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ITERATIVE POWER MAXIMIZATION BY ONE-HALF COST DICHOTOMY
FOR OPTIMIZING WIND FARM DEPLOYMENT

Background. In deploying a wind farm, it is important to hold a balance of energy generated by wind turbines and
costs spent on buying and installing them. However, ranking the energy and costs is commonly uncertain. Besides,
the existing methods of optimal wind farm deployment are pretty slow, whereas even optimal numbers of wind tur-
bines of certain types along with their costs and energy produced by them may need to be frequently recalculated.
Objective. The goal is to develop a practically rapid method of maximizing the produced energy by minimizing the
costs. The method should get rid of ranking the energy and costs. Besides, it should speed up the process of finding
optimal numbers of wind turbines. The optimality here is to be interpreted in wide sense implying also fitting wind
statistics, controlling the costs and production, and adjusting to energy markets.

Methods. Once an expected power for every wind turbine type is calculated, a power maximization problem is for-
mulated in the form of an integer linear programming problem, where optimal numbers of wind turbines of certain
types are to be found. This problem involves a span of acceptable annual energy formed by a maximum and a mini-
mum of the annual desired energy. Additionally, costs are constrained. The minimal and maximal numbers of wind
turbines of a definite type are constrained also. First, the power maximization problem is solved by an arbitrary large
constraining costs. Then the constraining costs are decreased until the solution is nonempty. If the solution is empty,
the costs are increased. Every next step of either the decrement or increment is twice smaller than the previous one.
This process is continued until the change in the costs becomes sufficiently insignificant.

Results. The optimization process is rapidly executed requiring only a few iterations to achieve an optimal solution.
In particular, solving optimization problems with five known wind turbine types takes up to one tenth of a second, so
a bunch of such problems is solved within a second or so. In general, the optimization requires no less than 3 itera-
tions. After the first iteration, the constraining costs drop too low and the problem has no solution. However, the
empty solution at the third iteration is not excluded, and a nonempty solution can appear after a few empty solutions.
Nevertheless, an apparent economical impact after applying the wind farm deployment optimization is expectedly
strong. There is an example with saving almost 18.4 million euros, which is 28.2 % of the initial (non-optimized)
costs. Such gains, however, are expectedly decreasing as the relative difference between a maximum and a minimum
of the annual desired energy is shortened.

Conclusions. The presented approach is a method of successive optimization. It allows to avoid solving the two-
criterion problem for simultaneous energy maximization and cost minimization for deploying wind farms. The com-
putational core of this method is that the expected power output is maximized via solving an integer linear program-
ming problem. The successive optimization process starting with an initial power maximization problem by arbitrary
large costs is always convergent if the problem has a nonempty solution. The costs then are dichotomized in order to
produce energy between definite maximum and minimum so that further changes in costs would be ineffective. The
dichotomization allows to rapidly achieve the optimal solution, which includes the final resulting annual energy, costs
spent on it, and the respective numbers of wind turbine types to be installed.

Keywords: energy; costs; wind farm deployment; successive optimization; wind turbine; dichotomization; annual
energy.

Introduction

Wind power is the most progressive renewable
energy source, which has been intensively growing
since early 2000s. This growth nearly reminds ex-
ponential one, and it is strongly believed to con-
tinue through the next decade [1, 2]. The central
place in the wind power technology is taken by
wind farms whose task is to “capture” the wind
power and convert it into electric energy. The con-
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verted energy must be transferable with a low loss
factor [2, 3].

Deploying a new wind farm, situated in a new
location, requires fulfilling a series of very im-
portant actions. First of all, wind statistics should
be collected and analyzed. Independently of this,
energetic needs are assessed letting know thus an
annual energy, which is desired to be obtained on
the location. An economic analysis of the func-
tioning wind farm is carried out also including
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costs of buying and installing wind turbines. Such
an analysis requires knowing an exact number of
wind turbines and their costs [4, 5].

It was shown in [6, 7] that energy generated
by wind turbines having diverse power curves is the
best way to achieve the highest performance of the
wind farm. The power curve diversity is intentional
to fit as ineffectiveness of the single wind turbine
against wind statistics, as well as to fit wind speed
distribution uncertainty. For this, an algorithm of
simultaneously maximizing the produced energy
and minimizing the costs was suggested [6, 7]. By
the algorithm, the respective two-criterion problem
is solved with an efficient solution (to a single-
criterion problem). The output of the algorithm is
a set of wind turbine types, which should be
bought and installed, and a respective set of num-
bers of wind turbines in every type [8].

However, such a solution has three difficul-
ties. Firstly, the ranks of energy criterion and cost
criterion are presumed to be equal. This is not al-
ways true, especially for terrains where the wind
power technology is just at its beginning and min-
imization of costs is more important than maximi-
zation of energy [9]. Secondly, uncertainty of the
parameters of wind statistics (i.e., a wind speed
distribution) cannot be completely removed. Find-
ing the guaranteed and expected values of the costs
and the wind farm power outputs, as it is proposed
in [7], makes nonetheless the optimization effi-
ciency weaker [10]. And, finally, what partially re-
lates to the second difficulty is that there is no fast
way for recalculating the wind farm deployment
parameters. Indeed, volatility of the wind speed
distribution parameters along with volatility of
wind turbine market pricing both necessitate an in-
tensive series of recalculations before a trade-off is
made [4, 10].

Problem statement

Despite the algorithm stated in [6, 7] allows
optimizing wind farm energy and costs simultane-
ously, its practical implementation requires further
development. Namely, optimal numbers of wind
turbines of certain types along with their costs and
energy produced by them may need to be frequent-
ly recalculated. Such recalculations may be needed
even after the wind farm is already deployed and
functions but either wind conditions or energy de-
mands start changing, or both them differ from
those previously embedded into the wind farm
model before its deployment. Therefore, the goal is
to develop a practically rapid method of maximiz-

ing the produced energy by minimizing the costs.
The method should get rid of ranking the energy
and costs. In fact, it is going to be a contribution
to wind farm deployment optimization by speeding
up the process of finding optimal numbers of wind
turbines. Nevertheless, the optimality here is to be
interpreted in wide sense implying also fitting wind
statistics, controlling the costs and production, and
adjusting to energy markets.

Wind statistics

Apart from wind turbine types and their num-
bers, an average wind power capacity strongly de-
pends on wind speed distribution of an area,
whereon a wind farm is projected. It is commonly
modeled as the Weibull distribution of wind speed
s [2, 3,6, 7]

b
N

b-1
zms>=-9-(ij A by seme
a a

with a positive shape parameter b and a positive
scale parameter a. The shape parameter relates to
a factual range of wind speeds, whereas the scale
parameter corresponds to the mean wind speed.
These parameters of wind speed distribution (1)
cannot be assessed as point estimates. They are
commonly assessed as interval estimates, although
the intervals are relatively pretty narrow. Besides,
there are no probabilistic measures over those in-
tervals as eliciting them from the observed wind
statistics leads to uncertainty among a continuum
of probabilistic measures over an interval. Being
preliminarily assessed prior to the wind farm de-
ployment, the parameters of wind speed distribu-
tion (1) are then determined more accurate after
the wind farm starts its functioning.

Initial parameters of wind farm deployment

Let K be a number of available wind turbine
types. Denote the power curve of the k-th wind

turbine type by w(k, s) (k =1, K), where w(k, s)
by a fixed wind speed is a power in megawatts

(MW) produced by turbine k at that speed. An
expected power produced by the k-th wind turbine

type is
pi = | o)Wk, s)ds )
0

with using wind speed distribution (1) or other.
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Let E,,, be an annual desired energy given i.e.
in MWh. Then the respective expected power out- K
P P p Fnin < Z Py < Fax - (7)

put in MW is [1, 7]

E a E a
— max — max . 3
fmax = 3659524~ 8766 )

Obviously, energy level E,,, cannot be always ex-

X
actly achieved, so a lower value of the annual
desired energy is given: it is F where

min >
E i < Eax - In most practical cases, lower energy

level E,;, is about 90 % of E_, or greater. The
difference between FE,, and E_;, includes an
amount of energy which can be spared.

Let an amount of financial resources required
for a wind farm deployment be C These are

max *
maximal costs which can be spent on it. They in-
clude costs of buying and installing wind turbines.
Thus, denote the costs for buying and installing the

k -th wind turbine type by v and vk respec-

buy ins >
tively. For definiteness, may the costs be expressed
in millions of euro.

Power maximization problem

In general, a wind farm is built of wind tur-
bines of various types [3, 6, 7]. Thus, let n, be a

number of wind turbines of type k&, where
nm, e NU{0}. In particular, this means that, by
n, =0, a wind farm is projected without wind tur-

bines of type k.
An expected power output of the entire wind
farm is

pzz

M=

K o0
mepy = .y [ pls)wik, s)ds. 4
1 k=1 0

=
Il

This power output costs
& (k) (k)
CZ = Z ny (Vbuy * Vins ) (5)
k=1

Therefore, power (4) is to be maximized along
with minimizing costs (5) by the following con-
straints.
Firstly, power (4) should not exceed maxi-
mum (3), nor should it be less than
E

. — “min 6
rmm 8766 > ( )

k

Il
—_

Secondly, the financial resources are limited to
C

max -
X k k
Z ny (Vl()u; + Vi(ns)) < Cmax . (8)
k=1

Thirdly, a maximal number of wind turbines N,

exists, which is determined by the area, whereon a
wind farm is projected. This factually is a geo-
graphic capacity of the area that is tightly connect-
ed to a reasonable and efficient geographic con-
centration of wind turbines. Thus, the total number

of wind turbines is limited to N, :

K
z ny < Nmax . (9)
k=1

Another peculiar constraint, which supple-
ments constraint (9), is that a maximal number of
wind turbines of a definite type may be limited al-
so. Besides, a minimal number of wind turbines of
that type may exists, which must be necessarily
bought being imposed by, e.g., a contract binding
the wind farm projector and a supplier of wind
turbines. So,

A™MY < g <A™ for k=1, K (10)
by a formal inequality
0<n™ <pm <N for k=1, K. (11)

The described maximization problem, without
yet considering minimization of costs (5), can be
written as an integer linear programming problem.
Let

N =[nm ]k

be a vector of unknown integers along with known
vectors

Nmin = [nl(cmin)]lxl( and Nmax = [n](cmax)]b(]( (13)

(12)

of integers in inequalities (11). Consider a matrix
A= @ lak (14)

by
k k
Qi =Pks Dk = Pk B = Vt()u)y +vi(ns)’ ay =1, (15)

and a vector-column
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C

max

B = [rmax ~min Nmax]T . (16)

Then the integer linear programming problem is

K
max__» mp,

e, k=1, K {5 (17
subject to:
ANT < B, (18)
Noin SN <Njas (19)
N e {NU{OBX. (20)

Note that constraint (20) is required to be attached
to inequality (19) for ensuring that all the K vari-
ables in vector (12) be integers.

Wind farm deployment optimization

First, problem (17) subject to constraints
(18)—(20) is solved by an arbitrary large C

max *
Denote such a solution by

N = [k - (1)
The respective costs, according to (5), are
K
x o (k k
C, = /; e (Ve + V). (22)

The idea behind getting rid of ranking the energy
and costs is quite simple. Starting off (21), the
costs are decreased until the solution of problem
(17) subject to constraints (18)—(20) is nonempty.
Every next step of the decrement is smaller than
the previous one. If the energy maximization prob-
lem has no solution, the costs are increased. Every
next step of the increment is smaller likewise than
the previous one. This process is continued until
the change in the costs (either decrement or in-
crement) becomes sufficiently insignificant. Then
the last nonempty solution of the energy maximi-
zation problem is saved and considered as the
optimal one for the wind farm deployment. The
iterative process can be organized with using a
simple dichotomization approach [11]. Therefore,
once solution (21) is found, problem (17) sub-
ject to constraints (18)—(20) is further solved as
follows.

Value 8 =1 is initially set along with some in-
teger Q. This integer defines a maximal number of
energy maximization problems to be solved, in-
cluding the initial problem with solution (21). After

solution (21) is found, the new constraining costs
into vector (16) are set: C,,, =C,. The iterative
process is continued while & > 1/22 . After the next

energy maximization problem is solved, the change

in the costs is twice reduced:
5% =5 and 5=25°")2. (23)

If a solution of problem (17) subject to constraints
(18)—(20) is nonempty, then

Cr(ri)z?xS) = Cmax and Cmax = Cr(Ii)zB(S) - 8CO . (24)
Otherwise, if the solution is empty, then
Cr(lggf) = Cmax and Cmax = Cr(:ag(s) + 8C() . (25)

Denote the nonempty solution of the ¢-th prob-
lem by

N(@) =@k (4=1,0),

where N*(1)=N*. Besides, denote the expected
power output of the entire wind farm by py(q)
corresponding to the annual energy

E(q) =8766-ps(q) ,

and denote this power output costs by C.(q),
where C.(1) =C,.

Consider an example related to one example
in [6], wherein b =2, a =5 (which corresponds to
the mean wind speed 4.43 m/s). A wind farm is
projected on the base of five (K =5) known and
widespread wind turbines [7]:

1. Enercon E82 E2 (2.3 MW).

2. Gamesa G128-4.5 MW.

3. Nordex N90/2500 (2.5 MW).

4. REpower MMS82 (2 MW).

5. Vestas V112-3.0 MW.

The prices for buying and installing these
wind turbines are pretty volatile. So, they can be
only roughly estimated. Thus, having enumerated
the turbines from #1 to #5, respectively, their costs
in millions of euro are:

Vo =3-L vl =772, 06
vE) =325 v = 2.68, v =5.1,
and
v =0.277729, v = 1.72239376,
v =0.30525625, v\ = 0.20757136,  (27)

v®) =0.751689,

ins



48 KPI Science News 2019/4
where [6, 7]
_ 32 o i
v = (0.17v&) ) for k =1,5. 315 23951
31 239+t
The annual desired energy is E, ., =17500 MWh, 30.5 5385 e eE
whereas E_.. =15750 MWh (it is 90 % of the 30
. . . 29.5 23.8¢
maximum). Let the total number of wind turbines 29
be limited to 25 regardless of the wind turbine 8.5 23757 o
types. Therefore, inequality (7) is 78 23.7}
5 27.5 23.65}
1.79671458 < Z mepy <1.99634953, (28) 27 236
k=1 26.5 ’ *
where 26 23.55¢
25.5 235
p; = 0.24448531, 25 )
24.5 2345 L L L L L
p, =0.7114002, 4 3 4 5 6 71 8
235 i ™
p; =0.26110028, 2'3 I
py = 0.22377591, 222-; -
ps = 0.26336238. 2151
21 -
Setting C,,,, =1000 (being sufficiently large here), 20.5 L
inequality (8) is 20 |
195
3.377729n; +9.44239376n, + 3.55525625n, 19 L —— Cs(8) £ Co/256
+2.88757136m, +5.851689n; <1000,  (29) 18.5 - & Conax
) o 18 - # Gs(g) by a nonempty solution
and me?ualltles (9) and (10) are 171.3 : B Gs(g) by the empty solution
> <25,0<n <25 for k=1,5. (30)  165F
k=1 16, [ ! 1 1 1 !
Then, matrix (14) is determined by its already ><11 0’ 3 4 2 ) 7 8
known elements (15), and vector-column (16) is ¥
determined as well. Now, problem 17.4 # FE(g) by a nonempty solution
17.2:
5 . 0 E(g) by the empty solution
max_ Y n,p (31) 17
s k=1, 5,; Kk 16.8
subject to constraints (18)—(20), which are 122

formed by inequalities (28) — (30), is solved. The
initial solution is

N =N'(D)=[nM],s=[6 0 0 0 2,

wherein the respective costs by (22) are
Cy =31.969752 allowing to achieve an expected
power output in 1.99363663 MW, which corre-
sponds to an annual energy in 17476.218682 MWh.
Then, according to (23), §=1/2 and decrement

(24) is executed (i.e., the new constraining costs
herein become C,,, =15.984876). The whole pro-

cess for eight iterations (Q = 8) is shown in Fig. 1,

16.2:
16/
15.8

Fig. 1.

The process of eight iterations for wind farm deploy-
ment optimization, where the final resulting annual
energy is 15874.4957616 MWh (by the required mini-
mum 15750 MWh), which costs 23.59072852 million

euros, and N (8) =[n,(®)],s=[1 0 0 7 0] (e,

the wind farm should be built of 8 wind turbines —

one turbine Enercon and 7 turbines REpower; the co-
incidence of the iteration number with the total num-
ber of wind turbines is purely occasional)
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whereon the resulting annual energy and its costs
for every empty solution are set at the preceding
values. The cost bounds which, generally speaking,
are

G(0)£ Gy /22,

allow to relatively estimate the accuracy of the
cost minimization. Bounds (32) “trap” the final
resulting costs, and they do not necessarily
“trap” constraining costs C,,, at the final itera-

(32)

X
tion. Compared to how this example was solved
in [6], where the energy and costs were maxim-
ized and minimized simultaneously, the final
resulting costs are decreased from 26.551 to
23.59072852 million euros (see Fig. 2). The dif-
ference is more than significant: by sustaining
the required annual energy minimum, it is
2960271.48 euros. By the way, executing more
than eight iterations in this example does not
improve the obtained solution.

Another example with the twice greater annu-
al desired energy, where the rest of parameters are
the same, is shown in Fig. 3. It takes only six itera-
tions to get the optimal annual energy and costs. It
is noticeable that here the initial solution is

N =NO=[nD}s=[3 13 2 5 (33
n()=1r, =1.979
- Ey = 17500
é n,(3)=4 i, /ry=0.9916 '
I n# =1 c(r,)=265510 ©
09r 5 o
08 ° 02f e, °o e o
07 % o e T 0 o o
o O
0.6 @ @ 0.05 ° o o
0.5} @ % 005 01 015 02
) ° o o
0.4 %R0 %, @ @ " o
03 | @, % @ ° o °© o
0 ° @ o
0.2r OQ%OQ%)Q%O ® o, ° ©° o
o
0.1f @, %, % o o o
i . i i ) ) |

u

O 1
0 01 02 03 04 0506 07 08 09 1

Fig. 2. The result of simultaneous energy maximization and
cost minimization (see the copied Figure 1 in [6]) for
the example in Fig. 1; by this version, the wind farm
should have been built of 6 wind turbines — one turbine
Gamesa, 4 turbines Nordex, and one turbine REpower
(despite the annual energy in 17353.1736 MWh, this
version is almost 3 million euros more expensive than
that in Fig. 1)

implying that the wind farm would be built of 14
wind turbines involving each of those five wind
turbine types. Such a solution ensuring an annual
energy in 34998.436412 MWh (which is 99.9955 %
of the maximum) would cost 65.27493723 million
euros, which is 18.40611058 million euros more
expensive than the optimal costs in 46.86882665
million euros. So, this is an example of that the
suggested optimization process can have a really
great positive impact on the wind farm deploy-
ment. On the other hand, this exemplifies that the
most profitable deployment does not always imply
a great diversity of wind turbine types. The wind
farm here is optimally deployed by two types of
wind turbines, whereas solution (33) stands for in-
volving five types. The fact that the optimized wind
farm consists of two wind turbines more can seem-
ingly be a trade-off.

ger C  Ge)FC/64
63 ]
62 . Cmax
61 .
50 # (y(g) by a nonempty solution
59
58+ © Cs(g) by the empty solution
57
56
55
54
53
521
51r
50+
49t
pe @\ (o] o]
47 +
46 -
45
441
431
420
41+
40+
39+
38+
37- )
36+ # FE(g) by a nonempty solution
35-
gg: O FE(q) by the empty solution
32 1 Il 1 Il Il
1 2 3 4 5 6
x 10° 49
35F 4 [§) '
34+
33+
* o] o
32+ *

Fig. 3. The process of six iterations for wind farm deployment
optimization, where the final resulting annual energy
is 31713.099738 MWh (by the required minimum
31500 MWh), which costs 46.86882665 million euros,

and N*(6) =[n,(6)];,s =[0 0 1 15 0] (i.e., the wind

farm should be built of 16 wind turbines — one turbine
Nordex and 15 turbines REpower)
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Other numerical experiments show (Fig. 4)

that the polyline of changes in C,,, resembles

those ones in Figs. 1 and 3. Every iterative optimi-
zation process is convergent, although there are
always many empty solutions. The only condition
of a correct start is to obtain a nonempty solution

(21) of the initial problem. This can be sometimes
an uneasy task due to minimal power output (6)
may be required and correspondingly set at a
higher rate.

It is also clear that the optimization process
must have iterations with empty solutions. Such it-

511 -
50 O o I o
49 70-
48} 68 -
ﬁgi 66 -
45} -
44 /@\ 64
43 62 -
421 -
41t 60
401 58 -
39} _
2r 56
37 54 - }Zl\
36} _ * (o)
$r 52
341 50 -
B 4- _*
31+ 46 -
&l s \Et/
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28+ 42 -
27F _
ol 40
251 38 -
L L L L L
1 2 3 4 536 -
q L L L L L
X 10 1 2 3 4 5
| ‘ ‘ « 10° q
30F % O O * T T T T
29l 351 % lo) * o
28+ 34
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271 33
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82 - 72—
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Fig. 4. A series of four additional examples, showing that an optimal solution is achieved in just a few iterations, where every
polyline of the constraining costs (with squared points) is depressed similarly to those ones in Figs. 1 and 3
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erations, whose number can be even greater than
the number of iterations with nonempty solutions,
are unavoidable. This and other peculiarities of the
suggested iterative optimization are to be discussed
below.

Discussion

To start the optimization, apart from expected
power (2) for every wind turbine type, F

max °
E_,, and the costs for buying and installing every

wind turbine type, it is also compulsory to enter
integer Q. These parameters are required without
exceptions. The rest of the constraining parame-
ters, if they do not have special requirements, can
be set loose just like inputting an arbitrary large

C,. for the initial problem: number N, and

elements of vector N, are made arbitrary large,
whereas all elements of vector N ..
Special attention must be paid to calculation of
expected powers {pk},lle, which strongly depend

on the wind speed distribution parameters and rep-
resentation accuracy of wind turbine power curves
[12, 13]. The expected power is indeed very sensi-
tive to the shape and scale parameters, so their in-
accurate determination may badly bias an optimal
solution if even the power curves are all represent-
ed accurately.

Vectors (13) for constraints (19) should be de-
termined carefully as well, but any inexactnesses in
their elements are easily corrected by recalcula-
tions, which are rapidly executed by the suggested
successive optimization process. If some parame-
ters concerning a functioning wind farm change,
the rapid recalculation by a set of adjusted parame-

ters will give a solution N'(Q) prompting which

type and how many wind turbines are to be turned
off/on. Other needs for the recalculation may
emerge from volatility of the prices for buying and
installing wind turbines. The example of that in-
stalling prices (27) are tied to buying prices (26) is
just a naive pattern. So, the rapid recalculation of
the optimal solution by the suggested successive
optimization excellently fits such situations. In par-
ticular, solving optimization problems like that
with objective (31) takes up to one tenth of a sec-
ond, so a bunch of such problems is solved within
a second or so.

It is easy to see that the optimization requires
no less than 3 iterations. After the first iteration,
the constraining costs drop too low and the prob-
lem has no solution. Then, at the third iteration,

are set at 0.

the constraining costs are increased according to
(25), where & =1/4. So, this “triangle” turned over

with its middle vertex downward is a distinct fea-
ture of the optimization process. However, the
empty solution at the third iteration is not exclud-
ed (see Fig. 4). This nonetheless is normal, because
a nonempty solution (in which the resulting costs
are lower) can appear after a few empty solutions
(see it in Fig. 1, wherein the final nonempty solu-
tion appears after four iterations with empty solu-
tions).

An apparent economical impact after applying
the wind farm deployment optimization is expectedly
strong. The example with saving almost 18.4 mil-
lion euros (Fig.3), which is 28.2 % of the initial
(non-optimized) costs, is quite remarkable. Such
gains, however, are expectedly decreasing as the
relative difference between a maximum and a mini-
mum of the annual desired energy is shortened.

Conclusions

An optimization approach, presented in this
paper, allows to avoid solving the two-criterion
problem for simultaneous energy maximization and
cost minimization for deploying wind farms. As
solving the two-criterion problem is partially un-
certain due to not surely known priority relation-
ship between energy demands and financial re-
sources, the presented approach is a method of
successive optimization. The computational core of
this method is that the expected power output is
maximized via solving an integer linear program-
ming problem. The successive optimization process
starting with an initial power maximization prob-
lem by arbitrary large costs is always convergent if
the problem has a nonempty solution. The costs
then are dichotomized in order to produce energy
between definite maximum and minimum so that
further changes in costs would be ineffective. The
dichotomization allows to rapidly achieve the op-
timal solution, which includes the final resulting
annual energy, costs spent on it, and the respective
numbers of wind turbine types to be installed.

A promising way to improve the suggested op-
timization process is to consider dichotomization
steps different from one-half. This must be tried
along with tolerating non-fixed parameters of the
wind speed distribution. Despite it is not obvious
that an improvement will be significant, such a
supplement to the suggested successive optimiza-
tion will be a more complete contribution to the
theory and practice of wind farm deployment.
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B.B. PomaHtok

ITEPALIMHA MAKCUMI3ALIA MOTY>XHOCTI 3A MNMONOBUHHOT ANXOTOMIT BUATPAT OJ1 ONMTUMI3ALIT PO3rOPTAHHSA
BITPOBOI ENEKTPOCTAHLYIT

Mpob6nemartuka. [Mpy po3ropTaHHi BITPOBOI eneKTpocTaHLii Ay)Ke BaXnuBo yTpuMyBaTu 6anaHc eHeprii, reHepoBaHOI BITPOBMMM
Typ6iHamu, Ta BUTpaT Ha X KyniBnto i MOHTYBaHHs. OfHaK paHXXyBaHHS eHeprii Ta BUTPaT € 3a3Buyail HeBU3Ha4YeHUM. Kpim Toro, icHyto-
Yi METOAM ONTUMAaNbHOrO PO3ropTaHHs BITPOBOI €NeKTPOCTaHLii € A0BOMi MOBINbHUMM, TOAI SIK HABiTb ONTUMarbHI KiNMbKOCTi BITPOBMX
Typ6iH NeBHMX TVNIB pa3oM i3 ix BapTOCTAMM Ta BUPOONEHO EHEPriEld MOXYTb NOTpebyBaTn YacToro nepepaxyHky.

Meta pocnigxeHHsi. MeTolo € nobyaoBa NpakTUYHO LUBWMAKICHOrO METoAy Makcumisauii BUpobneHoi eHeprii 3a MiHiMizauii Bu-
Tpart. Llen meton mae no3byTucsa 3anexHoCTi Bi4 paHXyBaHHsi eHeprii Ta Butpat. KpiMm Toro, BiH MOBMHEH MPUCKOPUTM NpoLec BU3Ha-
YEHHS ONTUMAarbHUX KiNbKOCTEN BITPOBMX TypbiH. ONTUManbHICTb TYT PO3yMiETbCS B LUMPOKOMY CMWCHTI, BKIIOYaOUM TaKoX npunacy-
BaHHSA O CTATUCTMKM BiTPIB, KOHTPOSb BUTPAT i BUPOOHMLTBA, afanTaLiio 40 eHepreTUYHNX PUHKIB.

MeToguka peanisauii. [1o 064MCneHHI o4ikyBaHOI NOTY>XHOCTi ANsA BITPOBOI TYypOiHWN KOXHOro Tuny )opMynioeTbCsa 3agada Mak-
cMMi3aLii NOTyXXHOCTi y hopMi 3a4adi LinoyYncrnoBoro NiHiHOro nporpamyBaHHs, Y SKil MatoTb 6yTu BU3HA4YeHi onTMManbHi KinbKOCTi Bi-
TpoBuMx Typ6iH BU3Ha4YeHux Tunie. Lis 3agaya BkntoyYae NpoMipkoK NPUIRHATHOI LLIOPIYHOT eHeprii Ha OCHOBI MakcyMyMy Ta MiHIMyMy LLOpiY-
Hoi GaxaHoi eHeprii. Kpim Lboro, obmMexytoTbest | BUTpaTh. MiHiManbHi Ta MakcumarbHi KiflbKOCTi BiTpOBUX TYypOiH BU3HAYEHUX TUMIB 06-
MeXyloTbcs Takox. CnovaTky 3agada MakcuMmisaLlii MOTY>XHOCTI pO3B’A3yeTbCs 3a 5K 3aBrOAHO BENUKMX obmexyBanbHux BuTtpaT. Aani
obmexyBarbHi BUTPATV 3MEHLLYIOTBCA AOTW, OOKM PO3B’SI30K HE CTaHe MOPOXKHIM. FAKLWO pO3B’SI30K € MOPOXKHIM, Ui BUTpaTU 36inbLuy-
10TbCsl. Ha KOXXHOMY HacTymHOMY Kpoui Take 3MeHLUeHHsI abo 36inblueHHs € BABIYI MEHLUUM, HiXX BOHO Byno Ha mnonepegHbomy. Llei
npoLec NPOAOBXKYETLCS A0 TUX Mip, AOKM 3MiHa BUTPAT He CTaHe JOCTaTHbO HE3HAYHOH.

Pe3ynbTaTtu gocnimkeHHs. Takui npouec onTuMisauii BUKOHYETbCA HanpoYy LWBWUAKO, BUMArarouu fiviie Kinbkox itepauin gns
TOro, Wo6 [ocArTM onTUMaribHOro po3B’si3ky. 30Kpema, Po3B’si3yBaHHsA 3agay onTuMisaLii 3 mM'sTboMa BiJOMUMYK TUNAMK BITPOBUX Typ-
OiH 3aiMae 0o ofHiel 4ecATol ceKyHau, Tak WO rpyna Takux 3agad po3B’aA3yeTbcsi 3a cekyHay abo 6nm3bko Toro. B3arani ua ontumisa-
Lis BUMarae He MeHLUe Hix Tpu iTepauii. [Micns neploi iTepauii obmexyBanbHi BUTpaTV NagalTb 3aHWU3bKO, | 3a4ada He Mae po3B’a3Ky.
OpHak NOPOXKHIN PO3B’A30K HA TPETIiN iTepauii He BUKMYEHWI, | HEMOPOXHIN PO3B’A30K MOXE 3'ABUTUCA MICNSA AEKINIbKOX MOPOXKHIX
po3B’askiB. [poTe 6e3CYyMHIBHUIN EKOHOMIYHMIA BMSMB MiCMsi 3aCTOCYBaHHSA ONTMMIi3aLii po3ropTaHHsA BiTPOBOI eneKTpoCTaHLii € ovikyBa-
HO MOTYXHWM. MokasaHo npuknag i3 3aoliagkeHHsM Maike 18,4 MinbiioHa €BpO, WO cTaHOBUTb 28,2 % Big nmoyaTkoBMX (HEOMTUMI3O-
BaHuX) BUTpaT. OgHaK OYdiKyeTbCs, Lo NoAibHI NpUPOCTU € CnafiHMMK 3i CKOPOYEHHSIM BiJHOCHOI Pi3HUL MiXK MAkCUMYMOM Ta MiHIMyMOM
LOpiYHOT BaxaHoi eHeprii.

BucHoBku. 3anponoHoBaHWin Niaxia € MeTodoM MocnifoBHOT onTumisadii. BiH Aae 3mMory yHUKHYTW po3B’A3yBaHHS ABOKPUTEPI-
anbHOI 3afayvi 3 0AHOYaCHOK MaKcMMi3auieto eHeprii Ta MiHiMi3alieto BUTpaT Ansi po3ropTaHHs BITPOBUX enekTpocTaHuin. O6uyucrio-
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BanbHUM SAPOM LbOro MeTOoAy € Te, WO O4iKyBaHa NOTYXHICTb MaKCUMI3YETbCSl Y PO3B’A3yBaHHI 3af4adi Lino4YmMcnoBOro fiHiHOro npo-
rpamyBaHHs1. [pouec nocnigoBHOT oNTUMI3aLii, L0 NOYNHAETHLCA 3 MOYATKOBOI 3a4ayi MakcuMi3aLii MOTY)XHOCTI 3a Sk 3aBrO4HO BESNKUX
BUTPAT, 3aBXau € 30DKHMM, SKLLO Taka 3aadya Mae HenopoXHil po3B’A3oK. BTpaTtu NoTiM AMXOTOMI3YIOTECSA 3 METOI BUPOONATH eHep-
rit0 Mi>K BU3HAYEHVMU MAKCUMYMOM i MiHIMyMOM Tak, LWo6 nodanblui 3MiHK BUTpaT 6ynu HeedekTnBHUMU. Lis AnxoTomisauis fae Mox-
NMBICTb WBUAKO AOCATHYTU ONTUMAanbHOro PO3B’si3Ky, KW BKIIOYAE pe3yrbTylody LWOPIYHY eHEprito, BUTPaTK Ha Hei, a TakoxX BiAno.ia-
Hi KiNbKOCTI TUMIB BITPOBMX TYpOiH, LLO MaloTb OyT 3MOHTOBaHI.

Knio4yoBi cnoBa: eHeprisi; BUTpaTW; pO3ropTaHHs BITPOBOI eNeKTPOCTaHLi; nocnigoBHa onTyMi3auis; BiTpoBa TypOiHa; AUXOTOMi-
3aLis; WopivyHa eHepris.

B.B. PomaHtok

WTEPALIMOHHAA MAKCUMW3ALMA MOLLYHOCTUY TMPY MONOBVHHOW AMXOTOMUU 3ATPAT ANA ONTUMU3ALIMA
PA3BEPTbIBAHWNS BETPOBOW INEKTPOCTAHLIMM

MNpoGnemaTuka. Mpy pa3BepTbiBaHUM BETPOBOW 3MEKTPOCTAHLMN OYEeHb BAXKHO yAepXuBaTb GanaHCc 3Hepruum, reHepupyemon
BETPOBbIMU TypbMHamMu, 1 3aTpaTt Ha MX MOKYMKY U MOHTMpoBaHue. OQHaKO paHXUpOBaHUE SHEPrMM N 3aTpaT OBbIYHO ABMAETCH He-
onpegeneHHbIM. Kpome Toro, cyLlecTByloLne MeTOAbI ONTUMAarnbHOro pasBepThbiBaHWA BETPOBOM 3M1EKTPOCTaHLUMM AOBOMBLHO MeaneH-
Hble, TOrAa Kak Aaxe onTMMarnbHble KOMYecTBa BETPOBLIX TYPOUH onpefeneHHbIX TUMOB BMECTe C X CTOMMOCTAMM 1 NPOM3BeAEHHON
3HEeprnen MoryT HyaaTbCsa B YaCTOM nepepacyeTe.

Llenb uccnepoBaHus. Lienbio SBnseTca NocTpoeHne NpakTUYeckn CKOPOCTHOrO MeToAa MakCUMMM3auuy Npon3BefeHHON aHep-
T NPU MUHUMMW3aUMK 3aTpaT. STOT MeToA AOIMKEH 136aBUTLCA OT 3aBUCMMOCTM OT paHXMpOBaHWA 3Hepruv u 3atpat. Kpome Toro, oH
[OIMKEH YCKOPUTL MpoLecc onpeAeneHns ONTUMarbHbIX KONMYeCTB BETPOBbIX TYPOMH. ONTMManbHOCTb 34eCb MOHUMAETCS B LUMPOKOM
CMbICre, BKI0Yas Takke NMoAroH K CTaTUCTMKE BETPOB, KOHTPOIb 3aTpaT M NPOM3BOACTBA, adanTauuio K SHEPreTUYECKMM pblHKaM.

MeToauka peanusaumu. [locne BbIYUCMEHNA OXMAAEMOWN MOLLHOCTU AN BETPOBON TYpOUHbLI Kaxaoro Tuna opmynupyeTcs
3afjaya MakcMmMm3aLumMm MOLLHOCTU B (hopMe 3afaun LeNOUMUCIIEHHOTO NMHENHOrO NPOrpaMMUPOBaHUst, B KOTOPOW AOMKHbI BbITb onpe-
AerneHbl oNTUMarnbHble KOnMYecTBa BETPOBbIX TYPOMH onpefeneHHbIX TUMoB. JTa 3aJadva BKIYaeT NMPOMEXYTOK NPUEMITEMON exe-
rOAHOM 9HEepPrn Ha OCHOBE MakCMMyMa W MUHUMYMa eXerogHoMn XenaTenbHon aHeprun. Kpome aToro, orpaHMunBaloTcs U 3aTparthl.
MuHuManbHoe U MakcumarnbHOe KonmnyecTBa BETPOBbIX TYPOUH onpedeneHHbIX TUMOB orpaHnymBatoTcs Takke. CHavana 3agada Mak-
CYMM3aLMN MOLLIHOCTU peLuaeTcs npu Kak yrogHo 6onblumx orpaHvymBaiolimx 3atpaTax. [anblue orpaHuyvBatolive 3aTpaTtbl YMeHb-
LIalTCA A0 Tex nop, Moka pelueHne He cTaHeT nycTeiM. Ecnu pelleHne sBnseTcs NycTbiM, 9TV 3aTpaThl yBenuymsatotcsa. Ha kaxagom
crefyloLlem Liare Takoe yMeHbLUEeHUe UMK yBenuyeHne sIBNsieTcst BABOe MEeHbLUMM, YeM OHO Obino Ha npedbigylieM. OTOT npolecc
npoAormKaeTcs A0 TeX Mop, Moka U3MEeHeHVe 3aTpaT He CTaHeT JOCTAaTOYHO HE3HAUYUTENbHbBIM.

PesynbTathl MccnegoBaHusA. Takol NpoLecc onTUMM3aLnmn BbINOMHAETCS KpanHe GbICTpo, Tpebys NMULlb HECKOMNBbKMX UTepaLumi
Ans Toro, 4Tobbl AOCTUYL ONTUMAIIBHOIO peLleHusi. B yacTHoCTH, pelueHre 3aday onTYMU3aLMKU C NATbIO U3BECTHLIMU TUMAMKU BETPO-
BbIX TYPOWH 3aHMMaeT A0 OAHOW [EeCATOW CeKyHAbl, Tak YTO rpynna Takux 3ajad peluaeTcs 3a CeKyHAy Wnm okoro Toro. Boobuye aTta
ontummaauusi TpebyeT He MeHbLUe Yem Tpu uTepauuu. MNocne nepBor UTepaummn orpaHMYMBaloLLMe 3aTpaThl NagatT CIMLLKOM HU3KO, 1
3afaya He umeeT pelueHusi. OgHaKo MycToe peLueHne Ha TpeTbel utTepaumn He UCKIMIOYEHO, U HEMyCToe peLleHne MOXET NOSBUTLCS
nocre HeCKOMbKUX MyCTbIX PeLueHnin. TeM He MeHee HECOMHEHHOE 3KOHOMMWYECKOe BfMSHME MOocne MPUMEHEeHWs ONTUMM3auun pas-
BEPTbIBaHNSA BETPOBOWN 3MEKTPOCTaHLUMU OXMAaeMo MoLHo. [oka3aH npumep co cbepexeHvem noytu 18,4 MunnumoHa eBpo, YTO Co-
ctaensieT 28,2 % oT HayanbHbIX (HEONTUMMU3NPOBAaHHbLIX) 3aTpaT. OgHako oxuaaeTcs, YTo NofoOHbIE NPUPOCTLI ABNSIOTCS YObIBaAKOLLM-
MW NP COKpaLLEHUN OTHOCUTENbHON Pa3HOCTN MEXAY MaKCUMYMOM N MUHVMYMOM €XErofHON XenaTenbHON SHeprun.

BbiBoabl. MpeanoxeHHbI NOAXOA SBMAETCS METOAOM nocnedoBaTenbHon ontTuMuaaunn. OH no3BonseT nsbexartb pelleHns
[OBYXKpUTEPMArnbHON 3afayv C OOHOBPEMEHHOW MakCMMM3auuen 3Hepruv U MUHUMU3aumen 3aTpaT Ans pa3BepTbiBaHWS BETPOBbIX
3NeKTpoCTaHUMi. BblumcnnTenbHbIM SAPOM 3TOr0 METOAA SIBMSIETCS TO, YTO OXMAAEMasi MOLLHOCTb MaKCUMU3VPYETCS B peLleHnun 3a-
[ayu LernoYncrneHHoro nMHenHoro nporpammmnpoBanus. MNpouecc nocrnenoBaTenbHON ONTUMM3aLUK, KOTOPas HauMHAETCs C HavanbHOW
3afa4v MakCHMMU3aLmMM MOLLHOCTY NpW Kak yrogHo Gonblumx 3aTpaTax, Bceraa sBNsSieTcsi CXoAALwMMcs, ecnn Takas 3agada uMeeT He-
nycrtoe pelieHue. MoTepn NOTOM ANXOTOMU3UPYIOTCA C Lenblo BblpabaTbiBaTb SHEPru0 Mexay onpeaeneHHbIMU MakCMMyMOM U MUHU-
MYMOM Tak, Y4ToDObl AanbHenLMe n3sMeHeHns 3atpat Obinv HeadhEKTUBHBIMU. dTa AMXOTOMM3aLNS NO3BONSET ObICTPO AOCTVUYL ONTU-
ManbHOro peLleHuns, KOTOpoe BKIoYaeT pe3ynbTUPYIOLLYIO eXErofHyl 3Hepruio, 3aTpaTbl Ha Hee, a Takke COOTBETCTBYHOLLME KOMU-
YecTBa TUMOB BETPOBbIX TYPOUH, KOTOPbIE AOMKHbI ObITb CMOHTVPOBAHbI.

KntoueBble croBa: sHeprusi; 3aTpaTbl; pa3BepTbiBaHMEe BETPOBOW 3MEKTPOCTaHUMKM; nocrnegoBaTernbHas onTuM1M3aums; BeTpo-
Baa Typ6|/|Ha; ONXOoTOMU3aLUnA; exerogHaa sHeprua.
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