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Abstract

New method for determination of optimal placement and value of installed capacity of renewable
source of energy (RES) by the criterion of minimum losses of active power, that allows taking into
consideration the dependence of RES on natural conditions of region, schedule of energy supply,
parameters and configuration of distribution network is suggested in the paper. Results of com-
putations of test scheme confirm the efficiency of the proposed method and its simplicity as com-
pared with the methods considered in literature sources.
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1. Introduction

World electric power generation was traditionally developing by the means of centralization of generation sys-
tem, construction of more powerful power plants and their integration in power complexes. As a result, large
geographically extensive power systems were created: the European ENTSO-E, unified power system in Russia,
unified power system in Ukraine and others. In the last few years, steady progress in energy sector of national
economy restructuring greatly changed general concept of power branch development, it concerns the introduc-
tion of new ideology, namely introduction of distributed power generation. Distribution Generation System
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(DGS) is defined as sources of electrical energy, connected directly with distribution system or connected to
such network on the side of consumers. Wide spread of DG is connected with the introduction of high-efficient
gas-turbine and steam-turbine plants [1] and development of renewable sources of energy. Among them the
most widespread are wind electric plants (WEP) and photovoltaic systems (PVS).

Introduction of DG in electric networks, especially constructed on the base of renewable sources of energy
(RSE), besides reduction of ecological impact | on the environment and solution of many problems connected
with harmful emissions as a result of energy generation production, allows, first, sufficiently increasing the effi-
ciency of resources utilization, and in future reducing the cost of electric energy, unload transmission lines and
distribution systems.

Installation of DG sources in distributive electric networks near consumption centers changes direction of
power flows. It is necessary to distinguish three situations concerning load nodes and DG [2]:

Power of each node in electric network is greater or equals the power of DG sources, connected to these
nodes.

2. In electric network there exists one node, where the power of DG is greater than the power of this node
load, but total power of DG sources of this network on the whole is less, than its total load.

3. In electric network there exists minimum one node, where DG power exceeds the power of this node load
and total power of DG sources of this network on the whole is greater than its total load.

In the first case DG sources placed in electric network will influence the reduction of power losses in distribu-
tion networks. In the second case DG sources can permanently increase power losses in some lines of distribu-
tion network, but generally, total power losses are decreased. In the third case, total power losses of the distribu-
tion network will be higher than the prior installation of DG sources. Also different DG sources operate with
different cosg and their output reactive power can vary from insignificant generation (steam-turbine plants) to
significant consumption (FES with asynchronous generators), that also negatively influences the magnitude of
power losses in electric networks [3].

2. Analysis of the Research

Intensive introduction of distributed generation (DG) created a number of problems, one of which is the selec-
tion of the location for the connection to the network and their installed capacity. The solution of this problem
enables to obtain necessary effect as a result of the introduction of dispersed generation source—reduction of
power losses and enhancement of power quality.

The analysis of the existing approaches allows making a conclusion regarding the directions of the research.
The existing methods are based on various approaches: analytical methods [4] [5]; mixed integer programming
[6]; heuristic approach [7]; genetic algorithms [8], loss sensitivity factor method [9]. And it is only a part of re-
search, performed in this direction. Each of the methods has its advantages, enabling to take into account certain
peculiarities of distributed generation (DG) and renewable energy sources (RES). But none of the methods al-
lows taking into account the dependence of renewable source of energy generation schedule on natural condi-
tions. This factor is very important, especially for solving the problem of the selection of the installed capacity.

3. Characteristics of Renewable Sources of Energy

The comparison of the schedules of power consumption and generation, by such renewable sources of energy as
photovoltaic (PV) and wind-electric plants (WEP) allows speaking about their low stability regarding the sup-
port of power balance (see Figures 1 and 2). In the problem of power balance support the capacities of PV and
WEP can be referred to conventionally controlled sources. That is, theoretically it is possible to change genera-
tion, within the limits, dependent on natural conditions but, in this case their efficiency will be considerably re-
duced. That is why, it is expedient to develop such a method that would allow taking into consideration such
characteristic feature of renewable sources of energy (RSE) in the problem of selection of their installed capaci-
ty.

To take into account the random component of generation schedules relatively the schedules of power con-
sumption is possible by means of the analysis of the most probable generation values and the most probable
values of consumption at the definite periods of the day. For each hour of the day the following dependences are
constructed:
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Figure 1. Seasonal change of daily schedule of PVS operation.
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Figure 2. Change character of average values of PVP generation, determined by
daily schedules during the year.

Depending on the number of corresponding levels occurrences (generation, consumption) their probabilities
can be determined:

-
365

where n—is the number of levels occurrences (generation, consumption)during a year.
Having all the probabilities, the stability factor can be evaluated; this factor will characterize the probability

of electric energy supply, generated by renewable source of energy, of the consumers, connected to correspond-
ing feeder of distribution system. Instability factor can be determined by the expression:

24
kstab. = Z|: pdaysi Z ( pRESfer- IZI‘\J‘ pconsfyn J:| ' (2)

i=1 jeM
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where  py,,,—is the probability of occurrence of the daily schedule stage (pdays _ 1 j; Pres_,r —IS the pro-

24
bability of the occurrence of the generation stage during a year, is determined by the expression (1); M —is the
set of non-zero stages; P, , —Is the probability of the occurrence of the consumption stage during a year, is
determined by the expression (1); N —is the set of consumption stages which are below the generation level of
the corresponding period of the day (see Figure 3).

Stability factor enables to evaluate the possibilities of the source to cover the necessary consumption of elec-
tric energy. It depends on the power of electric energy source. For the accounting of energy supply it is sug-
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gested to introduce the coefficient, that is determined by the ratio of the expectation of annual consumption
M (W, ) to expectation of RES annual generation M (W ):
M (Wors )

cons

"M (W) ©

Necessary expectations can be determined analyzing annual graphs by the duration (see Figure 4).

The suggested coefficients allow characterizing the source of electric energy relatively natural conditions and
schedule of the consumption to be covered.

4. Method of Determination of RES Installed Capacity

The introduction of dispersed generation sources in the distribution systems has created a number of problems,
namely, they must be considered not as main-radial but as networks with double sided supply or local electrical
system (LES). That is why, to evaluate the necessary installed capacity of DG it is expedient to carry out the
analysis of power flows distribution in LES.

For this purpose we consider the problem of determination of currents that provide minimum losses of active
power in LES. In general case, if technical constraints with the current of generating nodes are missing, the ob-
jective function can be formulated in the following way:

Minimize

AP =1"RI (4)
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Figure 3. Probability levels of generation 1 and consumption
2 of the definite period of time during a year.
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Figure 4. Annual schedules of generation 1 and consump-
tion by duration.
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M, =]
M ’Ia = Ja}’ ®)
a~ Yq
where [T, 1 —are transposed and conjugate vectors of currents in the branches; I, I—are vectors of active

and reactive components of currents in branches; J,, J,—are vectors of active and reactive components of nodal
currents; R—is diagonal matrix of resistances of the branches; M'—is the first matrix of the network connec-
tions, where lines corresponding to generating nodes are deleted (this is equivalent to the integration of all
supply sources in one balancing node).

It should be noted, that the solution of the formulated optimization problem (4) on condition (5) allows de-
termining not only optimal currents in the branches of the network but also establish optimal, from a viewpoint
of active power losses minimization, supply sources loads If active, reactive or full load of any supply source is
fixed, then in matrix M' the row, corresponding to this node, must be present and the current must be included in
the vector of nodal currents with corresponding sign.

For determining minimum losses of active power and values of optimal currents in corresponding branches,
we will make use of Lagrangian multiplier method. Lagrangian function for (4) taking into consideration the
constraint Equations (5)

+ 1alM1, =3,
W = AP+ pl ]{M,Iq _JJ,

where [y; ,un ] —is the transposed vector of Lagrangian undertemined multipliers.

From the condition of zero equality of partial derivatives W by variables, being optimized and Lagrangian
multipliers we obtain the following system of Equations:
2R 0 |MT| O I 0
0 |2R| O |[MT lo| | O
M| 0 0 0 || &, J,
0O |M| O 0 || 4, J,

where optimal currents in the branches and Lagrangian multipliers:

Lo 2R[ 0 [MT| 0 0
lo| [| O |2R| O [MT 0
w | [[M]o| o] o J. |
H, 0o [M][] o0 o0 J,

where symbol -1 and T denote, correspondingly, inversion and transposition of the matrix.
Having divided the expression in brackets into blocks, as it is shown with heavy lines and applied Frobenius
formula:
A B]' [A'+A'BHICA* —A'BH™*
C D] | -H'CA? H*

A B| . . : . . .
where {C D} —is (m,+m,)x(m, +m,) matrix, A—is m xm, nonsingular square matrix, D—is m,xm,
and H=D-CA™'B square matrix.

After simple transformations we obtain the solution of the problem of optimal currents determination in the
branches:

I, C, 0
| 0 Cc J
q0 _ r a , (6)
M, —2R; 0 J,
M, 0 |—2R;
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where C, =R*M""(MR'M'’ " _is the matrix of current distribution coefficients of LES calculation scheme,
where branches resistances are presented by their active components (r-circuit of LES); R; :(M R™M 'T) —is
the matrix of nodal resistances of r-circuit of LES.

Vectors of active and reactive components of generating nodes optimal currents

ro_ ", .
Jao_M Iao'
ro_ ”
I =M",,

where M"—is the matrix, lines of which are lines of the connections matrix, corresponding to generating nodes.

Proceeding from the solution of the problem (4), we can make a conclusion, that minimum losses of active
power in LES for the case, when constrains are not imposed on nodal currents, occur when active and reactive
components of currents are distributed in it depending on resistances, i.e., according to r-equivalent circuit of
LES. This result can be extended to power transfers.

Using the assumption that there are no transfers of reactive power and reactive components of equivalent cir-
cuit of network elements, we obtain the dependence in matrix form for active power transfers in the branches of
the network:

UZ
Py == =3 RM (7)
where R —is diagonal matrix of the resistances of the branches; M —is the first matrix of the connections;

U,.,—is nominal voltage of the network.

nom

From the system of Equations, obtained by differentiation with variables from (7), Lagrangian undetermined
multipliers can be determined in the form:

2
#, =-——G'P; @)

y

nom

where G, = MR™MT —is the matrix of nodal active conductances; P —is the vector of active powers in the
nodes of the circuit.
After substitution of (8) into (7) we obtain

P, =R*M'G;'P. )

In (9) the expression R*M'G' or C, =R™*M’' MR’IMT)_l in correspondence with the above-men-
tioned, are optimal current distribution coefficients.
Rewrite (9) in the form

P,=C/P. (10)

Similar results can be obtained taking into consideration the transfers of reactive power, that is why the Equa-
tion (10) will be valid for full power.

Using (10) we can develop the method of RES installed capacity determination by the criterion of minimum
losses of active power.

5. Algorithm of the Method

The information to be used for the start of the computation is statistical data (minimum for the previous year)
and the forecast, regarding natural conditions (solar radiation, wind flows); load curves of feeder’s nodes,
equivalent circuit and parameters of feeder’s elements (see Figure 5).

6. The Results of Research

For validation of the performance of the developed method the feeder was considered, its circuit is shown in
Figure 6.

Let us consider, as possible by technical conditions, nodes for RES 7, 10 and 20 connection. For the selection
of the best, by energy losses criterion, we will determine current distribution coefficients for each of the va-

riants.



P. D. Lezhniuk et al.

( Start )

Step 1.

Annual base of solar installation (wind flows) daily schedules is formed to
dimensionless form by means of division into maximum value. Annual
base of the aggregate daily schedules by the feeder is formed and is reduce
to the dimensionless form.

>

Step 2.

Step 6.
Current distribution factors are determined by
c, =RmT [MR’lMT J A

which depend on RES placement point, then we choose the line,
corresponding to the branch, across which generated power of RES arrives
in the feeder. All possible (from a viewpoint of technical specifications)
points of connection are considered.

Annual schedules of duration for RES and consumers are formed,
correspondingly

Step 7.
By means of analysis of the obtained vectors C, for each of the nodes the
vector having greater sum of the coefficients is selected.

Step 3.

" M (W eons )
Energy supply factor is evaluated by ~ P"

M(Wrgs )|

Step 8.

Schedules of RES are bein
€ By initial daily schedules of energy consumption we calculate the

revised yes

Kpr <1 expectation of the power, consumed by each node of the feeder.
no
Step 4. Sten 0
For the revised schedules stability factor is determined by . p - . .
Expectation of regeneration power is determined
24 TT
M(PRrs) = M(Peong)” €
Kstab. = Z Pdays; Z {pREsier chonsi_w] J ‘
i=1 ieM leN l

Step 10.
Installed capacity of RES PRES =Kstabk prM(PRES) is determined. Here

Kpr is obtained at step 3.

End
Figure 5. Algorithm of the method.
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Figure 6. Fragment of distribution network.

Values of C, coefficients are shown in Table 1. As the total value of the coefficients is greater for the node
10, then this node is the best node for RES connection. This is proved by the results of computations. From
Figure 7 (for node 20) and Figure 8 (for node 10) the conclusion can be made regarding greater relief effect if
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Table 1. Analysis of the vectors of current distribution coefficients.
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Figure 7. Computation results for the case of PVP placement in node 20.
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Figure 8. Computation results for the case of PVS placement in node 10.

PVS is installed in node 10 than in node 20.

For comparison the computation of active power losses during the year was carried out by means of exhaus-
tive search of different powers of PVP for the investigated schedule of generation and consumption.

Graphic interpretation of the results is shown in Figure 7 (for node 20) and Figure 8 (for node 10)

In Figures 7-9 curve 1—change of active power losses during a year, obtained by means of exhaustive search
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Figure 9. Computation results for the case of PVS placement in node 7.

of the installed capacities of PVS; curve 2—change of active power loss during a year, obtained as a result of
exhaustive search of installed capacities s of PVS on condition that the installed capacity of the source is se-
lected as a result of analysis of the most probable stage of power consumption; curve 3—change of active power
loss during a year, obtained as a result of exhaustive search of the installed capacities of PVS on condition, that
the operation mode of the plant is stipulated not only by natural conditions but also by the schedule of power
consumption.

7. Conclusions

The suggested method of determination of optimal installed capacity of RES allows taking into consideration the
dependence of their operation schedule on natural conditions, point of connection to distribution grid and load-
ing curve. The algorithm of the method is easily formalized and realized in the form of programming product,
which distinguishes it from the methods considered in the survey.

Calculations performed, prove the validity of the method both regarding the problem of determination of the
point of RES connection and regarding the determination of the optimal power of the source by the criterion of
minimum losses of electric energy.
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