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Complex optimisation of the control of interconnected power systems at
the interstate level is related to solution and correction of multi-level
hierarchical problems of dynamic programming in general, its separate sub-
problems differing in the time-space and situation aspects. Sarting from the
complex control of instantaneous steady-states (ESS), general principles of
mathematical methods and tools, applied for solution of the multi-stage
hierarchical dynamic programming problem, are considered.

Introduction

The previous paper of the authorsin this edition and also the paper presented
at the conference on operational research [1] give a short overview of the
development of the theory and methods of complex optimisation of control
and operational reliability of interconnected power systems (IPS) on the
interstate level in free market conditions. The main topic of this overview —
main principles and methods of complex optimisation —is considered more
detailed in this paper, based on a more detailed report [2] by L. Krumm at
the All-Russian scientific seminar with participation of foreign scientists
“Methodical problems of the reliability research of large energy systems’, in
Pskov on July 2-6, 2006, on the problems of reliability of the restructuring
power systems.

Below the main principles and approaches of the developed methods are
presented.
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First, the general description of the problem of complex optimisation of
ESS of IPS is stated, on the example of instantaneous ESS. Mathematical
principles of the elaborated and devel oped methods are presented.

Second, the main methodical principles (or approaches) of the analysis
and optimisation of the control over IPS operation and their development at
the interstate level are given.

Set-up of the problems of generalisation and development

of the Generalised Method of Reduced Gradient (GMRG)

for multi-objective correction of ESS, Pareto-optimal correction
in particular, basing on the example of instantaneous ESS of | PS
in market conditions

In the conditions of planned economy, the unique principle of optimisation
of ESS of the United Electrical Power System (UEPS) at all levels of the
dispatch control was commonly accepted. This principle was based on
minimisation of the costs of electricity production and transport in the UEPS
of the former USSR as a whole, i.e. with maximum benefit for the state. As
the main criteria of the optimal planning and short-time control, the
minimum costs of fuel were used.

In market conditions this principle could be applied to optimise the opera-
tion of separate independent EPS by some rational boundary parameters
characterizing the tariffs of active and reactive energy sold, various reserves,
controlled boundary parameters between EPS of different countries (like
interchanged active and reactive power, voltage levels, etc.) and aso para
meters that determine appropriate configurations of the network.

Those rational boundary variables are determined by the market
mechanism on N partners.

We shall consider a certain state of IPS (not necessarily optimal) the
equilibrium state in the cooperation of the partners, if this state is determined
by rational boundary variables within the present market mechanism.

However, the search for a rational version of boundary variables is still
quite arbitrary, basing on the extremely simplified models with partia
application of the optimisation apparatus, and a complex approach is not to
be considered.

Despite of that, it could be proved that partners are striving towards
maximisation of their incomes. In addition, it is clear that in the case of IPS
Baltija we have to deal with three objective functions and not just with one.

In the short-term as well as in the long-term cases, different economic
(income, in particular) and technical (losses or voltage deviations) indicators
could serve as abjective functions, depending on different situations.

In all cases, the improvement of ESS of IPS Baltija in the interests of all
its partners remains atopical issue.



Main Principles and Methods of Complex Optimisation of Operation Control... 391

Striving for such improvement in the interests of all partnersis initiated by
the fact that the above market mechanism does not provide the equilibrium
state being in the corresponding Pareto-optimal region* connected with applica-
tion of one or the other type of objective functions. Moreover, this equilibrium
state could, depending on the different situation, deviate from this domain con-
siderably.

While changing all controls of IPS Baltija from some initial equilibrium
state to some point in the Pareto space, a certain improvement of the state of
all partnersin this space by their objective functions occurs.

For rational improvement of ESS of IPS Baltija in the interests of all
partners, it is expedient that the multi-objective approach will be used, in the
case of which for all controls the minimum values from the set of functions
will be maximised for all partners. If the improvement of the solution for an
one-criterion sub-problem in the complex optimisation, using specia
mathematical tools for acceleration of the computing process GMRG, is
called complex optimal correction of ESS of EPS the improvement of the
solution of multi-objective sub-problems of the complex optimisation using
special mathematical tools for acceleration of the computing process
[application instead of the gradient of the one implicit function the array of
the multi-objective descent or rise (dependent on the minimisation or
maximisation of the partners objective functions)], is called complex multi-
objective or Pareto-optimal correction of ESS of IPS. With this approach,
the characteristic of the techno-economical set-up of sub-problems of the
complex Pareto-optimal corrections of instantaneous EES, and steady-states
(ESS) of IPS, will have the following form [3, 4]:

Let the IPS of N independent states with indexes s, qUJ| R (1,...,N)
consist of a set of knots S, in this case this set could be factorised into
corresponding subsets { Sos| st R} of IPS of N independent states,

whereby S, = DU|RS°S'

The set-up of the sub-problem of Pareto-optimal ESS IPS complex
correction for instantaneous states in normal conditions, in the scope of main
clauses of GMRG and considering the first main clause, in particular at
application of the theory of implicit functions by continuous idealisation of
changes of variables, leads to the following multi-objective search:

minF(Y) or mYaxFS(Y), 04 IR, (N
where

F. (Y) =F [X (Y.D),Y,D], 2

S

*  Pareto-optimal region (domain) or just Pareto-domain is a space in the coordinates of
control variables, such that in any point of this space, in the case of deviation, it is not
possible to improve the state of all partners simultaneously by their objective functions.
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i.e. to the search of a point Y2 of the Pareto-optimal domain Spe of the
objective functions { F, () | sLIR} , proceeding from theinitial point Y, of
the equilibrium state of IPS (established by the market mechanism) with
limitations

Xomin < X(Y, D)< X,

min =

A ®3)
Yo, SYSY,., @

min —
where F,(Y), 041 |® some technical or economical parameter of the
EPS s as an implicit objective function (2) of the array of
independent variables Y of the whole IPS, which, dependent on its
character, will be minimised or maximised;
X —array of dependent variables of the whole IPS, determined by
the non-linear array equation of the whole IPS:

W(X,Y,D)=0 ©®)

as an implicit function X (Y, D) of the array of independent variables
(controls) Y and of the array of initial information D.

Thereby, the index F,,008 IR is an explicit function of the array
Z=(X,Y) and of the array D in the general case. By fixed topological
structure of the electrical connections between nodes of the set S, and fixed
state of the operating equipments, array Z and its sub-array Y in particular,
determine the state of IPS, i.e. not only the electrical state (values of
electrical parameters), but the state of operating equipments and topological
structure of electrical connections as well.

Main methodical principles of the analysis and optimisation of the
control of operation and development of I PS at the inter state level
by complex approach

The first main principle—application of five main clauses of GMRG [5].
At solution of the one-objective sub-problems of complex optimisation
with minimisation of some function F (Y), and at continuous change of
variables, the main roles are played by the first main clause of GMRG about
application of the theory of implicit functions, i.e. by the second form of the
mathematical description of those sub-problems in particular, and even
above the sub-problems of complex Pareto-optimal correction of ESS IPS
(1) — (4), and by the second clause about the choice of the initial basis [the
content of the array of the dependent variables X in the array equation (5)]
and its rational correction in the multi-step computational process for
maximal acceleration of this process with provision of limitations in the
form of inequalities being parallelepiped limitations (4).
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In that case the third main clause of GMRG —forming of the array of
optimal admissible descent Vo (YY) — considers the existing parallelepiped
limitations only. Thereby, Vo (Y) will be determined in a maximal simple
way as a sub-array of the anti-gradient of the objective function

oFlY) e Vor(y) O- oFlY) :
aY oY

The fourth main clause of GMRG concerns the formation of the array
Vort (Y) in the degeneracy situation, in which a part of the essential limita-
tions in the form of inequalities must be determined straight by dependent
variables, and its fifth clause on minimisation of the objective function in the
direction of the array Vo (YY), considering the limitation in the form of
inequalities.

The second main principle at discrete optimisation, determining the
number of units operating in parallel, for instance, is application of GMRG
with continuous idealisation of discretely changing variables [6]. Thereby,
for maximal acceleration of the computing process, a certain rational process
of deformation of the ESS is applied, concerning the application of
continuous idealisation of discretely variable parameters and the methods of
adaptive equalizing for reducing the dimensions of the sub-problem of
optimal correction of the solution in the process of that deformation [7, §].

The third main principle—generalisation and development of
mathematical tools of GMRG according to the first main principle, for
different application conditions of multi-objective and game approaches and,
in particular, with consideration of the following [3, 4, 9-11]:

e search for the Pareto-optimal solutions in common interests of a
certain coalition of partners (EPS of Baltic States in the scope of a
pool, in particular) with application of the max-min criteria (outside
the Pareto-optimal control domain);

» search for the optimal compromise solutions in the common interests
of a certain coalition of partners (EPS of Baltic States in the scope
work of apool, in particular) (inside the Pareto-optimal domain);

» searches for the best solutions in the conditions of different
coalitions of partners (IPS Baltija and | PS of neighbouring states, for
instance), not having sufficient unity of interests based on the max-
min criteriareflecting those interests as well.

Thereby, these mathematical tools are applied for determination of the
rational market mechanism, in particular for selection of optimisation
criteria, boundary conditions, tariffs etc., using main approaches of the game
theory, athough the methods of the multi-objective and Pareto-optimal
control for implementation and correction of these mechanisms, considering
both norma and abnormal (crisis and emergency) situations etc. in the free
market conditions, could have special importance in the future for other
regions of the world.



394 L. Krumm, U. Kurrel, O. Terno

Let us consider more precisely a complicated case of the Pareto-optimal
correction of the equilibrium state of |PS as an example. Let it be:

Yo —initial point (equilibrium state of IPS), such that Y, S¥, where

Sgg} is the Pareto-optima domain;

Y —some arbitrary point in the domain S35 ,i.e. Y 0 S¥ . Inthiscase

par

Dy(Y) =| R (Y) - R (Yo) | (6)

is called an improvement of the objective function F¢(Y) at transition from
the point Y, inthe Y O S (the absolute value is used therefore that in the
case of max F,(Y) F(Y)-F(Y,) ispositive, whereasby min F,(Y) itis
negative).” v

In this case the complex ESS IPS optimal correction sub-problem in its
general form is reduced to the following:

max  minD,(Y), )

YDSOP' s, sOIR

where S, is the set of admissible points of the array Y, determined by the
limitations (3) and (4).

Mathematical tools of GMRG (see above) could be generalised and
developed for the immediate solution of the max-min problems (7). Thereby,
the approximation of the Pareto-optimal domain Sgi in the scope of GMRG
multi-step computation process is essential. Such path is theoretically pro-
spective for the etalon modelling of the complex optimal multi-objective
correction of IPS ESS, however, in the same time, especialy at the begin-
ning stage of the development of thistoal, it is quite labour consuming.

Essentially more simple, even in the sense of the computing process, and
in most cases giving a sufficient accurate solution, is the way of improving
the state of N partners in the multi-step computing process of GMRG, not
with straight solution of the max-min problem, starting from the initial
equilibrium point Y, and using (instead of the array of the multi-objective
admissible descent or accent V(Y] in the case of one-criteria sub-
problem in some point Y after making of g steps) the array of admissible
multi-objective admissible descent or accent [respectively minimisation or
maximisation of the function F(Y) ], Vgg}(Yq), for determination of
which at each step the max-min principle of the improvement of the state of
partnersis used.

Let us consider some point Y =Y, [J Sl for execution of the next step
g+1 tye1 in direction of the array Vpar (Yq,A), which has to led to the
reduction or growth of all objective functions, min or max in (1) respectively
while moving in the direction of the Pareto-optimal domain S22 .

par

ObVI() sSy in_ the case of maximisation, such array
Y
| s IR} could be presented as some linear combination of

th grad|ents
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{dFS—(Yq)|sD|R} 8

Y
i.e
oF,(Y,)
Voo (Yoo A) = {J—Yas| sOIR ¢,
)
where
A={a,|sOI7} (10)
isan array of coefficients, for which the limitations
Az20or{a, 20|sOIR (11)
and
> a.=1 (12)
sOIR
arevalid.

In the case of minimisation in (1), instead of gradients their anti-gradients
are considered.

The limitations (11) and (12) determine the set of possible points
S par (Yq) of thearray V (Yq, A), inwhich it is required to search for a
point of the multi-objective array V oif (Yq)D S/ (Yq) for the search of
the Pareto-optimum. Thereby the limitation (11) excludes even linear
combinations (9), which, obviously, do not lead to the decrease or increase of
all objective functions (1), dependent on their maximisation or minimisation.

In this case it is possible to prove that, according to (9), such an array of
optimal accent or descent, dependent on maximisation or minimisation in the
set-up (1) without consideration of limitations in the form of inequalities (3)
and (4), could be expressed as follows:

Ve (Ya) = Viu (Yo AR (13)

where A =A% is determined as a solution of the following auxiliary
optimisation sub-problem:

n}in{‘va(vq,A)‘Azo; Zas=1}. (14)
sOIR
Here the extension and devel opment of the GMRG tool in transition from

the single-criteria sub-problems of the IPS ESS complex optimisation to the
solution of corresponding multi-objective improvement of the IPS ESS,
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where the array Y in changing from the initial state Y, to the corresponding
Pareto-optimal point Y& (Y,) , isleading to the following:

IF(¥,)
oY

criterion approach, the main role here by solution of the multi-
objective approach is played by the array of the multi-objective
accent or descent (not considering the limitations in the form of
inequalities (3) and (4) Ve (Y,). Thereby ‘Vgg; () ‘ -0, if
Yo - Y&

2) it could be proved that with redlization of the third main clause of
GMRG, the array of the multi-objective accent or descent Vo (Yq) ,
considering the paraleepiped limitations in the form of inequalities
(3), will be formed exactly in the same way as without consideration of
these limitations, and, for the sub-array of independent variables of
lower dimenson Y'OY , the contents of the components of which
will be determined on the basis of the array V3§ ()\? ) of complete
dimensions;

3) it could be shown that to avoid the degeneration, requiring realisation
of the third main clause of GMRG, the role of an efficient change of
the basis will essentialy increase, in which case the determination of
the array Vot (Yq) will be much more complicated, and the multi-
step computation process will be essentially dowed down;

4) it could be shown that in redlisation of the fifth main clause of GMRG,
the same mathematical tool as at solution of one-objective sub-
problems of complex optimisation could be used. However, from
multiple possible steps on the search of the extreme of the objective
functions of different partners the minimal one must be selected to
avoid degradation of the objective function of any of partners.

Such multi-step process of the multi-objective improvement of IPS ESS
in the scope of main principles of GMRG is caled Pareto-optimal
correction, i.e. correction of ESS of IPS which leads, integrated and with
given accuracy, to the multi-objective improvement in accordance with the
mini-max set-up of the problem (7), where the array Y, approaches from the
point Y, to the Pareto-optimal domain S‘;g} inthe point Y 55t .

The fourth main principle of the multi-objective optimisation, and
Pareto-optimal correction in particular, considering discrete variation of para-
meters, is reduced, as in the case of the second principle, to the continuous
idedlisation of discretely varying parameters and to the adaptive equaizing.
However, the strict adjustment of approximate solutions within the scope of
the abovementioned continuous idedlisation in the deformation process of
equations is realised with approximation of the objective, using the integral
form of the least sgquare method and its last devel opments — orthogona wave
functions [3, 4, 10, and 12]. Here, for acceleration of the computing processin

1) instead of the gradient of the objective function by one-

q
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the scope of GMRG for precision of the approximate Pareto-optimal solution,
proceeding from the process of logarithmic mean (i.e. suppression of narrow
waves by totalizing of certain sub-totals of orthogona series, based on the
weight logarithmic means), a certain combination with the new developed
method —the method of control plane — is applied. This move enables to
eliminate from the search inappropriate discrete points using large series,
without the need of their thorough examination.

The fifth main principleliesin the rational Pareto-optimal correction of
the ESS of partners within the scope of their separate coalitions, considering
nonantagonistic conflicts between coalitions (in the case of parallel operation
of IPS Baltija with IPS of neighbouring countries, for instance), based on the
development of the general form of game theory [10, 11, 13]. This is
expressed in the following:

1) in the general case —in application of income (or costs) function
and certain max-min (min-max) criteria for rational correction of
Pareto-optimal solutions [this is directed towards maximisation of
the total income (or minimisation of the total costs) for different
coalitions of partners], taking into account the possibilities of unsuit-
able changes of the equations on the boundaries of neighbouring
coalitions in certain sub-regions, which could be iteratively adjusted
in the development process of the cooperation;

2) in elaboration of a corresponding method of composition of the
iterative game process;

3) in elaboration of the solution methods for corresponding max-min
(or min-max) sub-problems, which are based on GMRG and on the
development of its mathematical tools for determination of solving
functions for acceleration of the correction of Pareto-optimal solu-
tions.

The next main problem lies in the evaluation method of the sub-domains
of possible changes of equations on the borders with neighbouring coali-
tions, taking into account the iterative development process of the coopera-
tion of IPS coalitions.

In the studies on the market games the max-min principle is generally
used. According to this principle, every gambler (or a coalition as well)
considers each of its strategies, such a strategy of his counter players, which
could harm him most in the given situation, and, proceeding from this,
elaborates his most favourable strategy. In the given case, it is an anta
gonistic game with collisions between gamblers (or coalitions). Although
some of investigators do mention that not all other gamblers wish always to
cause maximum loss for us, but just want to get the maximum profit, which
is not reflected in the zero-sun games. Nevertheless, a corresponding
research of the market relationsis not known until now.

Thereby, the research carried out by BASRE has made the first step on
correction of max-min principle in the direction leading to the iterative
adjustment of the strategy of gamblers, basing on the modification of the
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characteristic function, and it could be considered a new methodological
approach to elaboration of a corresponding generalized method at the level
of IPS coditions [10, 13].

The sixth main principle liesin application of the optimality principlein
the reduction of multi-stage hierarchical problems of dynamic programming
to solution of separate sub-problems of complex optimisation on the basis of
principles 1-5 [3, 4]. Thereby, the optimal control of ESSin its general form
is related to consideration of the multi-stage hierarchical sub-problems, which
differ in the time, space, and situation aspects. A similar approach is also used
in optimisation of the development of IPS. Alternatively, on the other side, this
approach enables to consider the application of main principles 1-5 for
solution of multi-stage hierarchical problems of dynamic programming.

Conclusion

The main principles and methods represent the kernel in development of the
theory and methods of complex optimisation of the control and of operation
reliability of interconnected power systems (IPS) at interstate level in free
market conditions, considered by the authorsin [1].

Acknowledgements

Authors wish to thank the Estonian Science Foundation for the financid
support of the research (Grant No. 6171).

REFERENCES

1. Krumm, L., Kurrel, U., Terno, O. Development of the theory and methods of the
complex optimisation of the control and reliability of the interconnections of
power systems (IPS) on the interstate level in free market conditions// Proc.
Fifth International Conference on Operational Research: Simulation and
optimisation in business and industry, SOBI 2006”, Tallinn, 2006, May 17-29.
Talinn: 2006. P. 178-182.

2. Krumm, L. Anaysis, and optimisation of control, operational reliability and
development of reliability of operation and development of interconnected
power systems (IPS) at the interstate level in free market conditions// Collec-
tion of papers “Methodological problems of reliability study of large energy
systems (LES)”. Vol.55. Methodological and practical problems of the reli-
ability of energy systems. ISRE of SB of Russian Acad. Sci. Irkutsk, 2005.
P. 7-22.

3. Krumm, L., Kurrel, U., Tauts, A., Terno, O. (EERI); Zeidmanis, |. (DC Baltija),
Krigans, Z. Dale, V., Putnynsh, V., Oleinikova, I. (IPhE). Theory and Methods
of Complex Optimisation of the Interconnected Power System// Proc. World



Main Principles and Methods of Complex Optimisation of Operation Control... 399

10.

11

12.

13.

Energy Council Regional Forum “Central and East European Energy Policies,
Markets and Technologies for the 21. Century”, Vilnius, 1999. P. 198-210.
Krumm, L., Kurrel, U., Tauts, A., Terno, O. (EERI); Zeidmanis, |. (DC Baltija),
Krigans, Z. (IPhE). Power Systems Control Complex Optimization in the New
Market Conditions// Preprints IFAC Symposium on Power Plants & Power
Systems Control (Organized by the IBRA-BIRA Federation), Belgium,
Brussels, April 26-29, 2000. P. 483-488.

Krumm, L. The method of reduced gradient in the control of power electric
systems. — Novosibirsk: Nauka, 1977, 368 pp. [in Russian].

Krumm, L., Kurrel, U., Mere, T. Continuous-discrete and stochastic mathema-
tical model for analysis and optimisation of self-determinative steady-states
(ESS) of electrical power systems// Proc. Latvian AS, Ser. Phys. Techn. Sci.
1988. No. 5. P. 6166 [in Russian].

Krumm, L., Mantrov, V. Methods of adaptive equalizing in the problems of
analysis of steady-states of electrical power systems and their control // Proc.
AS USSR, Energy and Transport. 1989. No. 6. P. 19-32 [in Russian].

Krumm, L., Mantrov, V. Methods of Adaptive Equivalencing in Problems of
Analysis of Steady-State Conditions of Power Systems// Sov. Tech. Rev. A.
Energy. 1993. Vol. 6. P. 35-65. Photocopying permitted by license only ©
Harwood Academic Publishers Gmb., 1993. Printed in the USA.

Krumm, L. The cooperation between the Baltic States on the electric power
management: modernisation of the development and control system of
BALTIJA (Presented at the Fourth International Symposium on the World
Energy System “Development of Interconnected Power Systems’, Budapest,
5-8 Oct. 1994) // Perspectivesin Energy. 1994-1995. Val. 3. P. 351-357.
Krumm, L., Kurrel, U., Tauts, A., Terno, O. (EERI); Zeidmanis, |. (DC Baltija),
Krigans, Z. (IPhE). Power System Control Complex Optimization Using Pareto
Optimality and Game Theory // Proc. Modern Electric Power Systems: Inter-
national Symposium September 11-13, 2002, Wroclaw, Poland. P. 232-237.
Krumm, L., Kurrel, U., Tauts, A., Terno, O. (EERI); Zeidmanis, |. (DC Baltija),
Krigans, Z. (IphE). Power System Control Complex Optimization Using Pareto
Optimality and Game Theory // Proc. 2nd International Workshop “Liberaliza-
tion and Modernization of Power Systems: Congestion Management Problems’
August 11-14, 2003, Irkutsk, Russia. P. 136-142.

Tauts, A. Optimization problems with points of discontinuity and discrete argu-
ments// Proc. Estonian Acad. Sci. Phys. Math. 2004. Vol. 53, No. 3. P. 177-
185.

Tauts, A. Upgrading the maxmin principle for nonzero-sum-games// Proc.
Estonian Acad. Sci. Phys. Math. 2002. Vol. 51, No. 3. P. 160-169.

Received March 07, 2007



