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One of the main tasks to be solved during planning the short-term modes of power systems is the
optimization of compositions of operating units in power plants. In general case, it is a complex problem of
nonlinear mathematical programming. Its solution, in essence, comes down to determining for each time
interval of the planning period the composition of units to be put into operation or to be stopped. Currently,
there are many methods and algorithms for solving of this problem. On the powers obtained at this stage and
generalized energy characteristics, the optimal compositions of operating units in power plants are
determined. The effectiveness of proposed algorithm is researched on the examples of power systems mode
optimization with determination the composition of operating units in power plants. The high accuracy of
results of optimization and the reliability of convergence of iterative process is ensured due to direct use in
calculations the real, obtained in tabular form, energy characteristics of power plants with effective
consideration of functional constraints by penalty functions, as well as due to the ability of genetic

algorithm to solve multi-extremal problems without any simplifications.

1 INTRODUCTION

In problems of optimal planning of short-term
modes of power system, the unevenness of
consumers load schedules sets the conditions for
changing the composition of operating units in
power plants. In order to reliably provide consumers
with high-quality electricity at minimal economic
costs, it is advisable to use the optimal composition
of operating units in power plants in each time
interval of the planning period. Thus, here the task is
to determine for each time interval of planning
period the composition of units to be put into
operation or to be stopped in power plants
participating in optimization in accordance with the
changing of load schedule,.

Currently, in the existing literature there are
many methods and algorithms for solving the
problem under consideration [1-13].

Due to the simplicity and ease of using, the most
widely used algorithm is based on the preliminary
construction of energy characteristics for all the
possible combinations of operating units [1, 2].
According to this algorithm, stopping of the unit
when the load decreases begins from that one,

turning off which provides the greatest savings in
fuel costs. By analogy with this in the intervals of
increasing the consumer loads, the start-up of the
next units begins from that one, in which the
maximum savings of fuel costs is ensured.

Thus, the use of such algorithm provides for the
multiple solution of the optimization problem to
build a series of dependencies for each interval of
the power system load change. In addition, the
calculation of fuel costs using a simplified method,
as well as considering the possibility of successively
turning off (or turning on) the units when the load
changes, introduces additional errors that reduce the
effect of optimization.

The algorithms proposed in [3, 4, 9], which are
based on the use of mixed integer linear
programming, have also become quite widespread.
However, they allow us to obtain the approximate
solutions of the problem only.

In [5, 6], the use of classical Lagrange relaxation
methods and the selection of options by priority for
solving the problem under consideration are
proposed. Despite the simplicity of the algorithm,
these methods are characterized by problems
associated with obtaining a solution with sufficient
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accuracy and a rather long duration of the
calculation process. In [10], an algorithm for
choosing the composition of units in power plants
and determining their optimal capacities based on
the differential assessment method is described.
However, this algorithm has not found wide
application for solving practical problems due to
some computational difficulties.

In [7, 8], particle swarm optimization algorithms
are proposed for solving the problem under
consideration. They are based on the use of
quadratic energy characteristics of plants, which are
obtained by approximation the real characteristics of
power plants, usually given in tabular form. These
algorithms have good computational qualities and, in
most cases, allow us to obtain the optimal solution
of the problem with sufficient accuracy. Along with
this, in some cases, they encounter difficulties
associated with taking into account functional
constraints in the form of inequalities, as well as
decreasing the accuracy of the results due to the use
of quadratic approximation functions of energy
characteristics of power plants.

In connection with the indicated shortcomings,
which have place for existing methods and
algorithms  for solving the problem under
consideration, the problem of their improvement to
overcome the above mentioned difficulties remains
an urgent task. The urgency of the problem is also
associated with the need to frequently solving of this
problem for modern power systems, which include
solar and wind power plants with significant
capacity [12-14].

Over the past few years, a number of works on
the use of artificial intelligence methods, in
particular, a genetic algorithm, in solving the
problems of optimization of modes of power
systems, such as [7, 8, 15-17] have appeared. The
positive features of the genetic algorithm,
determined by the ability to work with objective
functions that have discontinuities, determine the
global extremum of multiextremal problems without
simplifying them, creates a good conditions for their
effective use in solving the problem under
consideration.

This paper proposes an effective genetic
algorithm for optimization of composition of
operating units in power plants, taking into account
regime and technological constraints, where many of
the difficulties typical for existing algorithms are
successfully overcome.

2 METHODS AND MATERIALS

To present the essence of the proposed algorithm,
consider a power system containing only thermal
power plants (TPPs) which are involved in
optimization. Since if there are hydro power plants
(HPPs) participating in optimization, they are taken
into account using indefinite Lagrange multipliers,
which physically represent the equivalents of the
fuel costs of water consumption in them.
Accordingly, at known values of these multipliers,
multiplying them by the energy characteristics of the
corresponding HPPs, we obtain equivalent fictitious
TPPs (in calculation sense). Further optimization is
carried out as for a power system containing only
TPPs involved in optimization. The values of these
multipliers can be determined as in [18,19]. The
proposed algorithm provides for accounting for
other types of power plants using existing methods
that do not affect its efficiency.

Thus, the objective function, which is a function
of the total fuel costs in the TPP of power system
for the planning period T, has the following form

Q):

F=YY[B.(P.c)+Bi(rc)] (@

M=

n
t=1 i=l

]
JiN

where n, nr are the number of TPPs involved in
optimization and time intervals in considered period
of planning the power system mode T, respectively;
Py, Bir— active power and fuel costs of i-th TPP in t-

th time interval of the planning period; C; is a

combination of operating units in i-th TPP in t-th
interval, 7, is idle time of the i-th TPP unit after

shuting down and start-up it in the t-th time interval;
g2 - fuel costs associated with the start-up of the unit

of i-th TPP (start-up consumption), left in the off
state for a while T It also takes into account the

costs associated with a reduction the service life of
the unit as a result of the next start.

The dependence of the starting fuel consumption
on the idle time of the unit is non-linear. However, it
has been proven that when the idle time of the unit
does not exceed 20 hours, the dependence is
approximately linear and it passes through the
origins of the coordinate axes. In this case, this

function can be represented as T-Bfi (c;)and, in

accordance with this, the optimization problem for
the planning period can be reduced to the problem of
interval optimization, when it is solved separately
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for each time interval. In this case the objective
function for any interval is represented as follows:
n
F=YBE.c)+Bi@] @
i=1
B®
where BS :%.

Minimization of (2) by optimization the
composition of operating units in TPPs and their
respective capacities is carried out taking into
account  constraints on: the number of
simultaneously started (or stopped) units, the
balance of active power in power system (3)

W=>P -P,-7=0 ®)
i=1

the minimum and maximum allowable powers of
power plants (4)

Pimin SPI Splmx, (4)

the minimum and maximum power flows in
controlled power transmission lines (PTL) (5)

lein SplsplmaX, IEL, (5)

where W is the function of unbalance of active
power in power system; Pp is the total active load in
power system; x is the total losses of active power in
electrical networks of power system; P, pm", pma

are calculated and maximum allowable powers of
TPP; L is the set of PTL in which the active power
flows are controlled; p,, p™, pm= are calculated

and specified limit values of the active power flow
along the I-th controlled PTL.

In the proposed algorithm, the considered
problem of integer programming is solved by
methods of continuous mathematical programming.
The calculations are carried out in two stages. At the
first stage, for each TPP, according to the given
energy characteristics of the units and all possible
combinations of jointly operating units, a
generalized energy characteristic is built. At the
second stage, the optimization of the power system
mode is carried out according to the generalized
energy characteristics of TPP obtained at the first
stage, taking into account all regime and
technological constraints.

If the relative increments of fuel costs for units in
TPP are given, then such characteristic for any
particular combination of them is constructed by
summing the abscissas of the units included in it by
the equality of the relative increments in them.

Let is explain the methodology for construction
the generalized energy characteristics of power

plants using the example of TPP that has two
possible combinations of operating units with the
corresponding characteristics of relative increments
(CRI) (Figure 1 a) and consumption characteristics
(Figure 1 b) of fuel costs. Analyzing these CRIs, we
can draw the following conclusions: at plant
capacities in P,;m"-P,™" range, the single possible
composition of operating units is the composition
corresponding to the characteristic 1, and in the
range of Py™P,"* js the composition
corresponding to the characteristic 2. To determine
the power of the plant, at which it is necessary to
switch from one composition of units to another one
in range of P,m"-P;™ we should compare the fuel
costs By and Bj, determined for the operating
conditions of combinations the units with
characteristics 1 and 2, respectively. Let's assume
that combination of units 2 differs from combination
1 by one included unit. In this case, B, should
include in its composition the starting consumption
of the newly switched on unit BS;. For example, if
at power P,m" B; > By, then at the same point the
transition to the composition with combination 2 is
carried out. Otherwise, the transition point is
searched in specified range P,™"-P,;™* at which the
condition By = By is provided. At the transition point
from composition of unit 1 to 2 the following
equality is carried out (6):

Py P
[ b.(P)dP, = [b,(P,)-dP,+B,"  (6)

lelﬂ szm

where P, is the power of the plant at the transition
point; s, is the starting consumption of fuel costs

for the next unit to composition 1.

If B;<B; remains within the range P,™"-P;m,
then the power at which the forced transition to the
composition with combination 2 is carried out is
Pqmex,

Figure 1 shows the generalized CRI obtained on
the basis of the calculation according to the
described algorithm (Figure 1 a) and the
corresponding consumption characteristics of fuel
costs (Figure 1 b) for the example under
consideration.

In general case, in modern power plants there
can be many combinations of compositions of
operating  units.  Accordingly, obtaining a
generalized energy characteristic for the plant by the
described algorithm becomes a time-consuming, but
solvable task. On the other hand, in many plants the
simultaneous start-up of more than one unit is not
allowed because technical reasons. In such cases, the
construction of a generalized characteristic based on
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the determination of transition points to the next
compositions of units is simplified by reducing the
number of compared variants of combinations.

b

a)

b)

Figure 1: Construction of generalized characteristics of
relative increments - a) and consumption characteristics of
fuel costs - b) of TPP.

Thus, for the entire control range of each power
plant, all transition points from one composition to
another are determined. As a result, usually,
sawtooth similar CRIs for plants are obtained
(Figure 1 a). Accordingly, the resulting problem of
optimization of mode of power system with such
CRI of plants becomes multi-extremal.

After obtaining the generalized energy
characteristics of power plants, the second stage of
calculation is performed. Where the objective
function which is the sum of the generalized
consumption functions of TPPs involved in
optimization is minimized (7):

F=>B/(R)—>min (7)
i-1
subject to all the above presented constraints.

The proposed algorithm provides for solving the
last optimization problem by genetic algorithm. At
the same time, to improve the convergence of the
iteration process, the constraint on the balance of
active power in power system (2) is taken into
account by the allocation of a balancing plant. In this
case, the power of this plant goes into the number of
dependent variables. Therefore, the constraints on its
maximum and minimum allowable values are taken
into account using penalty functions in exponential
form (8), (9):

P=P,+7-3R" ©
i=2
G = ae/’(Prleax), G v = aeﬁ(*PﬁPf“m), (9)
where «, § are weight (penalty) coefficients.

Accounting of functional constraints in the form
of inequalities is also carried out by exponential
penalty functions (10):

=™ G = e (-r+pm™) (10)

G

I.max I.min

The generalized objective function, which is
minimized by the genetic algorithm, taking into
account constraints (4), has the following form (11):

F:iBi(F)i)+Gnax +G +LZPG\max +LZPGImin —>min (11)
i=1 1=1 1=1

According to the optimal capacities of powers
and generalized energy characteristics obtained as a
result of solving the last problem, the optimal
compositions of the operating units in them are
determined.

Due to the performance of optimization using the
real, usually given in tabular form, energy
characteristics of plants, their powers obtained at the
second stage of calculation are automatically
optimal for certain already optimal compositions of
operating units in them. Unlike many existing
algorithms for solving of this problem, it is not
required to perform additional optimization of power
system mode using energy characteristics for the
selected optimal compositions of units in plants.

Thus, the calculations according to the proposed
algorithm are performed in the following order:

1) construction of the generalized energy
characteristics of power plants based on the
determination of transition points in the CRI of
individual combinations of units;

2) optimization of power system mode using the
generalized energy characteristics of plants and
taking into account all the constraints by
genetic algorithm;

3) determination of the optimal compositions of
operating units in power plants according to the
corresponding ones obtained as a result of
implementation of Section 2, plants capacities.

3 RESULTS AND DISCUSSION

The efficiency of the proposed algorithm was
researched on the example of optimization the
composition of operating units in the problem of
optimal distribution of power system load of 800
MW between three TPPs with two units of the same
type. The CRI of fuel equivalent consumption of one
unit and reference fuel equivalent consumption at its
minimum load are shown in Table 1.
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Table 1: The characteristics of relative increments of fuel equivalent consumption of TPP units.

Py,

o 100 108 115 130 159 188 210

(YIS MW

& i 2 by,

[ e 0.301 0.303 0.305 0.307 0.309 0.330 0.332
MW -h.

C\‘I IZ‘.;' = 5\2,\’/ 80 96 109 110 160

a s b,,

a b= | Y 0.316 0.317 0.319 0.334 0.3341
MW -h.

®mo . Ps, 150 240 270 271 300

125 MW

& e bs,

(s g} Lie 0.295 0.296 0.297 0.300 0.3001
MW -h.

To compare the calculation results, Table 2
shows the results of optimal distribution of power
system load at all the possible compositions of
operating units in TPPs.

Table 2: The results of the optimal distribution of power

Table 3: The results of optimizing the composition of
operating units by the proposed algorithm.

system load between TPPs at various possible
compositions of operating units.
TPP-1 TPP-2 TPP-3
=
2 2 2 T 8
S E G E G E 2 8<
S o Pl‘ 3 o PZ’ 3 o P3’ = € o
ES | MW | £E5| MW | €S| MW | § 3%
S g R ERY - <
zg zZ 3 zZ 3 8
o o o
1 120.0 1 80.0 2 600.0 258.75
1 210.0 2 290.0 1 300.0 263.73
1 100.0 2 160.0 2 540.0 263.18
2 390.22 1 109.78 1 300.0 262.41
2 200.0 1 80.0 2 520.0 263.94
2 337.54 2 162.46 1 300.0 264.91
2 200.0 2 160.0 2 440.0 268.75

TPP-1 TPP-2 TPP-3
-
j2] [2] w TJ .9
= %5 S %5 S 2a<g
co| Pu | 22| Pa| 22| P 5 éf_»
o o o o o C n
ES MW ES MW ES MW 2 g -
zZg zZg zZg o
o o o
1 120.0 1 80.0 2 600.0 258.75
Table 4: Daily load schedule of power system.
t, h. 1 2 3 4 5 6
Po. 3650 | 3500 | 3450 | 3550 | 3650 | 3800
MW
t, h. 7 8 9 10 11 12
Po. 3900 | 4000 | 4100 | 4200 | 4150 | 4050
MW
t, h. 13 14 15 16 17 18
Po. 3950 | 3900 | 3960 | 4000 | 4100 | 4200
MW
t, h. 19 20 21 22 23 24
Pot. 4400 4550 4590 4500 4200 3900
MW

Table 5 shows the results of optimization the

Comparing the results given in Table 2, we
determine the mode in which the total consumption
of fuel equivalent in TPPs is minimum 258.75 t.f.e./
h. and the optimal compositions of operating units
in them are 1, 1, 2, respectively. Table 3 shows the
results of solving of the problem under consideration
by the algorithm proposed here.

Comparing the results obtained in Table 3 with
the reference one given in Table 2, we can verify the
high accuracy of the proposed algorithm.

The effectiveness of the proposed algorithm was
also studied in more complex example, where it is
required to determine the optimal compositions of
operating units in three TPPs with 5, 12 and 7 units
of the same type, respectively, during the day with
optimal coverage of the daily load schedule of
power system shown in Table 4.

composition of operating units in TPPs, by the
proposed algorithm for several hours of the day with
total loads of 3500 MW, 4000 MW, 4500 MW and
4200 MW.

Table 5: The results of optimization the composition of
operating units in TPPs.

TPP -1 TPP-2 TPP-3
S
2 2 2 — b
= = 5 S ERRE
| 23 o3 o3 EESES
| &2 P |82 P | 32| P | g8Z8
ES| MW | EE| MW | ES | MW | B3 E 5
— —_ —_ C o
zZg zg zg sé
o o o
1 | 5 | 1050 | 3 | 350 7 | 2100 | 11313
2 | 5 | 1050 | 6 | 850 7 | 2100 | 1302.1
3 5 1050 9 1350 7 2100 1473.0
4 5 1050 7 1050 7 2100 1370.2
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In order to evaluate the effectiveness of the
proposed algorithm, reference results are also
obtained based on a simple selection and comparison
of them for all possible combinations of operating
units in power plants. Comparing them with the
results shown in Table 5 showed their complete
agreement.

Thus, the proposed algorithm for optimization
the composition of operating units in power plants
based on genetic algorithm allows us to reliably
obtain the solution of the problem with high
accuracy. A characteristic feature of genetic
algorithm makes it possible to directly use the
generalized energy characteristics of plants without
their correction in order to reduce them to a convex
programming problem. This ensures an increase the
accuracy of optimization and, accordingly, the effect
of optimization.

4 CONCLUSION

The paper has accomplished the following:

1) A new algorithm for optimization the
composition of operating units in power plants
of power system based on genetic algorithm,
which allows us to obtain the optimal solution
of the problem, taking into account regime and
technological constraints in the form of
equalities and inequalities with sufficient
reliability and accuracy is proposed.

2) An increase the accuracy of the results when
using the proposed algorithm is ensured by
optimization with the direct use the real energy
characteristics of power plants, which are
usually specified in tabular form.

3) To implement the described algorithm for
optimization the composition of operating units
in power plants with direct use of their energy
characteristics specified in tabular form, it is
advisable to apply a genetic algorithm with real
coding of variables.

REFERENCES

[1] A. Bhardwaj, V.K. Kamboj, V.K. Shukla, B. Singh,
and P. Khurana, “Unit commitment in electrical
power system - a literature review,” in IEEE
International Power Engineering and Optimization
Conference (PEOCO), Melaka, Malaysia, 2012,
pp. 275-280, doi: 10.1109/PEOC0.2012.6230874.

[2] E.B. Saitov and T.B. Sodiqov, “Modeling an
Autonomous Photovoltaic System in the Matlab
Simulink Software Environment,” in AIP Conference

Proceedings, vol. 2432, 2022, 020022, doi:
10.1063/5.0057797.
[3] E.B. Saitov, Sh. Kodirov, B.M. Kamanov,

N. Imomkulov, and I. Kudenov, “Increasing the
Efficiency of Autonomous Solar Photovoltaic
Installations for Power Supply of Agricultural
Consumers,” in AIP Conference Proceedings,
vol. 2432, 2022, 040036, doi: 10.1063/5.0057798.

[4] F. Zikrillayev, E.B. Saitov, J.B. Toshov,
B.K. llyasov, and M.B. Zubaydullayev, “A Software
Package for Determining the Optimal Composition
and Parameters of a Combined Autonomous Power
Supply System Based on Renewable Energy
Sources,” in AIP Conference Proceedings, vol. 2432,
2022, 020021, doi: 10.1063/5.0057802.

[5]1 A. Bhardwaj, “Unit Commitment in Power System:
A review,” International Journal of Electrical and
Power Engineering, vol. 6, no. 1, pp. 51-57, 2012,
doi: 10.11591/telkomnika.v11i1.238.

[6] N.P. Padhy, “Unit commitment — a bibliographical
survey,” |EEE Transactions on Power Systems,
vol. 19, no. 2, . 1196-1205, 2004, doi:
10.1109/TPWRS.2004.825866.

[71 H.Y. Yamin, “Review on methods of generation
scheduling in electric power systems,” Electric Power
Systems Research, vol. 69, no. 2-3, pp. 227-248,
2004, doi: 10.1016/j.epsr.2003.12.007.

[8] S. Virmani, E.C. Adrian, K. Imhof, and
S. Mukherjee, “Implementation of a Lagrangian
relaxation based unit commitment problem,” IEEE
Transactions on Power Systems, vol. 4, no. 4, pp.
1373-1380, 1989, doi: 10.1109/59.32645.

[9] K. Senjyu, T. Shimabukuro, K. Uezato, and
T. Funabashi, “A fast technique for unit commitment
problem by extended priority list,” IEEE
Transactions on Power Systems, vol. 18, no. 2,

pp. 882-888, 2003, doi: 10.1109/TPWRS.2003.
811140.
[10] M M. Morato, J. D. Vergara-Dietrich,

P. R. C. Mendes, J. E. Normey-Rico, and C. Bordons,
“A Two-Layer EMS for Cooperative Sugarcane-
based Microgrids,” Int. J. Electr. Power Energy Syst.,
vol. 118, p. 105752, 2020.

[11] B. O. Anyaka, J. F. Manirakiza, K. C. Chike, and
P. A. Okoro, “Optimal unit commitment of a power
plant using particle swarm optimization approach,”
Int. J. Electr. Comput. Eng., vol. 10, no. 2, pp. 1135-
1141, Apr. 2020.

[12] Y. Wang, J. Yan, J. Li, Z. Li, and W. Zhang, “A new
model of economic dispatch considering energy
conservation and environmental protection in
electricity market,” Energy Procedia, vol. 17,
pp. 1769-1777, 2012.

[13] R. Storn and K. Price, “Differential evolution — a
simple and efficient adaptive scheme for global
optimization over continuous spaces,” Tech. Rep.
TR-95-012, Int. Comput. Sci. Inst., Berkeley, CA,
USA, 1997.

[14] M. F. Anjos, “Recent Progress in Modeling Unit
Commitment Problems,” in Model. Optim. Theory
Appl., New York, NY, USA: Springer, 2013, pp. 1-
29.

[15] N. Troy, E. Denny, and M. O’Malley, “Base-load
cycling on a system with significant wind
penetration,” IEEE Trans. Power Syst., vol. 25, no. 2,
pp. 1088-1097, May 2010.

264



Proceedings of the 11th International Conference on Applied Innovations in IT, (ICAIIT), March 2023

[16] T. Gayibov and B. Pulatov, “Optimization of Short-
term Modes of Hydrothermal Power System,” E3S
Web Conf., vol. 209, p. 07014, 2020, doi:
10.1051/e3sconf/202020907014.

[17] T. Gayibov and E. Abdullaev, “Optimization of daily
operation mode of photovoltaic systems of
enterprises,” E3S Web Conf., vol. 264, p. 04063,
2021, doi: 10.1051/e3sconf/202126404063.

[18] T. M. Mohan and T. Nireekshana, “A Genetic
Algorithm  for Solving Optimal Power Flow
Problem,” in 2019 3rd Int. Conf. Electron. Commun.
Aerospace Technol., Coimbatore, India, 2019,
pp. 1438-1440, doi: 10.1109/ICECA.2019.8822090.

[19] C.-L. Chiang, “Improved genetic algorithm for power
economic dispatch of units with valve-point effects
and multiple fuels,” IEEE Trans. Power Syst.,
vol. 20, no. 4, pp. 1690-1699, Nov. 2005, doi:
10.1109/TPWRS.2005.857924.

265





