems using the optimization - simulation approach is considered. It has been shown that the
efficiency of an energy-saving control system is its adaptability to the implementation of the target
functional under disturbances. Moreover, the reliability of the functioning of the energy system is set by
the system of restrictions of the objective function of the stochastic programming task. A mathematical
model of a controlled ergatic electric power process based on the Bellman equation is proposed. Also
considered is a mathematical model of the steady state of an electrical system.

Index Term—Electric power system; mathematical programming.

I. INTRODUCTION

A complex control system is designed to generate
control actions for executive bodies, its goal is to
maximize a given performance criterion.
Management strategy is a set of rules, in accordance
with which the development of control actions is
carried out when receiving information about the
state of the control object.

Decision making under uncertainty conditions
takes into account the probability of erroneous
estimates of uncertain factors. The management
strategy analyzes the temporal characteristics of the
information used in making the decision. Markov
strategy analyzes information received during the
final observation time.

The optimal strategy ensures the extremization of
the efficiency criterion adopted in the management
system; o is the optimal strategy provides the value
of the objective function, which differs from the
maximum by no more than a certain value o.

The synthesis of the optimal structure of the
control system involves the determination of the
optimal centralization of the solution of control
problems [1].

II. PROBLEM STATEMENT

The analysis of the controlled parameters
predetermines the determination of the conditions
according to which the control process is modeled.
When approximating the relationship between the
control parameter and the control process in a steady
state by linear dependence, the following is true:

lim Z; (t) = kyo,
t—0

where z, is the control parameter; y, is the

steady state control process cross section.

The time variability of the controlled parameters
is defined as [3]:

z(t)=H, {t,Hz[t,z(t,.n,cqy(t),b]]x(t),b2}, te [tin.c,t]’

where z(¢, ) is the state of the control object at the
moment of the beginning of the control action; y(t)
is the control action; x(¢) is the input disturbance

acting on the control object; H,, H, are operators that
determine the dynamic characteristics of a control
object; by b, are information aggregate parameters.

The random nature of the control process
determines the appropriateness of using stochastic
approximation to evaluate the stability of the control
system.

When designing energy systems, a multi-circuit
optimization and simulation approach to the
synthesis of the control system structure is used. The
basis of this approach is an aggregative-
decomposition analysis of the elements of control
systems, a graph formalization of the structure of
control systems. The process of synthesizing the
structure of the control system consists in
determining the algorithms for solving control
problems and in choosing the technical means for
implementing the functions of control loops.

The criterion for optimizing the task of
synthesizing the structure of a control system is the
minimum cost of its design. The task of
synthesizing the structure of the control system is an
optimization problem with a nonlinear dependence
of the quality indicators of the control system on the
structural characteristics of its elements [1]. The task
of optimizing the prediction mistake of the
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functioning of the control system is a nonlinear
problem with a functional defined algorithmically:

extrO(x), X e G(au(X)),

where 0(x),o(X) are functions of unit costs of

resources that are necessary to increase the integral
characteristics of the algorithm in the amount of X.

The implementation of this  algorithm
predetermines the construction of iterative solution
schemes. At the same time, it is necessary to analyze
the aggregated tasks. The result of the execution of
an aggregated algorithm for predicting the
functioning of the control system are the parameters
of the constraints of the decomposition problems,
which are nonlinear problems of integer
optimization.

III. MATHEMATICAL MODEL OF THE OPTIMAL
CONTROL PROCESS OF THE ERGATIC ELECTRIC
POWER SYSTEM

The functioning of the control system proceeds
under the influence of disturbing factors, which
predetermines changes in its structure, which is
coupled with energy losses. As a consequence, it is
necessary to find a solution to the problem of
synthesizing structures that ensure efficient
operation of the control system.

The efficiency of the energy-saving control
system is adaptability of the control system to the
implementation of the objective functional under
perturbation conditions [1]. The operation of energy
systems predetermines the property of its
survivability, which consists in the ability of the
power supply system to withstand extreme impacts
and to provide technological objects with electrical
energy in accordance with the requirements of
quality.

The flexibility of the structure of a complex
energy system is determined by the probability that
the ergatic system will perform the functions of
operation. Algorithms of functioning of these
systems with a flexible structure are procedures for
the transition from one variant of the structure of the
power supply system to another, depending on the
system of restrictions on the functioning of the
system. The normal mode of operation of the power
supply system corresponds to a specific procedure
for operating a flexible, functionally-topological
structure of the power supply system with the
adopted system of restrictions.

In order to predict energy consumption, it is
possible to implement an approach based on the
identification of optimization simulation models.
This approach is to develop an iterative ergatic

procedure based on the algorithmization of a
deterministic optimization simulation model.

The degree of uncertainty of the initial
information when building an optimization model
determines the quality of the forecasting process.
Iterative ergatic decision-making procedures in the
control system consist in the development of an
algorithm for solving a deterministic problem.

This problem is solved on the basis of the initial
probabilistic one, which characterizes the process of
energy consumption, and is its deterministic
approximation, taken on the basis of the decomposition
approach. The objective function of a deterministic
problem is the upper bound for the maximum of the
objective function of a probabilistic problem.

The implementation of simulation procedures
predetermines the optimal algorithm for determining
the best value of the objective function of the
stochastic programming problem, taking into account
the system of constraints that define a higher level of
reliability of the power supply system.

Decision making and management of dynamic
objects of the ergatic system is implemented on the
basis of solving weakly structured problems due to
the uncertainty of the initial information [1].

In the control system of a complex electric power
system, the problem of minimizing the average risk is
an optimization problem, formulated as follows [2]:

R(0) —> min,
where R(a) = J O(z,a)dP(z) is the functional;
O(z,a) P(z) is the

probability measure; {z,,z,,...,z,} random sample,

is the known function;

the result of independent tests with a probability
distribution P(z).

Developed recurrent methods for minimizing this
functional, as well as methods that analyze its
empirical estimation based on the expression [2]:

R (@)=Y 0(z,.a).

Thus, the optimal control of the electric power
system is achieved when the quality control criterion
is reduced to a minimum — of the functional R(o).

This optimization problem is solved by methods of
stochastic programming. The search for a solution to
the problem of optimal control in dynamic electric
power systems can be simplified by discretization of
the control process.

The solution to this problem can be found by
dynamic programming methods applied to the multi-
step control process. The model of optimal control on
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the sampling interval of a controlled process is the
Bellman equation, which is a recurrent relation [2]:

S (%) = n?din[Q(xz )+ oy ()l

where x, is the state of the control system; u, is the

applicable management; »n—/ is the value, meaning
the number of sampling intervals until the end of the
control process.

This equation is proposed to be used as a
mathematical model of a controlled ergatic electric
power process.

When choosing the configuration of the electric
power system scheme, as well as the parameters of
its elements, performing stability analysis and
determining short-circuit currents, evaluating the
optimal operating modes, it is necessary to perform
calculations of steady-state modes.

When performing calculations of steady-state
modes, the electrical network of the system is
represented by a replacement circuit in the form of a
linear electrical circuit. The purpose of the
calculation of the steady state electrical system is to
determine the power and current in the branches of
the equivalent circuit and the voltages at the nodal
points. This task is reduced to solving a system of
nonlinear equations due to the nonlinear power from
current and voltage [4].

The mathematical model of a steady electric
power system is a system of nonlinear equations:

§=3U,J", (D
as well as a system of linear equations [4]:
YU-U,)=J, 2

where S is the power column of sources or

consumers connected to the equivalent circuit of the
electrical system; U, is the diagonal voltages matrix

at the equivalent circuit nodes; U is the column
voltages in nodes; U, is the voltages column in the
balancing node; J is the currents column.

Given the power of the nodes of the electric
power system, the search for the solution of this
system is carried out by iterative methods. Equations
(1), (2) are combined into a single system of
nonlinear equations. At the same time, at each step
of the iterative process linearization of these
equations is performed.

Numerical solution of a nonlinear equation with
one unknown f(x)=0 is the solution to the

problem of finding the minimum of a function

F(x), for which f(x)=

M. The search for a
dx

solution to this problem is carried out by the
methods of half-division, stochastic approximation.

The numerical method for solving a nonlinear
system describing the steady state of operation
consists in the transition to the determination of the
extremum of a function of many variables. This
analyzes the function F:
a—cmonstﬁ(xl,...,xn), i=Ln,
ox

F=F(x,...x,).

The minimum of this function is achieved with
this set of values a;, replacing x;, which satisfies the
solution of the system of nonlinear equations.

When designing a control system for a complex
electric power system, it is advisable to perform an
analysis of the functional structure as well as the
topological structure of the project. The functional
and topological structure of the control system is
determined according to the method of alternative -
graph formalization. At the same time, the structure
of the control system should be characterized by
flexibility, that is, the ability of the system to
perform its functions with external influences by a
smaller number of elements. The stability of the
power system management system is advisable to
investigate on the basis of graph theory using the
“branches and boundaries” cut-off method.

The topological structure of the project
management system of the power system is
determined by choosing a variant of its construction.
The functional structure of this control system
corresponds to the implementation of control
functions in the system of restrictions. The solution
of the optimization problem of choosing the
structure of a control system according to the
method of alternative — graph formalization is
implemented on the basis of heuristic programming.

According to the criteria of optimality, the
synthesis of the functional structure and the
topological structure of the control system of the
electric power system determines its best option. At
the same time, at different stages of the synthesis of
these systems, iterative procedures are applied that
provide an energy-efficient solution, implying
adaptability, reliability, and stability of the
synthesized control system structure.

The property of flexibility of the structure of an
energy-efficient control system characterizes its
ability, under the action of external factors, to ensure
the quality of operation of an electrical power
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system, which is achieved by the variability of the
functionally-topological structure of the control
system. The flexibility of the control system
structure is estimated on the basis of probabilistic
modeling of the processes occurring in the electric
power system. In this case, the search for the optimal
solution is carried out on the basis of stochastic
programming methods.

IV. CONCLUSIONS

The criterion for optimizing the problem of
synthesizing the structure of a control system for an
electric power system using an optimization —
simulation approach is the minimum total cost of
designing and operating this system.

The task of optimizing the prediction of the
functioning of the control system is a nonlinear
problem with a functional defined algorithmically.
The solution of this problem can be obtained on the
basis of constructing iterative procedures. In this
case, the result of the execution of an aggregated
prediction algorithm of the management system
operation are the parameters of the constraints of the
decomposition problems, representing nonlinear
integer optimization problems.

Sustained normal operation of the electric power
system complies with the operation procedure of the
flexible functional-topological structure of the power
supply system in the adopted system of restrictions.

Decision making and management of dynamic
objects of the ergatic system is realized on the basis

Churina Alexandra. orcid.org/0000-0001-5079-0563
Candidate of Science (Engineering). Associate Professor.

of solving weakly structured problems due to the
uncertainty of the initial information; the degree of
uncertainty of the initial information when building
an optimization model determines the quality of the
forecasting process.

The Bellman equation is proposed as a
mathematical model of a controlled ergatic electric
power process.

The optimal variant of the control system of the
electric power system is determined in the process of
synthesis of the functional and topological structures
of this system using the methods of stochastic
programming.
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O. U. Yypina. OnTumizaniiini 3aga4i kepyBaHHS ePraTHYHOIO eJ1eKTPOeHEePreTHYHOI CHCTEMOI0

Y paHiii crarTi po3IJSIHYTI ONTHMI3aliliHI 3a/adi KepyBaHHS CKIQJHHMHU €JEKTPOSHEPTETUYHUMH CHUCTEMaMU.
Po3risinyro 3amady CHHTE3Y CTPYKTYpH CHUCTEMH KEpYBaHHS NpPU MPOCKTYBaHHI EINEKTPHYHHX CHCTEM 13
3aCTOCYBAaHHSIM OINTHMIi3aliiHO-iMiTaliHOro migxony. [lokazaHo, 1m0 e(eKkTUBHICTIO €Hepro30epiraroyoi CUCTEMHU
KepyBaHHs € 11 aJanToBaHICTh 10 peaji3alii iJboBOro (YHKI[OHATy B yMOBax 30ypeHb. Y IbOMY pasi HaJiiHICTh
(YHKI[IOHYBaHHSI €HEPIeTUYHOI CHCTEMHU 33Ja€ThCsl CHCTEMOI0 OOMEXEeHb IUIbOBOI (yHKIIi 3amadui CTOXaCTHYHOTO
IporpamMyBaHHs. 3alpPOIIOHOBAHO MaTeMaTH4Hy MOJIeNIb KEPOBAHOT'O EPraTHYHOr0 eJIeKTPOSHEPTeTUYHOIO MPOIIECy Ha
OCHOBI piBHsIHHS beruiMana. Takoxk po3IJIsIHYTO MaTeMaTH4Hy MOJIENb CTAJION0 PEKUMY EIEKTPUYHOI CHCTEMHU.
Kunro4oBi ciioBa: elekTpoeHepreTHuHa CUCTEMa; MaTEMaTHYHE [IPOrpaMyBaHHsL.
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A.U. ‘{ypm{a. OHTI/IMI/I33HI/IOHHBIB 3ala4uM YIIPaBJICHUA IPraTUICCKUMHU IJTCKTPOIHEPTETUIECCKUMHU CHCTEMaMHU
B I[aHHOﬁ CTaTb€ PACCMOTPCHBLI ONTHUMU3ALIHWOHHBIC 3ada4dd YIIPABJICHUA CIOKHBIMU JSJICKTPOOHEPI€TUUICCKUMU
CUCTEMaMH. PaCCMOTpeHa 3aada CHHTE3a CTPYKTYPbl CUCTEMBbI YHPABJIICHUA NPU MPOCKTUPOBAHUHN DJICKTPUUCCKUX
CUCTEM C INPUMCHCHHEM  ONTUMU3ANMOHHO-UMUTAIIMOHHOI'O  HOAXOoHa. HOKaSaHO, qTo 3(1)(1)6KTI/IBHOCTI>IO
3Heproc6eperafome171 CUCTEMBI YIIPABJICHUA SABJIICTCA €€ alallTUPYEMOCTh K pe€ajn3aluu LCJICBOIo (l)yHKHI/IOHaJ'Ia B
YCJIOBUAX BO3MyIJ_[6HI/II71. HpI/I 9TOM HaACKHOCTb Q)yHKHHOHI/IpOBaHI/IH Z)HepFETPI‘IeCKOﬁ CHUCTEMBI 3a1aCTCsA CHCTEMOM
OI’paHI/I‘IeHI/Iﬁ HeJ'IeBOﬁ (l)yHKHI/II/I 3aa4y CTOXaCTHYCCKOIO IMporpaMMUupOBaHMs. Hpez[nonceHa MaTreMaThu4deckKas MOACIIb
YIpaBJIAEMOro JSpraTUudeCKoro JSJCKTPOIHEPICTUYECKOro Mporecca Ha OCHOBC YpPaBHCHUSA bennmvana. Tarxoke
paccMOTpE€Ha MaTeMaTUICCKass MOJICIb YCTAHOBUBUICTOCA pEKUMaA SHEKT’pH‘IeCKOﬁ CHUCTCMBI.
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