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Wind farm deployment by wind turbines of different power curves
under a 2-way routine of energy-and-costs constrained optimization
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Parameters of the efficient wind farm deployment are determined as a probability density function estimation for area wind
statistics and an appropriate set of wind turbines based on the given either an annual desired energy or initial financial
resources. A routine of the deployment is stated in four items. The estimation follows giving initial data/conditions and a
number of wind turbines might be used for building a wind farm. The efficiency is achieved via energy-and-costs optimization.
At this point, the power output is maximized with minimizing costs or controlling their grand total.
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BirpoBa enepreruka Ta ii BIpOBa[)KEHHs iIHTEHCHBHO PO3BUBAETHCA 3 TIOUYATKOM TelepimHboi nekanu. CyMapHa NOTYXHICTh
BITPOBOI €HEPrii, sKa BUPOOII€ThCA Ha ChOTOHI Y CBiTi, ¥ 30 pasiB Oinbiua 3a Takuii ke nokasHuk 2000 poky. [Ipore mBuake
3pOCTaHHS 1 PO3MOBCIOKEHHA BITPOBOI €HEPrETHKHA OOMEXKYEThCA PAAOM (HaKTOPiB, MOB’S3aHUX 31 3HAYHUMH 00CATaMHU
HeoOXiHOoTo (hiHAHCYBaHHS JUII MOHTaXY W eKCIUTyaTallii BITpOBHX I'€HepaTopiB, TPAaHCHOPTYBaHHIM BHpoOIIeHOT eHeprii, a
TaKo)XK IOTCHI[IHHMM HETaTMBHUM BIUIMBOM Ha HABKOJIMINHE cepenoBUmIe. J{ONiNBHICTh IOYaTKOBOTO IHBECTYBAaHHS Ta
BIATIOBIAHUX (DIHAHCOBUX BUTPAT 3aJIEKHUTH BiJ] TOTO, HACKUIBKH €(EKTUBHO BHKOPHCTOBYETHCS I'€HEpOBaHA MOTYXKHICTb.
Pi3HMIS MDK IDIAaHOBAHOIO pPIYHOI MHOTYXKHICTIO 1 TI€IO, IO BHPOOJSETHCS BITPOBOIO ENEKTPOCTAHILIE0, Mae OyTH
SIKHaHMEHIIOr0. JIJIs1 bOTO CITiJ] BUBYATH CTATHCTHKY PO3MOJLTY BITPiB MiCIIEBOCTI, Ha sIKiii Oy yBaTHMEThCS ENEKTPOCTAHIIIS.
3 iHmoro OoKy, Moke OyTH IOCTaBJIeHa 3ajada MaKCHMi3alii MOTYXXHOCTI 3a HajgaHoro ¢iHancyBaHHS. OOuIBa MiAXOIH
NOTpeOYIOTh YITKOTO MEPEeNiKy MmapaMeTpiB epEeKTUBHHX Hii. BinTak BH3HAuYalOThCS MapaMeTpu €(PEeKTHBHOTO PO3TOPTaHHS
BITPOBOI EIEKTPOCTAHIII] K OLiHKa (PYHKIIi MIIIBHOCTI IMOBIPHOCTI IJIs1 30HAIBHOT CTATHCTUKH BIiTPY Ta IPUIHATHA MHOKHHA
BITpOT€HEepaTopiB Ha OCHOBI JaHUX PiYHOI HE0OXiTHOT eHepril abo moyaTkoBUX (iHaHCOBUX pecypciB. [Iporpama po3ropraHHs
BUKJIQJICHA Yy YOTHUPBOX MyHKTaxX. OIiHKa CIiye 3a HaJaHHSAM ITOYaTKOBHX JIAHUX/YMOB Ta YHCIIOM BiTPOT€HEpaTopiB, IO
MOTJI OW OyTH BUKOPUCTAaHI JJIst OyiIBHUITBA €IeKTpoCcTaHIii. EQeKTHBHICT TOCATAETHCS 32 ONTHMI3AIlI€r0 SHEPTii 1 BUTpAT.
ITpu iboMy BUXiHA HOTY>KHICTh MaKCUMI3Y€ThCSl pa30M 3 MiHIMi3aIli€l0 BUTpAT a0 KOHTPOJIEM 1X CyMH.

Knwwuosi cnosa: simpocenepamop, 6imposa eieKmpocmaHyis, CmMamucmuka po3nooiny eimpie, 3axkoH Beibynia, xpusa
NOMYIHCHOCMI, eheKMUGHICMb, ONMUMI3ayis eHepeii i sumpam.

Determining parameters of efficient deployment of wind farms (WFs)

Wind energy deployment has been intensively increasing since 2010s. As of December 2017, global
wind power cumulative capacity is 30 times larger than that of 2000 [1, 2]. This growth would have
been wider if there were not a few formidable obstacles. WF consisting of many wind turbines (WTS) is
built technically hard [1, 3]. Joining the power grid requires extra equipment or WF control systems [1]
to meet the technical standards set by the operator of a transmission line. Some negative influence of
WFs on environment (nature) still exists, e. g. noising, impact on wildlife, affecting weather in WFs’
immediate vicinity, fire danger due to lightning strikes [1]. Thus, determining parameters of efficient
WF deployment (WFD) remains an open issue.

Existing methods of meeting wind statistics for increasing efficiency of WFD

The troubles mentioned above can be partially shot with additional financial resources. They may be
produced owing to building highly efficient WFs. Increasing efficiency of WFD is possible by meeting
wind statistics. Otherwise, WTs are mostly useless [1, 3]. In [3], reference to wind speed (WS) is
received from a power-speed scheduler for the pitch controller intended to regulate the power. Wind
statistics in [3] are met after the event. In [2], aerodynamic interactions (known as the wake effect)
among WTs are considered for taking into account reduction of WS’s for the downstream WTs due to
the wake effect caused by the upwind ones. WS’s in [2] are sectioned by wind directions, each of which
has its own probability density function (PDF) modeled as the Weibull law (that theoretically reflects
actual wind statistics [2])

p(s)=(b/a)-(s/a) - 2 1)
by WS s in meters per second (m/s), the shape and scale parameters b and a. WTs in [2] have various
power curves (PCs), just like in [4] suggesting a diversification in PCs to increase the expected power
output (EPO) of a WF. However, neither [2] nor [4] suggests a way of how to get estimates of the
parameters b and a. Moreover, selection of WTs with appropriate PCs would ensure conforming to
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the wind statistics.

Goal of determining parameters of the efficient WFD and tasks to be fulfilled

The goal is to determine parameters of the efficient WFD. Eventually, a routine of WFD will be
itemed. To achieve the goal, there are the following three tasks:

1. To list initial data/conditions. They may be optional. Yet a planned EPO is to be.

2. To state rules for meeting wind statistics and finding an appropriate set of WTSs.

3. To finally item a routine of WFD. To consider an example of using the routine.

Initial data/conditions and their interpretation
An EPO r, planned/required in megawatts (MW) for a definite area is counted on an annual desired

energy (ADE) E, given in MWh. Then the planned/required EPO is
r, = E,/(24-365.25) = E, /8766 .
On the other hand, an amount of initial financial resources (IFR) can be given, which may be spent on
WEFD. Denote that amount by C,. Costs of buying and installing WTs are included in that amount,
which can be denoted also by c(r,) to show its issue from r,. Obviously, values E, and C, cannot be
given simultaneously, unless magnitudes of E, and C, are overestimated beforehand. Normally, either
E, or C, is given first. Henceforward, one of two ways is then considered:
1. If E, is given first, then a problem is to minimize costs of WFD. In this case, an optimal

combination of WTs is searched. If all WTs are identical, this is a mono-WF, otherwise — this is a
multi-WF consisting of diverse WTs having various PCs [4].
2. If C, is given first, then a problem is to maximize an EPO of a WF. It does not matter whether the

WF will happen to be a mono-WF or a multi-WF. The only reason is the EPO maximization, staying
careless of whether the maximized EPO is sufficient for covering energy demands or not. If insufficient,
the value C, may be increased.

Nevertheless, neither of these ways can guarantee that magnitudes E, and C, will be reached
exactly. Therefore, along with E,, a minimal ADE E_;, should be given as well, whose EPO is
Iin = Emin /8766 . This EPO might be called an EPO lower threshold. The corresponding costs are

subsequently estimated via r, and c(ro) using a rough supposition about the proportionality between
EPOs and their costs, where c(r,) is similarly taken closer to a maximum of costs for EPOs
approximating to r,.

Rules for meeting wind statistics based on estimating parameters of PDF (1)
If data about relative frequency of WS have been obtained over a year (or a few years) of
observations across the area, then parameters b and a for PDF (1) are found via approximating to the

histogram. Let {si}i1 be a set of WS’s in m/s, which are observed and fixed/registered, if any, where
difference 5, =s;,, —s, <1 is constant Vi=1,Q-1. WS’s s, =0 ornear 0 and s, =30 or greater, if the
area is offshore. If t; is a number of times when WS s; was registered, then the relative frequency is

f(s)=n inq.

Then linearly successively connected points {si, f(s )/85}?=1 constitute a polyline p(s), which is an

approximation to PDF (1):
Q Q
p(s,)="f(s)/8, ¥i=1Q-1 by » p(s,)8, =D f(s,)=1. @)
q=1 gq=1
The parameters b and a are found for (2) by solving a nonlinear curve-fitting problem

Q Q -
arg amibrlOZ[ﬁ(si)— p(s )]2 =arg aggyibrlOZ[f)(si)—(b/a).(si/a)b_l_ef(s./a) J . 3)

i=1
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If WS data are poorer, then solution of problem (3) is inconsistent. In this case, the average WS
(AWS) § is calculated in shorter periods (say, a few days or weeks). Then we set b=1.667 or b=2 as
a default (e. g., see [4]). Parameter a is found as

0

§—J-(b/a)-(s/a)b'l e gs
0
Surely, solutions of problems (3) and (4) are rather estimates of the parameters b and a, so let us

denote them by b (the same for the default value) and &, respectively.

- (4)

argmin
a>0

Finding an appropriate set of WTs for increasing efficiency of WFD

Having plugged b=b and a=4 in (1), the next step is the calculation of EPO. Considering a series
of K WTs having different PCs, denote the PC (in MW) of the k -th WT by w(k, s) for k =1, K. An
EPO of a mono-WF built of N, WTs (this number is not constrained from above) labeled by #k, is [4]

0

r(ky, N,) =N, -m(k,) by m(k):jp(s)w(k,s)ds. (5)

The selection of k, e{l_K} is a separate task, but not so hard. For instance, k, can correspond to a

high or the highest nominal power, which is
W(k)= max w(k,s)

se[0; =)
for the k -th WT. Mono-WFs appear not so efficient as they “focus™ on a specific range of WS’s tied to
the PC of a single WT. A multi-WF may rectify this lack as it has various PCs that widens the active

range of WS’s. Suppose the k,-th WT is installed in n(k,) places,
n(k)el and {k,}IL:l:I c{l_K} by Le{l,_K}.
Thus, a multi-WF is built of

N(1)=Ynk)

WTs by having L different PCs, where D(L,1)={n(k, )}L

. and N(I) along with N, is not
constrained. Herein, EPO of the multi-WF is [4]

L

r(L1,D(L1))= > n(k)m(k). (6)

1=1
For further consideration, denote EPO by (5) and (6) just shortly by 7.
When E, is given first, we should determine a subset R = {ru*}u:ru of those EPOs by (5) and (6) that

Fe[rn ] If R=2 then E, must be re-given greater or the EPO lower threshold must be set lesser
(or both of them are corrected). Formally, U ] , but if U =1 then those EPO values are probably to
"-th EPOin R is a mono-WF of N*) WTs labeled by #k.", then its costs are

07 ) = NS (Vi (87 ) s (7)) (7)
by the respective costs vbuy(k§“>) and vins(k§“>) of buying and installing the k"’ -th WT. If £ -th EPO
in R is a multi-WF built of

be corrected as well. If T

u

WTs, then its costs are

o(f)=> n.(k" )(vbuy () + v (K )) . )
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Eventually, a two-criterion problem (2CP) is to be solved:

. ro ru d‘ C(ru)_c(rmln) ~
i —op % I A
uRLUT = U= U= C(ro)_c(rmin) u=
r, " r
ST R S )
by C( 0) m Nuu:l,UC u C( mln) Lr‘u u=1,UC u (9)
u=1,U u=1,U

2CP (9) may not have a solution because as f, approaches to r,, the costs c(fu*) are very likely to
increase, and so minima in (9) are not reached at the same 7. by u. e{l_U} A solution to 2CP (9) is

rather searched on a plane of U points (d g ) A Pareto-efficient point (oT ¢ ) is chosen so that

u’ ~u Us? Uk

(the shortest distance to the zeros)

2 q2 ~2
mlrl}\/d +¢ _\/du*+cu* . (10)
When C, is given first, we do not have a financial lower threshold. We just find

= 11

- max{kg%}m&xr(ko, N,), Er)r(lgxl)lr;?l%}mex r(L 1,D(L, I))} (11)

which is reachable either at some k;e{l,_K} and N; oratsets L., I.,and D.(L., L)z{n*(k, )}Itl by
controlling that

C, ...Nl*(vbuy(k )+ Vins (K ) Zm ) (Vouy (K1) +Vins (K1) - (12)

For further, denote those costs just by c( ) A combination of those arguments under the first or

second group of maxima in (11) might be called shortly a WF. If maximum (11) is reached at a few
WFs, then a WF is chosen whose costs are minimal.

A routine of WFD and examples of the efficient WFD and IFR utilization

By knowing the costs of buying and installing WTs, such a routine is of four items:

1. To give a value of either E, or C,. A minimal ADE is requested along with E,.

2. To determine a number K of different WTs might be used for building a WF.
3. To estimate the parameters b and a for obtaining PCs of those K WTs.

4. To solve 2CP (9) for the given r,, r . and assessed c(ro), or find (11) by (12).

For considering an example of using the routine, we put a=5 (corresponding to AWS 4.43 m/s) and
b =2 optionally, without tethering to a region. Let a minimal ADE be 90 % of ADE. We take five
known and widespread WTs: Enercon E82 E2 (2.3 MW), Gamesa G128-4.5 MW, Nordex N90/2500
(2.5 MW), REpower MM82 (2 MW), Vestas V112-3.0 MW. Their characteristics and PCs are
downloadable from [5], though prices for buying and installing these WTs are still hidden. They can be
only roughly estimated via general information about WFD. So, having enumerated the WTs from #1 to
#5, respectively, the costs for (7) and (8) are (in million euros):

Vo (1)=3.1, Vi (2)=7.72, v, (3)=3.25, v, (4)=268, v,,(5)=5.,
where
Yy (K) =(027v,,, (k) for k=15

(installation is a few times cheaper, but installing bigger WTs becomes more expensive). Three
examples of solutions of 2CP (9) in the sense of efficiency by (10) are shown in Figures 1 — 3 for

Le {1_4} . Three solution examples for problem (11) by controlling (12) are shown in Figures 4 — 6.

Examples in Figures 1 — 6 show that solutions of both 2CP (9) by (10) and problem (11) by (12) are
very effective because they allow either approaching to ADE closest or utilizing the given IFR almost
completely. By this, the efficient WFD does not necessarily implies a multi-WF — apparently, efficient
mono-WFs exist (Fig. 6). Building a multi-WF of WTs having a great number of different PCs is
unlikely also.
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Fig. 1. WF of 6 WTs having 3 different PCs

Fig. 2. WF of 10 WTs having 2 different PCs
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Fig. 5. WF of 10 WTs for up to 30 min euros
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Fig. 6. WF of 12 WTs for up to 35 min euros

Conclusion and a further research outlook in increasing efficiency of WFD
The parameters of the efficient WFD are a PDF (1) estimation for an area and an appropriate set of

WTs based on the given either ADE or IFR. The number K of different WTs might be used for
building a WF should be taken as greater as possible. This is realizable, surely, if those K types of
WTs are on sale. The efficiency is achieved via energy-and-costs optimization: either 2CP (9) by (10)
or problem (11) by (12) is solved. Costs for service on WTs are not considered as they can be included
later into the power grid users charge. A further research outlook might be focused on trying to turn
on/off some WTs in a multi-WF, if any, depending on wind seasonality.
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