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Abstract: The article presents the results of
modification of the dynamic programming method to
solve of the knapsack problem in determining the active
composition of a wind power station with regard to the
effectiveness of each wind turbine and the use of an
accumulating element in the structure of the system
under investigation.

The comparative analysis of the modification of
dynamic programming method for the determination of
the active composition of a wind power station using the
classical method of dynamic programming and that at an
increased load by the experimentally founded percentage
has defined advantages and disadvantages of using each
of the methods under investigation.

It has been found that the modification of the dynamic
programming method for solving the knapsack problem
shows the possihility of improving the conditions of equdity
of generation and consumption of eectricity compared to the
classicd method of dynamic programming to the standard
deviation of 0.046 %, and makes it possible for this method
to be applied to determine the active composition of awind
power gation.

Key words; wind power station, method of dynamic
programming, active composition of a wind power
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1. Introduction

As a wind speed is a probability characteridtic, it is
important to ensure the operationa stability of wind
turbines in particular, and a wind power station as a
whole. Given the uncertainty of wind speed, there is a
need for a dynamic anaysis and rational choice of the
wind turbines (hereinafter referred to as “active
composition of WPS’) required to be switched on a a
given moment which would make it possible to meet
customers needs taking into account energy parameters
of wind, ingtalled and instantaneous capacity of each
wind turbine, as well as boundary conditions of their
applications (insufficient or excessive wind speed,
critical technical conditions, etc.).

To improve the judtification for the control
algorithms of dynamic-energy modes of a wind power

station, the methods of data mining are used to determine
a set of wind turbines switched on at a given moment (an
active st of wind turbines). The works [1, 2, 5]
substantiate the application of dynamic programming
method for solving the knapsack problem to determine
the active composition of WPS.

The specificity of applying the knapsack problem in
this case is that its solution should include such a set of
items whose total weight is equal to the knapsack
capacity. Such a solution is difficult to obtain for some
methodological and technicd reasons. Using the method
of dynamic programming to solve the problem of
knapsack packing in determining the active composition
of a wind power dtation causes the problems of
providing consumers with load 100 % as the tota
capacity of WPS in most cases will be less than the
consumers load. The difference between the required
load (hereinafter referred to as “load”) and the capacity
of the active composition of WPS expressed in
percentage terms determines the percentage of shortfall.

For the classical problem of knapsack packing to be
formalized, it is necessary to assign two parameters,
price and weight. If it is used to determine the active
composition of WPS, the weight assumes consumer 1oad
to be provided; the price assumes effectiveness of each
individual wind turbine at a given moment. The wind
turbine effectiveness is a criterion defined by such
parameters as indicators of technical condition, the
number of on/off states, the amount of energy generated
and the number of hours worked, the coefficient, which
determines the readiness and usefulness of WT
application. A multicriterion assessment method for the
wind turbine effectivenessis givenin [3, 4].

The purpose of the work is to improve the method of
dynamic programming for the purpose of solving the
problem of knapsack packing in substantiating the active
composition of a wind power station taking into account
capacity and effectiveness of each individual WT of the
wind farm at a given moment.

2. Resear ch methods
The problem of knapsack packing belongs to a class
of combinatorial optimization problems. Conventionally,
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it consists in filling a knapsack able to withstand a
specific weight with objects each of which has its own
weight and price so as to maximize the total value, but
not to exceed the maximum weight. Using the dynamic
programming method in solving the knapsack problem
for the needs of WPS allows some number of wind
turbines with the “power” and “efficiency” properties to
be selected so as to obtain the maximum total efficiency
while meeting the requirements of total WT capacity
which should not exceed theload (being equal).

In general, the algorithm for solving the knapsack
problem consists of a direct and reverse way. The
process of finding a maximum value of the objective
function is called a direct way, but the process of items
set recovery based on the objective function found — a
reverse way.

3. Direct way of algorithm
Given: N objects, W stands for the knapsack

capacity, w:{vxi,wz,..,w,\,} represents  the
corresponding  set  of positive  integer  weights,
p:{ P1s P2 pN} expresses the corresponding set of
positive integer values. We need to find a set of binary
valuesB ={l; ,b,,...by } , where by = 1if theitem ry is
included in the set, Iy = O if the object is not included in
the set, thuswe must follow the following requirement:

by, oWy EW

by Prr_+by PN ® mMax

The algorithm of solving the knapsack problem
using the classical method of dynamic programming can
be defined asfollows:

Let A(k,s) bethe maximum value of the items that can

be put into a knapsack of s capacity, if only first k items
can be used —i.e. {nL,nZ,..,nk} is a set of acceptable
itemsfor A(k,s), with kT [0;N], and sT [O;W]

A(k,0)=0

A(0,s)=0

4. The algorithm of
optima A(k, s)

finding intermediate

If an item k does not get into the knapsack,

A(K, s) equal's the maximum cost of the knapsack of the
same capacity and a set of acceptable items
{ri,nz,..,nk_l} , e A(k,s)=A(k-1s).

If an item k gets into the knapsack, A(K,s) equals

the maximum cost of the knapsack, where the weight s
decreased by the weight of the k-th item, and a set of

acceptable items {ri,nz,..,nk_l} plus the cost of k-th
object, i.e.

A(k-1s- W)+ py.

Thatis:
A(k,s) = max(A(k- 1), A(k- Ls- w )+ py).

A block diagram of the direct way of algorithm is
presented in Fig. 1.

Fig. 1. Block diagram of the direct way of algorithm
The cost of the desired set is equal to A(N,W)

5. Rever seway of algorithm
This stage ensures the recovery of a set of items

included in the knapsack providing the cost A(N,W)
and capacity of the knapsack, W.

The algorithm work starts with A(i,w) that is an
dement of a [N” W] -matrix, wherei = N, w = W. At
this stage we determine whether the object iy is a part of
the desired set. For this we compare A(i,w) with the

following values:
the maximum cost of a knapsack with the same

capacity and a set of acceptable items {nL,nZ,..,ry_l},
e Ali-Lw);

the maximum cost of a knapsack with the capacity
that is less by w and a set of acceptable items

{ri,nz,..,q_l} the cost B, i.e
Ali- Lw-w)+p.

plus

While developing a matrix A of [N” W] dimension

employing the direct-way algorithm, at each iteration of
the algorithm we set

max (A(k-1,s); A(k- Ls- w )+ py)). therefore with
the reverseway agorithm, if A(i,w) is equa to
A(i- Lw), theitem ry isnot a part of the desired set,
otherwiseitis.
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Using the classical method of dynamic programming
to solve the knapsack problem in determining the active
composition of a wind power station does not provide
the opportunity to obtain the best solution because the
solution to this problem in most cases is a set of wind
turbines, the total capacity of which isless than the load
required. This leads to the determination of a set which
is not capable to fully cover the load. Another
disadvantage of this method isits low speed, because the
knapsack problem belongs to a class of combinatorial
optimization problems, the complexity of the algorithm
of itssolution is O=N"W that with large values of N
and W leads to significant time delays.

To ded with the above disadvantages we have
investigated and proposed the following two approaches:

1. The first approach is to increase the consumers
load by the experimentally established percentage. This
is provided by a computer simulation of WPS
performance.

The load value is introduced at the entrance to each
iteration, and the method of dynamic programming
contributes to the definition of a set of WT, WPS
capacity, and average value of the coefficient of
shortfall.

In each next iteration the load increases by the
coefficient of shortfall obtained in the previous iteration.
It can be displayed as follows. R, =P" (1+k), where

il [Ln], k is the coefficient of shortfall of the i-th

iteration, P represents the load required.

The disadvantage of this approach includes the
following, as the coefficient of shortfall is not a gatic
guantity, but is correlated with many parameters such as
wind speed, wind power station composition and the
average number of active WT. Using this approach does
not accurately adjust the necessary capacity.

2. The second approach is modification of algorithm
for solving the knapsack problem consisting in changing
the objective function so that the intermediate coefficient
of and percentage of shortfall could be taken into
account. For this we formalize this problem as follows:
given: N of wind turbines, the i-th one has the capacity

p >0and the effectiveness coefficient k >0. It is

necessary to select such arange/set of WP so that:

éN u .
DP=ga bp - Pg® min
é=1 u

where P isthe required load.

The dynamic programming methods use the additive
or multiplicative objective function to assess the benefits
or the functions that can be reduced to them [7]. Using
the logarithms characteristics, a multiplicative function
can be transformed into an additive function by finding
the logarithm of itsright side:

& 6_n
IncO fi (%)== & In(f;(x))
€i=1 g i=1
To solve the problem of determining a set of wind
turbines, we introduce the additive objective function
W that depends on two parameters, DP, K :

W(DP,K) = &K +a, (1- DP) ® max
where g a, are the weight coefficients. The function of

this kind has a range of values (-o0; 1] that causes its
application.

In this case, the problem of determining a set of
wind turbines is solved using the recursive algorithm
described. The disadvantage of this approach is a large
number of calculations, so to reduce their number we
used memoization, which will reduce the time to work
from O(N) =2" till O(N)=NP.

Memoization is a specia optimization technique that
can speed up the implementation of the program by
avoiding repeated calculations of the values already
calculated [6, ).

To use this optimization approach, it is necessary to
discretize the weights of the elements with a certain
frequency, for example 1. This implies that there is a
finite number of different optimal setsthat can be written
asamatrix of N x P dimension and, if necessary, we can
refer to them. Let these sets be denoted as S(i, p) .

A
i N, 1 N, 2 N, P
2,1 2,2 2,P
1,1 1,2 1.P
o >
P

Fig. 2. Matrix of optimal sets.
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The matrix elements S(0,p) are filled in with
zeros.
The elements S(i, p) are calculated on the basis

of the elements found at the previous steps of the
algorithm and written in the cellsS(i-1,p),
S(i- 1ap- p,g), S(i- 1ép- p,g). For this, we find
the value of the objective function if the i-th WT
S(i, p) isnot included.

b

-1, L p-pi | i-1, [ p-pi 1 i-1,p

A4

Fig. 3. Scheme of calculating
the values of matrix el ements.

If the i-th wind turbine is included in the s¢t, it is
necessary to find a set with the capacity of p- p, i.e
S(i-1p- p).

As the matrix elements are the values of the
objective function only for integral capacity values, it is
necessary to use the values which are as close to the

required ones as possble i.e S(i-1gp- pg) i
S(i-Lep- m)-

[p-pil

l

T

lp-pil

Fig. 4. Schematic representation of introducing
thei-th d ement into a resulting set.

In the case whengp- p{=¢p- p. only one value of
the objective function is calculated. The maximum value
of the objective function is written as S (i, p) . In this
way all the celsarefilled.

The flowchart of the dynamic programming method

modification to determine the active composition of a
wind power station isshown in Fig. 5:

=

S[N][P] is created to save optimal
sets i=0

Sets from S(0,0) to S(0,P) do not
contain any WT

Value of Objective Function(OF) for
the set that is kept in S(i-1,p) is
written in Wo

Value of OF for the sets consisting
of the i-th WT and the set of S(i-
1,[p-pi]) is written in W1.

And value of OF for the i-th WT and
the set of S(i-1,[p-pi]) is writtenin
W2.

Set with the greatest value of OF is
saved kept in S(i,p)

Packing result is in S[N][P]

=

Fig. 5. Flowchart of modification of the dynamic
programming algorithmfor WPS,
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6. Resear ch results

Five hundred experiments have been carried out for
each of the above methods. These arel

» cdlassicd dynamic programming method for solving the
knapsack problem in determining the active st of WPS;

* dynamic programming method with an increase in
the load by the experimental ly established percentage;

» modification of the dynamic programming method
for the determination of the active composition of awind
power station.

A sample of loads was randomly generated in the
range of [5.000; 15000] kW. We studied operating

modes of a wind power station consisting of 45 WT
(15 USW-56-100 wind turbines with a nominal power of
107.5 kW, 10 ENERCON-33 wind turbines with a
nominal power of 330 kW, 20 ENERCON-53 turbines
with anominal power of 800 kW).

The power of each wind turbine depends on the
wind speed a a given moment of time, nominal
parameters and technical condition.

A sample of wind speeds was randomly generated in
the range of [5, 15] m/ s. The results obtained formed a
database utilized to perform a dtatistica analysis. The
results of theanalysis are presented in Table 1.

Table 1
Research results
Neme of algorithm onameoganning | Lo Sl et | Vodcaion
percentage

Packings done 500 500 500
Time spent (sec) 1237 1297 1443
Deviation scattering ( KW) [-964; -9.17] [-660.52; 292.28] [-66.59; 111.53]
Average efficiency of aset % 0.5418 0.5417 0.6127
Maximum deviation % -3.09801 -2.26 0.385
Arithmetic standard deviation (KW) 301.3613 -6.012 13.99
Dispersion 136402.30 45979.5738 1914.15
Quadratic mean deviation (KW) 369.33 214.43 43.75
Quadratic coefficient of variation (%) 1.231 0.715 0.146
Speed of algorithm (sec.) 2475 2.594 2.886
Maximum deviation (%) -3.386 -2.071 -0.23
;ar:na;?;dvc\i/?/i(ao;i))on relative to the capacity of the -203.403 5.937 9192
Ztragned;r\clivcieéi/it)tion relative to the capacity of the 21,006 0613 095
Standard deviation of WPS (%) -1.005 -0.017 0.046

When applying the classical method of dynamic
programming, the percentage of shortfall is 1.005 %.
The given value was used to study the dynamic
programming method with an increasing load by the
experimentally determined percentage.

Using the method of dynamic programming with an
increase in the load provides minimization of the percentage
of shortfall, but extendstherange of deviation scattering.

Table 1 shows that the modification of dynamic
programming method in solving the knapsack problem
to determine the active composition of a wind power

station can reduce the standard deviation of the solution
regarding the largest capacity of wind turbines from —
21.006 % of the maximum percentage of shortfall
obtained by the classicad method of dynamic
programming to 0.95 % of repackaging (see Fig. 8).

The standard deviation of instantaneous capacity of
WPS farm depends on the number of wind turbine types,
technical conditions of individual wind turbines, nominal
capacity of each type of wind turbines, wind speed,
difference in capacities of different types of wind
turbines and the total number of wind farm turbines.
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Fig. 8. Distribution of deviationsfor the modification of the dynamic programming method
to determine the active composition of awind power station.

Fig. 6-8 show the results of solving the knapsack  experimentally determined percentage (hereinafter
problem by the classical dynamic programming method referred to as “Method 2”), and modification of the
(hereinafter referred to as “Method 17), dynamic  dynamic programming method for the determination of
programming method with an increase in the load by the  active composition of a wind power station (hereinafter
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referred to as “Method 3"). A computer simulation was
based on test data samples and conducted for the three
described methods under the above conditions.

As seen in Fig. 6, the maximum percentage of
shortfall when solving the problem by Method 1 after
500 experiments is 3.098 % of repackaging that is equal
to -964 kW. While under identical conditions, the result
obtained by using Method 2 is 0.463 % of repackaging,
or 144.04 kW, and the result obtained by using Method 3
equals 0.202 % of repackaging, or 62.89 kW, the given
patternsare shown in Fig. 7 and 8 respectively.

As seen in Fig. 7, the maximum percentage of
shortfall for Method 2 is -2.07 % that is equivalent to
-660.52 kW. Under identical conditions, the result
obtained by using Method 1 equas -2.07% of
repackaging that is equivalent to -660.52 kW, and the
result obtained by Method 3 is 0.069 % that is equivalent
to 22.08 kW of repackaging.

As seen in Fig. 8, the maximum percentage of
shortfall for Method 3 is -0.232 % that is equivaent to
-66.59 kW. Under identical conditions, the result
obtained by using Method 2 is -0.476 % of shortfall that
is equivalent to -136,65 kW, and the result obtained by
Method 1 is -0.470 % of shortfall that is equivalent to
-134.65 kW.

The analysis of the results obtained leads to the
conclusion that the proposed modification of dynamic
programming method for the determination of active
composition of wind farms can significantly reduce the
shortage of capacity, provide better customer load at
maximum possible efficiency of the wind power station.

Another advantage of the modification of dynamic
programming method for the determination of active
composition of wind farms is reducing the linear
coefficient of variation. These three methods having
been studied, we can see that the standard deviation of
wind farm capacity from the load for Method 3 is
0.046 % vs -1.005 % defined for Method 1 and -0.017 %
for Method 2.

Method 2 and Method 3 can be used to determine the
active composition of a wind power station usng an
accumulator, because under certain conditions they define
the sets capable of efficiently generating the surplus of
electricity. The excess energy obtained in this way can be
accumulated by AB, and used during periods of adverse
wesather conditions or maximum consumers|oad.

7. Conclusions

The modification of dynamic programming method
makes it possible to efficiently use the solution to the
knapsack problem for the substantiation of the active
composition of a wind power station with the utilization
of an energy accumulating element.

The analysis of the results obtained shows the
possibility of improving the conditions of equality of

generation and consumption of eectricity compared to
the classical method of dynamic programming to the
standard deviation of 0.046 %.

These results can be used in the design of control
systems of dynamic-energy modes of a wind power
dtation, as well as to improve the effectiveness of the
existing WPS.
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MOJU®IKAIISA METOIY
JAHAMIYHOI'O ITIPOT'PAMYBAHHS
1] YAC BUBSHAYEHHS
AKTHUBHOTI'O CKJIAJY BITPOBOI
EJJEKTPHYHOI CTAHIIII

B. C. KpaBuumun, M. O. MeauKkoBChKHi,
P. B. MennHauk

Buknaneno pesyneraté Moaudikamii MeTony AWHA-
MIYHOTO NpOrpaMyBaHHs ISl pO3B S3aHHsS 3a/1adi Maky-
BaHHJ PIOK3aKa IiJ] 4yaC BU3HAUYEHHS AaKTHBHOI'O CKIany
BITPOBOI €JEKTPUYHOI CTaHILil 3 ypaxyBaHHSAM €(EeKTUB-
Hocti koxHOi BEY BiTpomapky Ta BHKOPHCTAaHHSAM
aKyMYJIIOBAJIBHOT'O €JIEMEHTa B CTPYKTYpPi IOCIiIKyBaHOI
CHCTEMH.

3niificHeHO TMOpPIBHAUIBHUHN aHami3 Moxudikanii Meromy
JUHAMIYHOI'0 IPOrpaMyBaHHs Ul BU3HAYEHHS AKTUBHOTO
CKJIaJy BITPOBOI €NEeKTPUYHOI CTAHILIl 3 KIACHYHUM METO-
JIOM JIMHAMIYHOIO INPOrpaMyBaHHSA Ta METOJOM [MHA-
MIYHOr0 MpPOrpaMyBaHHS i3 MiJBHUIICHHSAM HaBaHTa)KEHHS
Ha €KCIIEPUMEHTAJIbHO BCTAHOBJIEHUH BiJICOTOK, BU3HAYEHO
HepeBaru Ta HEJONIKM BHMKOPHUCTaHHA KOXKHOI'O 3 JIOCIHi-
JUKYBaHUX METOJIB.

BcranosiieHo mo, mopudikamis METOxy IUHAMIYHOTO
IporpaMyBaHHs U1 pO3B A3aHHSA 3ajadi NaKyBaHHA
PIOK3aKa [I0Ka3ye MOXKJIMBICTh OKPAIIEHHS YMOBH PiBHOCTI
reHepalii Ta ClOXKUBaHHs €JIeKTPUYHOI €Hepril MOpiBHAHO 3
KJIACUYHUM METOAOM JAMHAMiYHOrO IpOrpaMyBaHHs [0
cepennboro BigxmieHHsa 0,046 % ta nae 3Mory 3acrocyBaTu
el Meron [UIs BU3HAUCHHS AaKTUBHOTO CKJIAJy BiTPOBOL
€JIEKTPUYHOI CTaHII.
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