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Abstract—This article discusses the optimization problems of energy associated with the optimal
management of a complex ergatic electric power system. The search for solutions to these problems is
proposed to be carried out on the basis of extremization of the target functional specified using the
statistical model. In order to analyze the control process of a complex ergatic electric power system, it is
proposed to apply the aggregative - decomposition approach, according to which models of complex
power supply systems are described by compositions of interconnected units. When searching for a
solution to the optimization problem of controlling a complex electric power system, it is proposed to
apply the method of stochastic programming, as well as the method of stochastic quasigradients. From
the point of view of the object-oriented approach, it is proposed to consider complex ergatic electric
power systems as a class of multi-level multi-purpose systems, which are the subject of cybernetics
research. Moreover, the adequacy of algorithmic models for managing these systems is ensured by the
implementation of compromise methods. To implement control functions at the highest hierarchical levels
of complex electric power systems, it is proposed to create aggregated models of these systems using the
descriptive aggregation procedure. The principles of coordination of mathematical programming
problems of electric power systems are also considered, according to which local admissibility and

consistency predetermines global admissibility.

Index Terms—Electric power system; mathematical programming,

I. INTRODUCTION

In the process of finding solutions for optimal
control of a complex ergatic electric power system
(EPS), situations are possible in which the quality
indicators and parameters of the limitations of the
optimization problem can be random or uncertain. If
the study of the power consumption process allows
us to identify the stochastic characteristics of its
parameters, then the optimization control problem is
a risk problem. If it is not possible to determine the
statistical laws of the process in the analysis of
control actions in the system, then it is necessary to
solve the optimization control problem in the face of
uncertainty. These tasks should be solved using
stochastic programming methods, as well as fuzzy
mathematical programming methods.

Markov programming is a method for solving
problems that represent dynamic stochastic
optimization models that describe Markov random
processes. The modeling of the control process in
power supply systems (PSS) based on linear models
of Markov sequences in solving extreme problems is
based on solving optimization problems of linear
programming.

II. PROBLEM STATEMENT

It is proposed to carry out a search for a solution
to the problem of optimal control of an ergatic
complex EPS based on the optimization of the
functional specified using the statistical model. To
analyze the management process of a complex EPS,
it is advisable to apply the aggregative —
decomposition approach, in accordance with which
models of complex PSSs are defined as
compositions of interconnected aggregates.

An aggregate as a model of a dynamic system
can be defined by a combination of sets 7, X, Z, ¥
and random operators V, U, G, where T are many
points in time; Z is the set of states of the unit at
each moment of time; X is the set of input signals; ¥
is the set of output signals [1].

The set of operators ¥, U can be considered as
the operator of transitions of the unit to a new state:

z(t, +0)=V[t,,2(t,),%, ],
z2(1)=U[t,t,,2(t, +0)],

where G is the exit operator:

y=G|1.z()].
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Unit dynamic properties and multiple input
signals {x(t)}e X determine the transition of the

unit z(#,) = z(¢;) out of state z(f;) to state z(Z).

The field of solving optimization problems of
Markov programming is the class of piecewise linear
units, the mathematical model of which are Markov
random processes.

According to the aggregative — decompositional
approach to the analysis of complex EPSs, it is
necessary to convert a multi-level hierarchical PSS
into an analyzed hierarchical system with fewer
levels, which is necessary to solve the problems of
composition of complex aggregates, as well as the
analysis of their structure.

The composition of a complex PSS includes a
control unit, the purpose of which is the distribution
in time of the functions connecting the units of this
system. The algorithm for the functioning of the EPS

is determined by the set {x.},i= 1,n, generated as a
result of power consumption by the control unit.
Given set {x.},i =1,n is a plan that determines the
functioning of a complex EPS, including state
functions z,(¢), as well as stochastic parameters of

the system, which characterize the indicators of
quality and reliability of the power consumption
process.

The effectiveness of the search for a solution to
the optimization problem of controlling an ergatic
EPS is determined by the quality of the initial
information, the adequacy of the control algorithms,
the speed of the control system, and the reliability of
the elements of the PSS. At the same time, the
functional purpose of the control algorithms
implemented by the units is to optimize the target
functionals of the optimization task of EPS control.
Models implemented in control algorithms should be
adequate to the completeness and accuracy of the
initial information on the stochastic process.

The criterion of efficiency of the task of
optimization of complex ergatic EPS is
improvement of the global quality function. The
effectiveness of the control system of a complex
EPS is also predetermined by its reliability. The
algorithm for the operation of a complex EPS is
based on the Boolean concept of reliability. In this
case, the condition for reliable operation of the
system is modeled on the basis of a logical function
that reflects the functioning process, or based on an
analysis of the EES graph. Reservation of EES
elements is a Markov process with discrete states

and continuous time. Complex ergatic EPSs are
recoverable systems, the criterion of effectiveness of
which is the probability of normal functioning.

III. PROBLEM SOLUTION. CONTROL MODELING
OF COMPLEX ERGATIC EPS BASED ON THE METHOD
OF STOCHASTIC PROGRAMMING

The search for a solution to the optimization
problem of controlling a complex EPS can be
implemented based on the analysis of the stochastic
programming problem, which can be presented as a
two-stage [2]. The mathematical model of the
stochastic programming problem is:

M (X, Y,0) — min,

under random restrictions:

Plg.(X,Y,0)<bh)>1-¢, i=1m,
where M is the

disturbances; X is the vector of control variables;
Y is the vector of output variables; g,(X,Y,®) is

expected value; ® are

the loss function of the ith resource; b, is the value
of the ith resource; P{g(X,Y,0)<b} is the
probability of model constraints.

In stochastic programming problems, the
stochastic quasigradient method is used. In this case,
the problem of stochastic programming is presented
as a two-stage one. The method of stochastic
quasigradients is also used to solve non-linear
programming problems in the conditions of
inaccurate information, which is characteristic of
ergatic complex systems.

The  method of  designing
quasigradients is implemented based on
procedure [2]:

stochastic
the

xs+1 = Tcx (xs - psysE-'s )’

where m_ is the set mapping operator R(x); x, is the
arbitrary starting point of space; p, is the step; v, is

the normalization factor; &, is the stochastic

quasigradient; s =0, 1, ... .

Using stochastic programming methods, extreme
problems of mathematical statistics are also solved,
namely, problems of estimating the distribution
parameters of random variables and processes when
searching for unbiased and effective estimates. The
algorithm of stochastic quasigradients is used.

Ergatic complex EPSs are hierarchical technical
and organizational systems, the peculiarity of which
is that these systems are a hierarchy of control
systems. The governing body is a hierarchical
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system [3]. Electric power system control bodies of
various levels of the hierarchy are systems parallel
to the main linear hierarchy, their functions are:
planning, decision making, forecasting.

From the point of view of the object-oriented
approach, hierarchical systems are a class of multi-
level multi-purpose systems that are the subject of
cybernetics research. The decision made in these
systems is the choice of one of the alternative
strategies that are aimed at implementing the target
functionality. The purpose of planning in EPS is to
identify the model of the process of the operation.

The process of forming the target management
functions, as well as the tasks of the activity — the
implementation of decision-making is a system
analysis of the management process. The modeling
of ergatic complex EPS control based on the
adoption of multicriteria decisions involves the use
of an aggregated — decomposition approach to the
analysis of information about ongoing processes.
The need for planning EPS is due to the desire of the
control system to improve its condition. The system
of goals and objectives aimed at neutralizing the
effects of the external environment determines the
plan of the control operation, the task of which is to
maintain a favorable situation for the control system.

Ergatic EPS is a combination of hardware,
mathematics, software. The adequacy of algorithmic
control models of complex EPS is ensured by the
use of compromise methods. The class of
compromise tasks determines the following: based
on a combination of control actions, it is advisable to
implement changes in the parameters of the
mathematical model of the system taking into
account the energy balance in the EPS. The
architecture of the ergatic EPS should be adaptive,
that is, it must allow the implementation of
variations and the expansion of the functions of the
system at the stage of its operation.

In the process of managing a complex EPS,
extremization of management efficiency criteria is
carried out. For forecasting at different hierarchical
levels of EPS, it is advisable to design a hierarchy of
models of control objects based on the aggregated —
decomposition approach. The adequacy of
mathematical models of EPS is achieved by choosing
their structure and identifying the parameters of the
models. The choice of the target functional for finding
the optimal solution is carried out by a person; this
solves the problem of heuristic programming.

The implementation of management functions at
the highest hierarchical levels of a complex EPS
determines the feasibility of constructing aggregated
models of this system. The correlation analysis of
variables, as well as the parameters of the EPS

model is significantly simplified by reducing the
dimension of the aggregated model, which
simplifies, accordingly, the procedure for finding the
optimal solution to the optimization problem.

The optimization approach applied to the search
for the optimal solution to a complex EES provides
for the construction of an aggregated model. The
aggregated model corresponds to the minimum of
the loss function for a certain region of variation of
the arguments. If the arguments are random
variables with known probability distribution
functions, the mathematical expectation of the loss
function should be minimized.

When solving energy optimization problems, it is
advisable to perform descriptive aggregation. The
descriptive aggregation procedure provides for the
construction of an aggregate mapping that associates
a set of valid aggregated plans with a solution to the
aggregated problem [3]. The solution to this problem
is the set of optimal aggregated plans that satisfy the
compatibility condition for the optimization
problem.

For linear systems, the descriptive aggregation
procedure assumes that the linear system is

described by convex polyhedral sets in space E”",

wherein the set of control variables X satisfies the
condition X ={x —> Ax<b}, the search for the

optimal solution is carried out by extremizing a
linear functional:

Y = F(X)=Argmaxcx.
xeX

In this case, the optimization problem is solved
by the linear programming method.

The process of human interaction with the
automated control system of an ergatic EPS is
iterative. Iterative algorithms should be applied to
ensure the stability of the solution of optimization
problems in the energy sector. According to the
studies, the convergence of optimization problems
determines the convergence of their solutions in such
a way that the solution of mathematical programming
problems in a fuzzy formulation converges to the set
of solutions of the limiting optimization problem [3].
A study of the convergence of a sequence of sets
defined by a system of constraints — functional
inequalities — is not a study of the convergence of
sequences of functions defining these sets. In the
case of finding a solution to a mathematical
programming problem with linear constraints, the set
of feasible solutions to the limiting optimization
problem is the set X defined by a consistent system
of linear inequalities. The limiting problems of
mathematical programming with mixed constraints
have similar convergence.



0.Y. Churina_Aggregative-decomposition Approach for Optimal Control of a Hierarchical Ergatic Electric ... 35

Thus, when considering the stability of energy
optimization problems, it is advisable to study how
changes in the problem parameters affect the optimal
value of the target functional, as well as the set of
feasible and optimal solutions. If the stability
conditions for an admissible set of optimization
problems are fulfilled, then, with changes in the
system of constraints, the continuity of changes in
the optimal value of the target functional is
predetermined. During the operation of the human —
machine interface of the ergatic EPS, the interrelation
between the stability of the optimization tasks of the
energy industry and the conditions of convergence of
their sequences is manifested.

In the formulation of mathematical programming
problems, constraints are a system of inequalities and
equalities. Restricted optimization problems are also
local problems. A means of coordination in
mathematical programming problems is the
specification of the applied restrictions. The
principles of coordination should be applied to
certain sets of admissible local solutions. Between
the sets of admissible local solutions and the set of
globally admissible control actions there is a
dependence based on the principles of coordination.
According to these principles, local acceptability and
consistency predetermine global acceptability [4].

Aggregate-decompositional approach to finding a
solution to the optimization problems of energy in
the case of linear systems involves the application of
the decomposition of complex linear programming
problems into interconnected subproblems, which
are also linear programming problems. The optimal
feasible solutions of linear programming subtasks
determine the optimal feasible solution to the global
linear programming problem. Moreover, the
decomposition of the global additive linear objective
function and the constraint system is determined in
such a way that the coordination of the control
process is predetermined by the modification of the
objective functions of the linear programming
subtasks. The decompositional subproblems of
linear programming can be coordinated based on the
principle of coordination of interactions if the global
optimization energy problem has an optimal feasible
solution.

The main global mathematical programming
problem has an optimal feasible solution if and only if
the dual problem also has an optimal feasible solution
[4]. The following is true: if a global problem, which
is dual to the main one, has an optimal feasible
solution, then the subtasks obtained as a result of
decomposition are coordinated based on the principle
of coordination of interactions. Moreover, it is
characteristic for a dual problem that the optimal

coordinating signal can be expressed through the
optimal solution of the dual problem, namely:

Bi =By, i=1n,

where B,- coordinating signal; y is the admissible
solution of the dual global problem; B is the matrix
of coefficients.

In the event that the coordinating signal is given
by the vector P, then each decompositional
subproblem of linear programming has an optimal
admissible solution if the global linear programming
problem has an optimal admissible solution. The
search for solutions to the optimization problems of
complex energy systems predetermines the
application of decomposition procedures. When
solving linear programming problems, the Danzig—
Wolf decomposition method and the method of
consistent constraints are used [4]. In this case, to
implement the principles of coordination, one should
formulate local optimization problems in such a
formulation that the optimal local solutions
determine the optimal solution to the global
optimization problem with an optimal coordinating
signal. An acceptable optimal solution to a global
problem in decomposition according to the Danzig—
Wolf method is a convex combination of solutions
of decomposition subproblems, that is, the
implementation of this method does not provide an
acceptable optimal solution to a global optimization
problem.

Decision making in the analysis of hierarchical
energy systems shows that strict global optimality of
control actions and local decisions is not always
feasible due to incompleteness of information. The
incompleteness of information is manifested in the
lack of information about factors affecting the
results of certain decisions, as well as control
actions. The search for solutions to poorly structured
problems in the face of uncertainty is based on
optimization algorithms. A strict optimal solution to
the global problem of optimizing a complex ergatic
EPS can be unrealizable due to time constraints. The
criterion of effectiveness in this case is the
improvement of the global quality function.

The results of the use of stochastic programming
for energy optimization are:

e construction of an aggregated EPS model

based on a descriptive aggregation procedure;

e solution of the optimization problem of the

energy sector, which is the set of optimum
aggregate plans satisfying the conditions of
the combined region;

e solving poorly structured problems under

uncertainty is based on optimization
algorithms.
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Setting optimization problems for the energy
sector is of great importance at the design stage of
EPS. The goal of solving optimization problems is to
find the values of control parameters that extremize
the target functional with a certain system of
restrictions. To optimize the target functional,
mathematical methods of optimization are used; in
this case, it is necessary to express the target
functional in terms of parameters. Decision-making
in complex ergatic EPSs predetermines the
extremization of target functionals for given systems
of constraints, which are the optimization tasks of
the energy sector. Mathematical optimization
methods are: the method of Lagrange multipliers,
mathematical programming, calculus of variations
[2]. Decision making in complex EPS is carried out
in  conditions of  uncertainty.  Therefore,

2. Adaptability of the ergatic EPS architecture at
the operational stage.

3. It is advisable to construct aggregated models
of complex ergatic EPS for the management
functions at the top hierarchical levels of these
systems.

4. The possibility of simulating the effect of
changing the parameters of the optimization problem
of energy on the optimum value of the target
functionality, as well as on the set of permissible and
optimal solutions, the search for which is carried out
on the basis of the aggregate-decomposition
approach.
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mathematical methods for optimizing energy are
stochastic ~ programming, fuzzy mathematical
programming, heuristic programming.

IV. CONCLUSION [3]

Finding a solution to the optimization problem of
managing a hierarchical complex EPS can be
realized by analyzing the method of stochastic
programming, with the following positive results.

1. Possibility of solving the problem of
estimating parameters of distribution of random
values and processes of energy consumption in
hierarchical techno-organizational systems.
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O. WM. Yypina. ArperaTHBHO-IeKOMNO3HIiiiHMIi TWiAXil NPH ONTHMAJILHOMY KepyBaHHi iepapxiuHoio
€pPraTUYHOI0 eJIEKTPOEHEPTEeTHYHOIO CHCTEMOI0

VY naHifl cTaTTi pO3MNIANAIOTHCS ONTUMI3AlliiHI 3ajayl €HEepreTHKH, sSKi IOB’s3aHi 3 ONTHMAJbHHM KEepPYBaHHSIM
CKJIaJIHOI0 EepraTUYHOI0 EJIEKTPOCHEPreTUYHOI cUcTeMoro. [lomryk po3B’s3KiB JaHUX 3a/a4 IPOIOHYETHCS
3IIHCHIOBAaTH Ha OCHOBI €KCTpeMi3amii IUTLOBOro (PYHKIIOHATY, 33JJaHOr'0 3a JOIMOMOrOI0 CTaTUCTUYHOI Mozem. 3
METOI0 aHaJli3y NpoLecy KepyBaHHS CKIAIHOI EPraTUYHOI0 EJIEKTPOSHEPreTHYHOI CHUCTEMOIO IPOMOHYETHCS
3aCTOCOBYBATH arperaTWBHO-IEKOMIO3UIIHHIHA MiaXif, 3TiAHO SIKOMY MOJEJI CKJIAIHUX CHUCTEM EIIeKTPOIIOCTaYaHHS
OITUCYIOTHCSl KOMITO3MIIISIMH B32€EMO3B’s13aHHUX arperatiB. [Ipu moiryky po3B’si3Ky ONTHMI3alliifHOI 3a/1adui KepyBaHHS
CKJIAJIHOIO €JIEKTPOESHEPTETUYHOI0 CHCTEMOIO MPOMOHYETHCS 3aCTOCOBYBATH METOJ] CTOXAaCTUYHOI'O MPOTpaMyBaHHsI, a
TAKOX METOJ] CTOXAaCTHYHHMX KBa3irpajieHTiB. 3 MO3MIIH 00 €KTHO-OPIEHTOBAHOrO IAXOAY CKJIAIHI epraTuyHi
€JIEKTPOSHEPreTUYHI CUCTEMH TPOIOHYETHCS PO3IJLIIATH SIK Kiiac OaraTopiBHEBUMX OaraTOIIBOBUX CHUCTEM, IO €
MPEZIMETOM JIOCTIDKEeHHs KiOepHeTwku. Ilpu LbOMY aleKBaTHICTh aJTOPUTMIYHUX MoJielieldl KepyBaHHS JaHUMHU
crucreMaMu 3a0e3neuyeTbesl peaiizanieto kommnpomicanx meroxiB. llomo peamizamii GyHKUiNH KepyBaHHS Ha BHIHX
iepapXivyHHUX PIBHAX CKJIAJHHUX EIEKTPOCHEPTeTHYHMUX CHCTEM IPOIOHYETHCS CTBOPEHHS arperoBaHUX MOJIENEH JaHUX
CHCTEM i3 3aCTOCYBaHHSM IPOIEAYPU IECKPUIITUBHOTO arperyBaHHs. TakoK pO3INISIHYTO NPHHIMIIN KOOPJIMHAIT
3aa4 MaTeMaTUYHOrO IMPOrpaMyBaHHS €JIEKTPOCHEPIeTHYHUX CHUCTEM, 3TiTHO SKHM JIOKaJIbHA JOMYCTHMICTh 1
Y3TOJPKEHICTh BU3HAYAE II00AJIBbHY AOITYCTHMICTb.

Karo4oBi ciioBa: enexkrpoeHepreTnyHa cuCTeMa; MaTeMaTH4He NporpaMyBaHHSI.



0.Y. Churina_Aggregative-decomposition Approach for Optimal Control of a Hierarchical Ergatic Electric ... 37

Yypina Onexcanapa HocuniBna. Kannuaat Texniunmux Hayk. JlOLeHT.

Kadenpa aBTomaTH3amii i eHEproMeHeHKMEHTY, aepOKOCMIUHUI (akynbTeT, HallioHa pHUI aBialliiiHUN YHIBEPCUTET,
Kuis, Ykpaina.

Ocgita: KuiBChKHii IHCTUTYT 1H)KEHEPIiB ITUBLIBHOI aBiartii, Kuis, Ykpaina, (1990).

HamnpsiMm HayKoBOi AisZIBHOCTI: MOJIETIFOBAHHS CUCTEM 1 MIPOLIECIB.

Kinpkicts myOmikarii: 34.

E-mail: kwh@ukr.net

A. U. Yypuna. ArperaTuBHO-I1eKOMIO3MIMOHHBIN MOAX0A NMPH ONTHMAJIBHOM YNPABJCHHH HepapXuyecKoi
IPraTuvecKoi 3eKTPoIHEPreTHYecKoi cucTeMoi

B nanHOI cTaThe paccMaTpUBAIOTCA ONTUMU3AIMOHHBIE 33/1a4X YHEPTeTUKH, CBSI3aHHBIE C ONTUMAJIBHBIM YIIPABICHUEM
CIO)KHOW 3praTudeckoil 3JeKTposHepreTuueckoil cuctemoil. Iloumck pemieHuss MJaHHBIX 3a4ad  Ipeularaercs
OCYILIECTBIIATH HA OCHOBE SKCTPEMH3ALMHU LIEJICBOr0 (DYHKIMOHAIA, 3aJJaHHOTO C IIOMOLIBIO cTaTHCTHYecKoil Mopenu. C
LENIbI0 aHaNM3a IIpoLecca YNPABIEHHUs CIOKHOM 3praTHYeCKON 3JIEKTPOIHEPreTH4ecKONW CHCTEMOM IpeaaraeTcs
MIPUMEHUTh  arperaTuBHO-JEKOMIIO3ULIMOHHBIM  MOAXOJZ, COIVIACHO KOTOPOMY MOJENIU  CIOXHBIX  CHCTEM
AJIEKTPOCHAOKEHHSI  ONHCHIBAIOTCS  KOMITO3WIMSIMHM ~ B3aUMOCBSI3aHHBIX — arperaToB. [lpm ToMcke penieHus
ONTUMU3ALMOHHON 3a7jaui YIIPaBJIEHHUs CIOKHOM 3JIEKTPOIHEPreTUIECKON CUCTEMON MNpeaaraercs NpUMEHATh METO
CTOXaCTUYECKOTO MPOrpaMMHUPOBaHMs, a TAaKKE METOJ| CTOXaCTHYEeCKMX KBaszurpaaueHToB. C IMO3MIUIA O0OBEKTHO-
OpPUEHTUPOBAHHOTO MOAX0/a, CIOKHBIE 3praTHYeCKHe EKTPOIHEPTeTUUECKHE CUCTEMBI IPeAIaraeTcs paccMaTpUBaTh
KaK KJIacC MHOTOYPOBHEBBIX MHOTOIIETIEBBIX CHCTEM, SIBIISIOIIUXCSI IPEAMETOM HCCIeIOBaHus KHOepHEeTHKH. [Ipu aTOM
aZIeKBaTHOCTh aJITOPUTMHYECKUX MOJIENEH YIpaBiieHWs] JaHHBIMH CHCTEMaMH OOECIeuMBAacTCS pean3aluei
KOMITPOMHUCCHBIX MeTONO0B. J[i1s peanuzanmu (QyHKIMHA YIpPaBICHHsS Ha BBICIINX HEPApPXMYECKUX YPOBHSX CIIOMKHBIX
3NEKTPOIHEPreTHUECKUX CHCTEM IMpenIaraercs Co3JaHHe arperupOBaHHBIX MOJENeH JaHHBIX CHCTEM C MpUMEHEHHEM
MIpOLeyphl JECKPUNTUBHOIO arperupoBaHus. Takxke pacCMOTPEHBI IPHUHIUIIBI KOOPIUHALIMY 3a/1a4 MaTeMaTHIECKOTr 0
MIPOrPpaMMHPOBAHUS  DJIEKTPOIHEPTeTUYECKUX  CHUCTEM, COIVIACHO KOTOPHIM  JIOK&JIbHAs JOIMYCTUMOCTh U
COIVIACOBAHHOCTbH HpeompeiersieT IN00aNbHyI0 JOIyCTUMOCTb.

KnroueBbie c10Ba: 371€KTPOIHEPTETUIECKAs CUCTEMA; MATEMATUYECKOE IPOrpaMMHUPOBAHUE.
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