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Abstract. Many existing methods and algorithms for optimization of short-term modes of power systems
provide in calculations the introduction of a slack bus station, which ensures the balance of active power
and, accordingly, the permissible frequency. In cases where the real load deviates from the planned one,
determined by forecasting, the power system mode may turn out to be not optimal, and sometimes even not
acceptable. This factor is especially noticeable in conditions of partial uncertainty of initial information
about loads of nodes. To overcome this problem, planning of power system mode should be carried out
taking into account the frequency change and, accordingly, the regulatory capabilities of all stations.

This paper proposes an algorithm for optimization of modes of power systems in terms of partial
uncertainty of initial information about loads, taking into account the frequency change. On the basis of
computational experiments using the proposed algorithm, it is shown that taking into account the frequency
change when planning modes of power systems with partially undefined loads of nodes can give a

significant economic effect.

1 Introduction

Optimal planning of short-term modes of modern
power systems refers to complex problems of nonlinear
mathematical programming. It is characterized by the
presence of a large number of variables of different
scales, simple and functional constraints in the form of
equalities and inequalities. Usually, such problems are
solved on the basis of dividing the planned period (for
example, a day) into small time intervals (for example,
hours), within which the system is considered as a static
system. To this period many different methods and
algorithms have been created for solving of problems as
a results of activities of many authors around the world.
These include classical [1-3] and heuristic [4, 5]
methods, as well as artificial computational intelligence
methods based on ant algorithms [6, 7], artificial neural
networks [8, 9], cuckoo search [10] , fuzzy logic [11],
bees [6, 12, 16], particle swarm optimization [13],
evolution [14, 15], etc. Some of these methods and
algorithms are already used to solve practical problems
of production. At the same time, the need to take into
account some additional factors, which take place for
modern power systems require their corresponding
improvement. One of the problems is associated with
solving the problem with sufficient accuracy under
conditions of partial uncertainty of used initial
information about consumer loads and taking into
account of frequency change. The existing methods for
solving the problem under consideration are mainly
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adapted for using the deterministic initial information.
Therefore, their application in conditions of partial
uncertainty of initial information is possible on the basis
of reducing the original problem to a number of
successively solved deterministic problems by using the
appropriate procedures as in [18-20]. On the other hand,
calculation algorithms according to existing methods
provide for the allocation of a single balancing station,
which ensures the balance of active power and,
accordingly, the allowable frequency in power system.
However, in conditions of deviation of real loads of
power systems from the values obtained by forecasting
and the presence in power system several power plants
participating in frequency regulation, the obtained
results in basis of such algorithms can have significant
errors that reduce the effect of optimization. Therefore,
the development of algorithms for optimization of
modes of power systems in conditions of partial
uncertainty of initial information taking into account the
frequency change is important problem. Such
algorithms eliminate the need to select a single
balancing power plant in the calculations and,
accordingly, increase the optimization accuracy.

Below a new algorithm for power systems mode
optimization under conditions of partial uncertainty of
the initial information, taking into account the frequency
change is proposed.
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2 The method of research

In tasks of mode optimization of power system,
information, mainly about active resistances and
conductivities of network elements, as well as active
loads of consumers, has a partially uncertain nature.
Usually, the partially uncertain nature of the resistances
and conductivities of elements depends on weather
conditions and, mainly, on ambient temperature.
Therefore, their partial uncertainty is taken into account
by introducing appropriate corrections, taking into
account the forecast of weather conditions for the
planning period. But accounting of uncertainty of loads
of consumers at nodes of power system is carried out in
process of optimization of modes of power systems for
each interval of short-term planning cycle.

As a result of optimal planning of short-term modes
of power system, the optimal load schedules of power

f“

plants are determined. The implementation of optimal
mode obtained for each time interval is carried out by
power plants participating in optimization according to
given dispatch schedules of loads. The deviation of
active load of power system from the planned value
leads to a deviation of frequency in power system. To
maintain the frequency level within the permissible
ranges, the total load deviation of the power system 4P;
is covered by the power plants participating in
frequency regulation, which usually have power reserve.
In this case, the distribution of AP, between such
stations occurs in accordance with the static
characteristics of their turbine speed controllers.

To illustrate the essence of described situation Fig.
1 shows the distribution of the total load P, and total
deviation from it AP; between the two units in
accordance with the static characteristics of the turbine
speed controllers.
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Fig. 1. Distribution of total load P, and deviation 4P, between units in accordance with the static characteristics of turbine speed

controllers.

The total load P; is distributed between units at the
rated frequency f, and their powers are equal to P;, P>,
respectively. An increase in the load on 4P; is also
distributed between them by similar way, as a result of
their powers become
P’1=P;+A4P;, P’;=P,+AP;.

This will set the frequency /' in power system. If the
frequency f ' is less than the minimum permissible
value, then the turbine speed controllers operate in
units, under the influence of which the static
characteristics of units rise by Af relative to the initial
positions. The distribution of total load P; + AP; takes
place according to the new obtained static
characteristics and the nominal frequency is restored
with the new powers of the units.

The coverage of deviations of total load in power
system carried out by power plants participating in
frequency control in accordance with the static
characteristics of turbines of units in them.

The use of graphical method to determine of new
powers of stations causes certain inconveniences and
inaccuracies in calculations. Therefore, it is advisable
to use the following analytical expressions for this

purpose:

AP 1= kiAf,  Pr=kAf, (1)
AP+ AP = AP, ()
(ki+kz)* Af = AP, (3)

Af= AP,/(ki+ks), 4)

where k;, k; are static coefficients of turbine speed
controllers at power stations.

2.1 The algorithm of optimization

To explain the essence of proposed algorithm for
optimization of mode under conditions of partial
uncertainty of initial information taking into account the
frequency change, let us consider the power system with
four thermal power plants (TPP) participating in
optimization.

The optimization problem for each interval of the
planning period is formed as follows:

minimize the objective function, consisting of
function of total fuel costs or the equivalent fuel
consumption in all n TPPs

8=Y.5(r) )

subject to constraints on of power balance in power
system

>P=P ©)
i=1
and maximum and minimum possible power plant
capacities
P <P <P™, i=12,..n. 7)

The total load of power system P is partially
uncertain, i.e. only the limiting maximum and minimum



E3S Web of Conferences 216, 01100 (2020)
RSES 2020

https://doi.org/10.1051/e3sconf/202021601100

values are known. Moreover, the loads inside the
segment are not assigned any probabilistic
characteristics, since they are unknown.

Let us describe the proposed algorithm for
optimization of modes of power systems under
conditions of partial uncertainty of initial information
taking into account the frequency change:

1) In given range of possible load values, a set of

values {PLI,PLZ,...PM} is selected and P, = P"" and
P

>, =P . In this case, the number of possible load
values in a given range is recommended to be selected
with the condition of ensuring the required accuracy of
solution of the problem and an acceptable amount of
computational operations performed.

The total loads of power system Pr;, Pro, ..., P, are
optimally distributed between the stations, i.e. problem
(5) - (7) is solved for different values of total load. For
this purposes it is possible to use the existing
optimization methods in conditions of deterministic
initial information, and in cases of discontinuity of
power characteristics of stations, the algorithm given in
[18].

The optimal solutions obtained at this stage forms
conditionally optimal plans for the problem. Then, at
these conditionally optimal plans and corresponding
loads of electric consumers the values of objective
function which form the diagonal elements of the
"payment matrix" By, i = I, 2, ..., n are calculated as in
optimization under conditions of probabilistic nature of
initial information [17].

2) The values of objective function for each of
conditionally optimal plans under all possible
conditions for their implementation, i.e. for total loads
of power system, are calculated. At this stage, the
deviation in total load, obtained due to the difference of
total loads used in obtaining the corresponding
conditionally optimal plan and other possible load is
distributed between the stations involved in frequency
control in accordance with static characteristics of their
turbine speed controllers. In this case, the frequency
deviation is determined by formula (3), and the
corresponding powers of stations — by (1). The obtained
values of objective function are used to form off-
diagonal elements of "payoff matrix" By, i = 1, 2, ..., n;
j=1,2 .., n(#j).

3) The choice of the best plan among conditionally
optimal plans in basis of the use of received payment
matrix is carried out by additional criterion of minimax
risk, which proceeds from the assumption that no
matter what plan we accept, the risk from its
implementation will necessarily be the worst [17, 21,
221].

In this case, it is reasonable to accept as optimal the
conditionally optimal plan for which the maximum
value of the objective function risk is less than its
maximum value for any other conditionally optimal
plan. This objective function value can be described as

R, =min(k)max( j)R, (8)

o

where Ry=B-Bj; .

3 Results and discussion

The efficiency of the given algorithm is investigated by
the example of optimal distribution of total partially
uncertain load of power system between four TPPs
taking into account the frequency change. The
characteristics of equivalent fuel consumption of TPPs
are given below (in tones of fuel equivalent or t.f.e. in
short).

B, =100+0.2*P, +0.002*P’;

B, =60+0.15%P, +0.0015* P’ ;

B, =120+ 0.2*P, +0.0025* P, ;
B, =80+0.25*%P, +0.001*P,”.

The total load of power system is partially uncertain
[1620 MW, 1780 MW].

Power plants TPP-1 and TPP-3 participating in
frequency regulation in power system. The static
coefficients of turbine speed controllers in these stations
are k;=0.2 and k3 = 0.15, respectively.

To optimize according to the proposed algorithm the
given range of total load of power system is divided into
five intervals with the capacities given in Table 1.

Table 1. Total loads of power system.

Interval 1 2 3 4 5
number

P, MW | 1620 | 1660 1700 1740 1780

Optimization of the power system mode taking into
account the frequency change by the algorithm
described above is carried out. Table 2 shows the
obtained conditionally optimal plans.

Table 2. Conditionally optimal plans obtained as a result of
optimal distribution of total loads of power system between
TPPs.

Plan Total Conditional optimal powers of TPP, MW
No load,
MW P P> Ps Py
1 1485 290,91 | 232,73 | 404,54 | 556,82

2 1567.5 | 306,98 | 245,58 | 42597 | 588,96

3 1650 323,05 | 258,44 | 447,40 621,10

4 1732.5 | 339,12 | 271,30 | 468,83 653,25

5 1815 | 355,19 | 284,15 | 49026 | 685,39

The choice from these conditionally optimal plans
the optimal one was carried out on the basis of using the
received payment matrix (shown in Table 3) with the
elements calculated at powers of stations shown in
Table 2 and the corresponding conditions for their
implementation at various possible total loads of power
system.
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Table 3. Payment matrix at participation in frequency
regulation of two TPPs.

Plan The total load of power system, MW

o 1485 1567,5 1650 1732,5 1815
1 | 1524,81 | 1643,14 | 1773,14 | 1914,81 | 2068,15
2 1527,97 | 1639,94 | 1763,58 | 1898,89 | 2045,86
3 1537,52 | 1643,13 | 1760,40 | 1889,34 | 2029,95
4 1553,45 | 1652,69 | 1763,60 | 1886,17 | 2020,42
5 1575,74 | 1668,58 | 1773,13 | 1889,31 | 2017,22

According to the criterion of minimax risk, the third
conditionally optimal plan was obtained as the optimal
one, in which the highest possible total fuel
consumption is 2029.95 t.f.e. / h.

To compare and evaluate the effectiveness of the
proposed optimization algorithm taking into account the
frequency change under conditions of partial uncertainty
of initial information about the loads of power system
the problem under consideration was also solved by the
traditional algorithm, i.e. with the allocation of the
single slack bus station of TPP-1. The payment matrix
for this case is presented in Table 4.

Table 4. Payment matrix at optimization with the allocation
of single slack bus station TPP-1.

Plan The total load of power system, MW
No

1485 1567,5 1650 1732,5 1815

1 1524,81 | 1650,92 | 1804,26 | 1984,82 | 2192,61
2 1535,76 | 1639,96 | 1771,38 | 1930,02 | 2115,89
3 1568,64 | 1650,92 | 1760,41 | 1897,14 | 2061,08

4 1623,46 | 1683,80 | 1771,37 | 1886,17 | 2028,19

5 1700,17 | 1738,60 | 1804,25 | 1897,13 | 2017,23

The choice of the optimal plan according to the
obtained payment matrix based on the use of minimax
risk criterion gives the 3rd conditionally optimal plan, in
which the maximum possible total fuel consumption is
2061.08 t.f.e / h.

Comparing the results of optimization of power
system mode under conditions of partial uncertainty of
initial information about loads taking into account the
frequency change by the proposed algorithm, when two
TPPs are involved in covering the power imbalances,
with the results of optimization by selecting a single
balancing slack bus station, we will make sure that
taking into account the frequency change in solving the
problem can give significant economic effect. In the
example considered, the hourly savings in the equivalent
fuel consumption due to optimization under conditions
of partial uncertainty of initial load taking into account

of frequency change by the proposed algorithm was
31.13 tfe/h. or 1.5% of total consumption of
equivalent fuel in all four TPPs.

4 Conclusion

1. An algorithm for optimization of modes of power
systems under conditions of partial uncertainty of initial
information taking into account the frequency change,
which eliminates the need to select a single balancing
station in the calculations is proposed.

2. It was revealed that taking into account the
frequency change in optimization of modes of power
systems under conditions of partial uncertainty of initial
information about the loads can provide a significant
economic effect by reducing the total fuel consumption
in thermal power plants.

3. The proposed optimization algorithm under
conditions of partial uncertainty of initial information
taking into account the frequency change can be used by
dispatching services of power systems for optimal
planning of short-term modes and operational control of
power system with several stations participating in
frequency regulation.
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