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Abstract: Electric power losses are constantly present during the service life of wind farms
and must be considered in the calculation of the income arising from selling the produced
electricity. It is typical to estimate the electrical losses in the design stage as those occurring
when the wind farm operates at rated power, nevertheless, it is necessary to determine a
method for checking if the actual losses meet the design requirements during the operation
period. In this paper, we prove that the electric losses at rated power should not be considered
as a reference level and a simple methodology will be developed to analyse and foresee the
actual losses in a set period as a function of the wind resource in such period, defined
according to the Weibull distribution, and the characteristics of the wind farm electrical
infrastructure. This methodology facilitates a simple way, to determine in the design phase
and to check during operation, the actual electricity losses.
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1. Introduction

Electric losses do not have an important effect on the net electricity production of a wind farm (WF),
but due to the fact that they are constantly present for the entire service life of the WF, it is necessary to
implement technical measures to limit them. Nevertheless, yearly losses around 2%—-3% of the energy
generated occur [1,2].

Usually the electric losses in onshore and offshore WFs are calculated from the estimated yearly
capacity factor (The capacity factor, CF is defined, in a yearly period, as the percentage of the year
during which the WF should have been working at nominal power to generate the entire production
obtained in the year. The gross value, Gross CF, does not include the wake losses, the electric losses up
to the point where the electricity fed into the grid is measured, and the production losses due to the
mechanical availability of the WTG. The net value, Net CF, includes the effect of all the aforementioned
losses expressed as a percentage) corresponding with long-term wind conditions [3,4] and the rated
power of the WF [5—7]. These estimated electric losses at rated power are used in the design of the WF
for setting technical requirements and to determine the foreseen net generation. The use of this method,
considering the non-linear dependency of the electric losses with respect to the power flow, as well as
the influence of the WF topology and the distribution of the wind in the set period, can introduce an
important error in the business plan if the estimate of the losses at rated power is used as a reference to
reduce the generation in the WF and the associated incomes for selling the net electricity fed into the
system [6,8], principally because the error in such estimates will affect the cash flows during the whole
service life of the WF.

Lately, feed-in-tariffs have been drastically reduced [9,10], the prices in power purchase agreements
have been decreasing [11-13] and some competitive mechanisms have been included by public
administrations in the processes for awarding WF licenses [14,15], so it is necessary to take to the
extreme measures to improve the efficiency as well as implement systems and procedures to confirm the
operation under the right conditions. For all of these reasons, the WF owners and their technical advisors
include in the request for construction proposals and the subsequent contracts, the definition of methods
to check if the electric infrastructures are working properly and producing losses in the guaranteed range.
Once again it is practically unfeasible trying to compare the actual measured value with the one used in
the design when its calculation is based in the CF and the operation at rated power [6].

The issue, although easy to deal with from a technical point of view, presents a friction point between
the owner, the contractor, as designer of the WF, and the operator, perhaps due to the fact that the analysis
and the subsequent result is not quite intuitive because the more energy is produced by the WF, the less
electrical losses result, as a percentage, and in any case they are always different from those obtained
with the classical method of calculation based in the operation at rated power. The study can be done
with power flow analysis software, but this approach needs the creation of a complex model of the WF
and the wind resource for every WTG and every set period.

The aim of this article is to develop a simple methodology to determine a range for the foreseen
electric losses and to confirm, at any time, if the actual losses are in the right range and, therefore, if the
WEF is working properly. The methodology takes into account the characteristics of the wind resource,
modelled according to a standard probability function in the wind sector: the Weibull distribution [16,17].
The method also is intended to be a practical tool for the owner, to put a cap on the reduction in the



Energies 2014, 7 6858

incomes result of the electrical losses and, together with the constructor and the operator of the WF,
to establish requirements for design and construction and to implement appropriate working tests.
In brief, the method has a practical approach, and it is focused on helping to the definition and later
confirmation of the electricity losses.

The approach to define the wind resource in order to be used in the losses calculation is presented
in Section 2. In Section 3, two methods for calculating the electric losses are given, as well as the results
for its application in a WTG, in a cluster or circuit of WTGs and in the entire WF. The financial impact
in the cash flows and the net value of the WF is shown in Section 4, and finally, the conclusions are
presented in Section 5.

2. Characterization and Variability of the Wind Resource

The Weibull distribution is the most suitable probability function to represent the wind resource in
a specific site along a specific period of time [16,17]. The equation for the density function is [18,19]:
k-1 s\k
f(s) = ;(%) e (1)
where k and A, are, respectively, the shape and scale parameters, and together define the wind resource.
The variable s represents the wind speed. Nevertheless, the wind resource at a given site is variable with
time and the period considered and so, the Weibull distribution parameters vary as well even though this
period represents the same time (i.e., a specific month in the year).

With the aim to illustrate this wind resource variability, actual data from a meteorological station
equipped with anemometers and wind vanes, both calibrated, located at a height of 80 m on the west coast
of the Republic of South Africa have been used (nowadays there is an ongoing process of request for
proposals for the construction, operation and maintenance of a WF at the selected location; the exact
location is not given because this information is under a non-disclosure agreement with the owner of the
data). Figure 1 shows the graphic representation of the Weibull density function for the real wind
resource in the year 2012 and within each one of the months of 2012 and the Table 1 presents the
variation of the Weibull parameters and the mean wind speed in the same periods.

Figure 1. Weibull distribution functions corresponding with the year 2012.
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Table 1. Variation of the Weibull parameters and the mean wind speed in 2012.

Weibull Period
parameters Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year
Shape—k 209 202 194 193 1.85 181 199 193 219 230 221 228 196

Scale—A\ (m/s) 1292 1286 11.09 11.72 850 6.90 9.54 9.67 1048 14.73 12.40 10.89 10.35
Mean wind speed 11.44 1139 9.83 1039 7.54 6.14 845 857 928 13.05 1098 9.64 9.17

Figure 2 shows the power density (wind power density is defined in a specific period of time as the
mean power available per square meter of swept area of a wind turbine) for the wind conditions included
in Table 1. As it may be noticed, the energetic content of the wind resource is not constant, and hence,
due to the fact that the electricity losses in the WF depend on the power generated by every WTG, it is
essential to analyse the electrical losses in a specific period of time, in which the wind resource will be
modelled with the corresponding Weibull parameters, in general different in every period.

Figure 2. Wind power density in 2012.
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3. Calculation of the Electrical Losses

In general, the WF, including the systems to connect it to the electric grid, implies a simple electrical
circuit to be solved with the traditional tools of power flow analysis, but even so, a reduced number of
WTGs gives a high number of buses (every WTG adds two buses and four equations to the problem: the
connection of the generator to the step-up transformer and the connection of the latter to the collector
system) and the analysis requires the use of expert software and therefore to make a model for the entire
WEF including all the electrical infrastructures.

Most of the WTGs include systems to allow the regulation of the voltage in the PCC by means of
controlling the reactive power interchanged with the grid [20]. Thanks to this capacity, the WFs
contribute actively to keep the voltage levels within the targets set up by the grid operators independently
of the flows of active power. Under normal conditions of operation, the flows of reactive power are small
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(the power factor is close to one) and the voltage magnitudes in the buses of the WF are very close to
the nominal value. In this article, we study the active power losses, and hence, considering the
aforementioned statements, a simplification in the calculation can be implemented with the application
of the flow analysis in direct current to the study of the active power flows. This simplification implies
a certain error that will not affect the comparison between the traditional method to calculate the electric
losses and the methodology introduced in this article (to check the validity of the assumptions made to
use the power flow analysis in direct current the WF studied was simulated running for several wind
conditions the classical power flow analysis in alternating current, in all the simulations the results
validated the assumptions, giving minimal differences less than 6° between the angles in adjacent buses
and less than the 1.35% respect to the nominal value in the voltage magnitude).

Therefore, all the cases analysed in this article have been carried out by means of the application of
the analysis of power flow in direct current according to the basics indicated in [21].

3.1. Application to One WTG
The Figure 3 shows the single line diagram of a WTG connected to the electric grid in the BUSpcc.

Figure 3. Single line diagram of one WTG.
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The active power injected in the BUSwrg is the active power generated by the WTG reduced by the
power losses in the step-up transformer, both load and no-load. This power is designated as Py ¢y
(all the powers are dependent on the instantaneous speed of the wind at the hub elevation, so they should
be represented with g(s)-type functions, to simplify the equations, the reference to the wind dependence
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has not been included except in those cases in which it has been considered necessary to understand the
right meaning. Hence in the rest of the article Panvy(s) = Pany), and its formula is:

Pyrer = Pyrg — (Por + Ply) ()

The no-load power losses Por will be constant while the voltage remains constant, a premise for
using the power flow analysis in direct current. The load losses in the step-up transformer Pl; will

depend on the power flow, therefore, these will be calculated as follows:

Pyr¢ — Por\* It

—> rr = (Pyrg — Por)? 2 (3)
Vérip

Pl = (
r VGRID

In the cable that connects the BUSwtG to the BUSrcc, there will be an active power losses Pl.
The active power injected in the BUSpcc:

PN = [Py — (Por + Pl7)] — Pl 4)
T
PN:PWTG_POT_(PWTG_POT)Z TZ_PlC (5)
GRID

According to [21] the electric losses in the collector system cable are:

2
_ 2 rr rC
Pl¢ = |Pyrg — Por — (Pyrg — Por) 2 2 (6)
Verip“1 Verip

The expression for the active power injected in the BUSpcc can be:

Tt
PN = Py — Por — (Pyrg — Por)? 2
GRID , 7
T Tc
_lPWTG_POT_(PWTG_POT)Z 2] 5
Verin™1 Verip

Defining Py,rqr as the power generated by the group WTG reduced by the losses in the step-up
transformer as:

It
Pwrer = Pwrg — Por — (Pyrg — Por)? 2 (8)
Verip
The net power delivered to the coupling point is:
2 Tc
PN = Pyrer — Piyrer ——— 9)
Verip
Therefore, the total losses will be:
2 c
Pl = Pyr¢ — \ Pwrer — Plvrer = (10)
Verip
The losses at rated power can be calculated with the following expression:
Pl
ElFP — rated (1 1)

P rated
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3.1.1. Energy Losses

Once calculated the total losses Pl, the energy lost in the set period T is:
T 00
El = f Pl(t)dt = Tf Pl(s) f(s) ds (12)
0 0

where f(s) is the Weibull density function shown in Equation (1) and PI(s) is the function that links
the electric losses with the instantaneous wind speed at WTG hub elevation. As shown in Figure 4,
the WTG power curve can be divided in four sections, in which is possible to formulate an
analytical expression linking the wind speed at hub height and the power generated and therefore with
the electric losses.

Figure 4. WTG power curve with and without the internal transformer. Both divided
into sections.
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In Section 1, s € [0,Scyr—in] and 4, s € [Scut—in, ], the power generated by the WTG is
zero, therefore:

1 4

Pyrc = Byrg =0 (13)

a _ pt¢  _ T
Pyrer = Pyrer = —Por — (—=Por)? 3 (14)

GRID

2
T T 1
PI = PI* = Pl, = Por + (—Por)? ——5 + [~Por — (—Por)? ——| —— (19
VGrip Verip“1 Verip

In Section 3, S € [Syqted Scut—out]> the WTG operates at rated power for all the wind speed
range, then:

PVI(/?)TG = Pratea (16)
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3 Ir
PVE/TGT = Pratea — Por — (Prated - POT)2 2 (17)
VGRID
T
Pl(3 = Plrated = POT + (Prated - POT)Z 2
GRID
2 (18)

Tc

Tr
+ Iprated - POT - (Prated - POT)2 2 2

Verin™l Verip
In Section 2, S € [Scyt—in» Srated] » the power curve can be modelled using a polynomial
expression [22-24] as given below (the fitting of PVE,ZTG, PVE,ZTGT and (PZ¢r)? with fourth degree

polynomials, considering the power curve shown in Figure 4, gives coefficients of correlation R? above 0.99):
4

Ping =) ams™ (19)
m=1
4
P(Z — b. s™
WTGT nS (20)
n=1
4
(Pira)® =) cps? 1)
p=1
4 4 4
T,
PIC = a5 (Y st =N e, @)
m=1 n=1 VGRID p=1
Considering these polynomial expressions, the Equation (12) can be re-written as follows:
El Scut—in Srated Scut-out
= f PIO(s) f(s)ds + f PIC(s) f(s)ds + f PIG(s) f(s)ds
0 o Scut—in Srated (23)
+ f PI“(s) f(s)ds
Scut—out

Because the losses in Sections 1, 3 and 4 are constant, and taking into account the relation between
the Weibull density function f(s) and the distribution function F(s):

S2
| Frds =P~ Fes) (24)
S1
where F(s), for a Weibull distribution has the following expression:
N
F(s)=1—e @ (25)
El Srated
7 = Pl, F(Scut—in) + j p1 (s) f(S)dS + Plrgtea [F(Scut—out) - F(Srated)] (26)
Scut—in
+ Plo [1 - F(Scut—out)]
4 4 4
T,
Pl(2=Zamsm— ans”—v CZZcpsp (27)
m=1 n=1 GRID p=1



Energies 2014, 7 6864

4

El(z Srated 4 4 e
T = f Z Ay S™ — Z b, s™ — > Z cp sP || f(s)ds (28)
n=1

Scut—in | et Verip =

Considering the Appendix A, the solution for this integral is:

4
%(2 _ Z <Clm — b+ % Cm) A {Y [(% + 1) ' (Sn;fed)k]

m=1 GRID . (29)
m Scut—in
-v|G+ )5 )
Therefore, the expression for the total energy losses in the set period T is:
El
T = Ply [1+ F(Scut-in) — F (Scut—out)]
4
Tc — m Srated k
+Za—b+ c 7\’”1{[—+1, ]
m 1< " " VGRIDZ m) Y (k ) ( A ) (30)

m S _\k
(E + ]_) ,( cu)t\ m) ]} + Plrgtea [F (Scut-out) — F (Sratea)]

_y [
3.1.2. Energy Generated

Considering again the division of the WTG power curve into four sections, the expression for the
electricity generated is given by:

Eg Scut-in ) Srated ) Scut—out 3
e [ et s+ [ PurP 0 s+ [ Purg® ) f6)ds
0 o Scut—in Srated (3 1)
H 0 P @ s
Scut-out

Taking into account the Expressions (13), (16) and (19), the electricity generated can be formulated
as follows:

Eg Srated 4
T = f Z am Smf(S) dS + Prated [F(Scut—out) — F(Srated)] (32)
m=1

Scut-in

And according to the Appendix A, the final solution is:

PlerbEo e oG e,

m=1
+ Prated [F(Scut—out) - F(Srated)]

3.1.3. Characterization of the Electrical Infrastructures
For the analyses of the losses, the equipment was modelled with the following parameters and
variables (the equivalent circuit is shown in Figure 5)

e The WTG as an ideal generator of which instantaneous power output is obtained from the power
curve corresponding with the wind speed at the hub height. This representation does not introduce
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error in the calculations because the power curve gives the net power output for all the wide
range of operating voltage of the WTG.

e The WTG step-up transformer by means of a parallel resistance for the non-load losses Po; and
a serial resistance r; for the load losses.

e The collector system cable between the BUSwtG and the BUSpcc with a serial resistance r.

Figure 5. Equivalent electric circuit for the simulation.
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To run the simulations, representative values based on actual data from commercial equipment widely
used in the construction of the WFs have been assigned to the variables of the equivalent circuit.
Regarding the WTG, the one selected was the V112 of Vestas [25], with 3 MW of rated power and
112 m of rotor diameter. The power curve for this WTG is shown in Figure 4. The main characteristics
are similar to those of the WTGs of other manufacturers (Siemens [26], Alstom [27], Gamesa [28], etc.).
The values considered for the non-load and load losses of the step-up transformer correspond with
standard transformer supplied by Vestas along with the WTG.

The connections of the WTGs to the collector system are usually done with isolated aluminium
cables buried in trenches. The size of the cables is calculated according to the requirements of ampacity,
short-circuit withstand and drop voltage. The main manufacturers offer sizes ranging between 10 mm? and
500 mm?, but due to a matter of economy of scale, a maximum of two or three different sizes are usually
used in the collector system. In the simulations, a mean size was supposed for the collector system. The
insulation of the cable affects its electric resistance. Currently, three different technologies are predominant
in the market: polyvinyl chloride (PVC); cross-linked polyethylene (XLPE) and ethylene propylene.
The most used insulation materials are XLPE and EPR and in both cases the effect on the resistance
presented by the cable are equal [29].

Respect to the length of the collector system, it will be directly conditioned by the WTG layout.
Obviously, the best positions should be selected in terms of wind resource. With the objective of maximizing
the generation at a minimum cost, several methods have been suggested to optimize WF layouts [30-33].
However, very often, especially at sites where the wind resource is homogenous over all the area
available and for the purpose of minimising losses caused by the wake effect [31,34,35] the WTGs are
located within a distance in the range of two or three times the length of the WTG rotor diameter in the
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line perpendicular to the prevailing wind direction [18,36]. In our case, according to these basic rules,
the distance should be between 224 m and 366 m, therefore a mean length of 350 was selected.

To define the voltage magnitude of the collector system, it is important to consider on the one hand
that the size of the switchgears and the step-up transformers increase with the magnitude and that these
elements are usually installed inside the WTGs with space limitations. On the other hand, using a low
voltage level implies higher currents in the collector system and the use of bigger sizes in the cables.
The market offer nowadays equipment with nominal voltages values up to 40 kV [37-39] therefore a
typical standard voltage level of 36 kV was selected.

A summary with of characteristics of the infrastructure elements used in the simulations is included
in Table 2.

Table 2. Characteristics of the infrastructure elements used in the simulation of a WTG.

Element Name Value Unit Comment
Manufacturer Vestas Class I WTG [40]
WTG and type V112-3 MW - 112 m of rotor diameter
Power curve Figure 4 — Vestas standard

Manufacturer Standard for

and type V112-3 MW
Por 5.3 kW Manufacturer data for the WTG selected
Step-up transformer
Manufacturer data for the WTG selected.
It 2.42 Q Corresponds with a 0.7% of positive sequence
short-circuit resistance at the transformer rated power
Collector system VGrip 36 kV Typical
The selected WTG has a 112 m rotor diameter.
To reduce weak losses the separation between
Length (L) 350 m ) )
neighbour WTGs should be in the range of 2 or
Interconnection 3 times the length of the rotor diameter
cable to the collector Material Al Typical
system Size 120 mm’ Medium value
Insulation material XLPE/EPR Typical
rc per km 0.3226 Q/km —
rc 0.1129 Q —

3.1.4. Calculation and Simulation Results

The expression for the relative energy losses is:
. El
El(%) = E x 100 (34)

The calculation of the electricity generation and losses for a wide range of values of the Weibull
parameters was done using MATLAB [41] The behaviour of the WTG and the associated electric
infrastructures detailed in the Table 2 was simulated to calculate the electricity generation by applying
Equation (30) and the electricity losses by applying Equations (33) and (34). The results, illustrated in
Figure 6, show that, in relation with the losses calculated when the WTG operates at rated power and for
any wind regime considered, the actual electric losses are always higher, reaching even the double.
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Figure 6. Electric losses of the energy generated for a WTG as a function of the Weibull
parameters representatives of the period considered.
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3.2. Application to a WF

Generally, WFs are made up of several WTGs. In the design stage, the WTGs are grouped in
evacuation circuits under criteria for making best use of the capacity of the equipment and for optimizing
the total cost of the cable needed to form the collector system.

The number of WTGs for every single circuit depends on several factors: the relative location of the
WTG among themselves and in relation to the substation; the WTG rated power; the collector system
voltage magnitude and the capacity of the switchgears because the total current of the circuit flow
through the last WTG. Typically, the switchgears supplied with the WTGs have a rated current of
630 A [37-39], thus for a WTG rated power of 3 MW, a nominal voltage of 36 kV in the collector system
and a minimum load factor of 0.8, the maximum number of WTGs per circuit should be:

630 A
m <58 x3000kw ~ 0WIGs (35)
V3 x 36 kV

Nevertheless, taking into account reliability criteria, it is very common to do the design in groups of
less WTGs per circuit, with the criterion of facilitating the operation of the WF and minimizing the losses
of generation in case of trip or failure of the switchgear that connects the circuit to the substation.
However, it is not reasonable to have a small number of WTGs per circuit, because it would imply a
high number of circuits and an increase of the length of the collector system cables and the number of
switchgears in the substation. An optimization, taking into account the aforementioned factors, gives a
typical number of 3 circuits with 5 or 6 WTGs per circuit for a WF around 50 MW [7,42,43].
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Figure 7 shows the single line diagram of a 6 WTG circuit as well as the electric infrastructure to
connect it to the PCC.

Figure 7. Single line diagram of a circuit and the power evacuation infrastructure up to the PCC.
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3.2.1. Energy Losses

In the general case, which single line diagram and electric equivalent circuit are shown in Figure 8,
the active power injected in a generic bus named i + 1 coming from the previous bus i through the
collector system cable is the result of:

1. The active power generated by the WTG, Py, r¢;, reduced by the losses of the step-up transformer
(Por; + Plyy).
The addition of the net active power coming from the previous bus, PN;_;.

3. The subtraction of the electric losses in the cable between both cables, Pl;.
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Figure 8. WF single line and electric equivalent diagrams.
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Considering Equations (3) and (6), corresponding to the losses in the step-up transformer and in the
collector system cable, the expression for the net power injected in the BUSsT is:

Tri
PN; = PN;_; + Pyrg; — Por; — (Pyrgi — Pori)? 12
L/GRID 36
i Tci (36)

Tr
— [PNi—1 + Pwrgi — Por; — (Pyrgi — Por;)? >

2
VGRID VGRID

In general, the wind of each WTG hub will be different, but it does not present important differences
that affect qualitatively the objectives of the simulation. In fact, the effect would be similar to supposing
a different scale parameter for the Weibull representation of the wind resource for each turbine. As can
be seen in Figure 6, for a WTG a variation of 5% in the scale parameter representative of the period
considered in the calculations has a limited impact in the losses exceeding 10% only for very low
resource periods. This assumption is applicable except in special conditions depending on the complexity
of the land orography, the layout of the WTG and the wind direction. In those cases different Weibull
functions should be considered. Therefore, in the calculations it was supposed that the wind in every
single WTG hub is the same and accordingly to the power generated is also the same and equal to Pyr.

Likewise, the step-up transformers installed in each WTG will have the same characteristics, so that
the no-load losses as well as the short-circuit resistance can be supposed the same for all of them.

Considering the aforementioned, for each one of the n, circuits forming the WF, the net active power
injected in the BUSst would be the result of Equation (36) particularized for the last WTG,
so that, for a generic circuit j:
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The total net active power injected in the BUSsr is the sum of the net power coming from all the
circuits, so that:

c
PNsgr = ) PNy, (38)
=1

Finally, the active power delivered in the BUSpcc, results reducing PNggr by the step-up transformer
losses (no-load and load) and the power losses in the evacuation line:

_ 5 Tst
PNpcc = PNsgr + (PNggr — Pogr) >
Vzpcc (39)
Tst TcL
+ [PNggr — Posr — (PNsgr — Pogr)? zl 5
Vece™] Vpec

Taking into account that the number of WTGs in the WF is ny,r, the total active power generated is
given by:

PGyr = nyr Pyrg (40)
And therefore, the total active power losses in the WF are:
Plwg = PGwg — PNpcc (41)

The electricity lost in the set period 7' is the result of the integration of the previous Equation (41) in
such a period:

T o)
Elyr = f Plyp(t)dt = Tf Plyr(s) f(s)ds (42)
0 0

But now, the Equation (41) for Pl,;(s) does not allow a direct integration to obtain an analytic
equation as it was done for a sole WTG. The fact that the losses in every part of the collector system
depend recursively on the previous losses, and the simplification implemented by means of the
substitution of the WTG power curve by a polynomial fitting, turn unmanageable the defined integral
Equation (42).

In this case, instead of an analytical solution, the integral was solved in a discrete way. The Weibull
wind distribution can be indicated in discrete intervals of the wind speed. In addition, WTG
manufacturers give usually the power curve in a tabulated serial values relating the intervals of the wind
speed at hub height with the power output. This way introduces a certain error dependent on the width
of the interval, such that the wider the interval is, the higher the error is. At the limit, so that the interval
was equal to zero, the solution would correspond with the analytical solution and the error would be
zero. Anyway, considering the usual intervals given by manufacturers, 0.5 or 1 m/s, the error is not very
relevant for the qualitative results of the simulations, due to the fact that both curves, power output and
wind distribution, present smooth outlines and slopes, and therefore there will not be important variations
in each interval (in order to delimit the margin error, a comparison between the results obtained with
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Equation (30) and the discrete method developed in this section applied for one WTG was carried out,
the differences were, for all the range of the Weibull parameters, lower than 4%).

From these discrete values for the wind resource and the power generated by each WTG it is possible
to calculate for every single interval of the wind speed, the losses in all the collector system sections, all
the circuits and finally the total losses for the entire WF. An example of the result obtained in the
application of this method is shown in Figure 9, where the histograms for a wind resource with Weibull
parameters k = 1.9 and A = 10 m/s and a WF made up of three circuits with six WTGs in each one of the
circuits (total WF power 3 x 6 x 3 = 54 MW) are illustrated.

Figure 9. Histograms for the wind density distribution and the power losses.
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Finally, once the value of losses in each interval is obtained, the total electricity lost in the set period T,
is given by:

Scut—out

Elys = T Z Plys(s) f(s)As (43)
s=0

3.2.2. Energy Generated

Considering that the number of WTGs in the WF is ny,r, the total electricity generated by the WF is
given by:
Egwr = nwr X Eg (44)
where Ej is the electricity generated by every WTG calculated in Equation (33).

3.2.3. Characterization of the WF and the Electric Infrastructures

For the simulation of the WF, it is necessary to extend the modelling of the equipment developed in
the Section 3.1.3., to the elements that connect the WTGs to the PCC: the substation transformer and the
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evacuation line. The equivalent electric circuit is drawn in Figure 8. In the simulations these elements
were represented by the following parameters:

e The substation transformer by means of a parallel resistance for the non-load losses Pog; and
a serial resistance rgr for the load losses. Both parameters are obtained from the standard
short-circuit and losses test carried out for every single transformer.

e The evacuation line between the substation (BUSst) and the BUSpcc with a serial resistance 7.

e The evacuation voltage magnitude is, in general, different and higher than the collector system
voltage magnitude.

In the same way as the case of a sole WTG, to run the simulations, representative values based on
actual data from commercial equipment widely used in the construction of the WFs [44—46] have been
assigned to the variables of the equivalent circuit. The installed power of the WF was assumed to be a
medium value of 54 MW, corresponding to 18 WTGs of 3 MW, distributed in three circuits with six
WTGs each one. The PCC voltage magnitude was initially set in 132 kV, valid to evacuate the power
capacity of the WF, and lately, as shown in Section 3.2.4., a sensitivity analysis respect to the voltage
magnitude was carried out.

To define the parameters of the evacuation line, three different sizes of aluminium conductor steel
reinforced (ACSR) were considered. This type of cable is very widely used for a wide range of power
capacity and voltage magnitudes values [47,48]. First the simulation was made for a size of the conductor
in accordance with the rest of the assumptions (WF power installed and voltage magnitude of the PCC)
and then a sensitivity analysis respect to the variation of the size of the cable was carried out. The power
transmission limits and the value of the resistance are shown in Table 3.

Table 3. Power transmission limits and resistance for some ACSR cables. Designation according
to standard UNE-EN 50 182 [49] (the Spanish standard equivalent to IEC 61089 [44]).

147-AL1/34-ST1A ® 242-AL1/39-ST1A 402-AL1/52-ST1A
Voltage (kV) . .
Power limit (cos ¢ = 0.8) (MVA)
45 26.95 36.11 50.38
66 39.53 52.96 73.89
132 79.05 105.91 147.79
220 Not used Not used 246.31
- 147-AL1/34-ST1A 242-AL1/39-ST1A 402-AL1/52-ST1A
- Resistance at 85 °C
reL (Q/km) 0.2483 0.1195 0.0719

2 According to UNE—EN 50 182 [49] the first number indicates the area (in mm?) of aluminium and the second

one the area (in mm?) of steel.

Regarding the substation transformer, for the chosen power of 54 MW, the nameplate power should
be around 60 MVA. For a power transformer of this nominal power, the short circuit impedance must
be upper than 11% according to what is establish in the standard IEC 60076-5 [50].

Table 4 shows a summary of the parameters included in the simulations to model the WF and the rest
of the electrical equipment necessary for the connection to the PCC.
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Table 4. Characteristics of the new infrastructure elements used in the simulation of
the entire WF.

Element Name Value Unit Comment
Power 54 MW 18 x3 MW
Wind Farm C i 3 circuits
omposition - _
P 6 WTG per circuit
Substati Nominal Power 60 MVA —
ubstation Post 40 kW Manufacturer data
transformer -
Ucc 11.00 % According to standard IEC 60076 [50]
IEEE Transformers Committee
- X/t 35 - .
recommendations [51]
PCC Voltage VGrip 132 kV Typical
Length (L) 15 km -

Designation according to standard
Material 147-AL1/34-ST1IA  — UNE-EN 50 182 (Spanish standard
equivalent to IEC 61089). See Table 3
Value for the cable selected.
Source [49]

Evacuation line

rer per km 3.7251 Q/km

3.2.4. Simulation Results and Sensitivity Analysis

First of all the losses of a circuit made up of 6 WTGs up to the BUSsT were calculated The simulation
was done by applying Equation (33) to only one circuit, so that:

Scut-out
El, =T Z PN, (s) f(s)As (45)
s=0
And therefore:
Ely,.
El, (%) = GXE’g x 100 (46)

The results of the simulation are shown in Figure 10. Unlike the results for one WTG, now the losses
calculated at rated power cannot be considered as a minimum because for several values of the Weibull
parameters the actual losses go below it.

In the simulation represented in Figure 10, the size of the collector system cable was saaumed to be
as indicated in Table 2. Generally the dimensioning of the collector system will depend on the
characteristics of the WF as well as on the requirements of drop voltage and ampacity, so that it is
important to analyse the sensitivity of the losses respect to the cable size. With this objective the
simulation of the sensitivity of the ratio of the actual losses to the losses at rated power with the wind
resource and the cable size was carried out The variation of the wind resource was implemented by
maintaining fixed the shape parameter k = 2 (Rayleigh distribution) and modifying the scale parameter
(1) and the variation of the cable size modifying the value of the resistance 7. The results are presented
in Figure 11. As it can be noted, generally, except in the case of both high wind resource (high scale
parameter) and high cable resistance the losses at rated power are an upper limit for the actual losses.
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Figure 10. Electric losses of the energy generated for a circuit of six WTGs as a function of

the Weibull parameters representative of the period considered.
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Figure 11. Sensitivity of the electric losses of the energy generated for a circuit of six WTGs
with the value of the resistance of the collector system cable and with the scale Weibull
parameter representative of the period considered considering the Weibull shape parameter

equal to 2.
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For the entire WF, considering Equation (43), the electricity losses as a percentage of the generation are:

lWF

E

Iwr

(47)

The electricity losses at rated power are a particular case when the wind speed is equal or higher to

Srated> and can be obtained with the following expression:

PNggr

Elwrp(%) = 100 X - -~

S=Srated

(48)
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The result of the simulation is illustrated in Figure 12. Unlike the results obtained for one WTG or a
group, when the entire WF is considered, the actual losses are, practically in all the wind range, under
the losses calculated when the WF operates at rated power which could be considered as a upper limit.

Figure 12. Electric losses of the energy generated for the WF as a function of the Weibull
parameters representatives of the period considered.
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The length and the design of the evacuation line, as well as the PCC voltage level have a significant
effect in the total losses, because by the line flows the total power and the losses are directly proportional
to square of the active power flowing and are inversely proportional to the PCC voltage level.

With the aim of evaluating the effect the variation of these parameters on the electric losses, a
sensitivity analysis was carried out with respect to them, by calculating the sensitivity of the ratio of the
actual losses to the losses at rated power, with the wind resource and the type of conductor of the
evacuation line. Once again, the variation of the wind resource was implemented by maintaining fixed
the shape parameter k =2 (Rayleigh distribution) and modifying the scale parameter (1) and the variation
of the conductor modifying the value of the resistance 7;, in a range enough to cover all the types
included in Table 3. Due to the effect of the PCC voltage magnitude in the losses, simulations were made
for two different values widely used. The results are illustrated in Figure 13, where is shown how the
actual losses for a particular infrastructure can be lower or higher than the losses at rated power, which
is evidence that the latter should not be considered as a reference value in any case.
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Figure 13. Sensitivity of the electric losses of the WF with the value of the resistance of the
evacuation line cable and with the scale Weibull parameter representative of the period
considered (Weibull shape parameter equal to 2) for two PCC voltage level. (a) 45 kV and
(b) 132 kV.
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3.3. Comparative of the Behaviour of the Electric Losses

As can be noticed in Figures 6 and 12 there is a clear difference in the behaviour of the electric losses
with respect of those calculated at rated power for each one of the both cases analysed: whereas for a
single WTG the losses at rated power mean a minimum, for the entire WF the losses at rated power
implies a maximum for almost all the range of the Weibull parameters except for periods with low wind
resource (low scale parameter).

This distinct behaviour arises mainly from the different weight of the non-load losses (not depending
on the wind resource) with respect to the total. For a single WTG and a circuit of several, due to the
presence of the step-up transformers, the non-load losses represent a higher ratio than in the case of the
entire WF because the addition of the load losses from the evacuation line and the substation transformer.
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In case of a circuit of six WTG, the behaviour is similar to a single WTG except for periods with high
wind resource, in which the load losses in the collector system increases (Figure 10).

3.4. Validity of the Proposed Method

To check the validity of the proposed method, it was applied to two real wind farms sited in different
locations: Spain (25.2 MW with nine wind turbines of 1.8 MW and three of 3 MW and Argentina
(51 MW with wind turbines of 3 MW). The method was applied for several periods during 2013 and
2014, with different wind conditions and in which the functioning of the wind farms were not affected
by any unusual conditions (i.e., big corrective maintenance). In all the cases the results obtained by the
application of the simplified method proposed in this paper were in a gap of £6% of real data for the
electric losses.

4. Impact of the Losses in the Financial Value of the WF

The electric losses reduce the income resulting from selling the electricity generated by the WF.
These incomes are the only source to repay the financing obtained to develop and build the WF. Although
the reduction is not a very important percentage with respect to the income, the recurrence during the
WEF service life has an impact in the net value of the WF as an investment that must be considered.

The Net Present Value (NPV) is a classical way to state how much an investment is worth. It is
defined as the sum of the present values of the individual cash flows updated to the construction year at
a set up discount rate, reduced by the investment costs. It is calculated according to the following
Equation [52]:

n CFZ
NPV = Z arre I (49)
z=1

Where the yearly cash flows are calculated as it is detailed in Table 5.

Table 5. Cash flow calculation methods Self-elaboration.

Cash Flow
+ Incomes from electricity remuneration

- Operating expenses

= Gross operating margin (EBITDA)

- Depreciation

= Earnings before interests and taxes (EBIT)
- Financial expenses

= Earnings before taxes

- Taxes

= Earnings after taxes

+ Depreciation

Yearly cash flow (CF,)

As can be noticed in Equation (49), the variation of the NPV is linear with respect to the incomes and
subsequently to the losses. As a practical example to establish the range of this variation, the effect in
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the expected NPV was calculated for a WF with the characteristics detailed in Section 3.2.3., in function
of the difference between the losses calculated following the method proposed in this article and the
losses calculated at rated power. In the calculations were taken into account the assumptions included in
the Table 6, which are all currently applicable to the WF studied.

Table 6. Assumptions for NPV calculation.

Breakdown Name Value Unit Comment
Wind Farm Construction 1,100 €/kW Sources [13,30,53,54]
Wind Farm O&M 20.00 €/MWh Source [8,53]
Land easements 3,000 €/(MW x year) Includes assembly areas

All risk and Civil Liability.

Prices Insurance 0.50 % Incomes . .
Typically calculated over incomes
Administration 0.02 % Incomes Typically calculated over incomes
. Typically indexed to inflation. Estimate based
Yearly prices increase 2 %

on the trend in the inflation forecast [55,56]

Initial PPA price 80.00 €/MWh Estimated from [10]

Power purchase . . . . .
Typically indexed to inflation. Estimate based

agreement Yearly increase 2 % . . .
on the trend in the inflation forecast [55,56]
Gross capacity factor 30 % —
Wake losses 5 % -
Losses factor 1 % Includes up to grid connection point
. WTG Mechanical availability is defined
Electricity cally | od. as th
t t.
generation ypl(':a yina yc?ar y Pel‘lO , as the Percen age
. o of time (year) in which the WTG is ready to
WTG Mechanical Availability 97 % .
roduce electricity
Current market value.
Source: WTG Manufacturers
Profit taxes 30 % -
T The final value depends on council and the
axes
Income taxes 2 % incomes level. Mean value has been taken
into consideration
Financial terms Depreciation period 10 years Typical

Figure 14 shows the reduction of the NPV, calculated for an estimated discount rate of 3%
(value around the current inflation level in the euro zone), as a function of the ratio of the actual losses
to the losses at rated power. In the example, the calculations give a reduction in the NPV around a 0.08%
for every 5% of increase of the losses ratio, even reaching to a reduction close to 1.6% if the actual losses
double the estimate at rated power.

With the aim to have an order of magnitude of this reduction, Figure 14 includes the loss of NPV in
monetary terms for a WF with the characteristics of the Table 4. The important reduction, exceeding
2.3 ME in case of double losses than estimated can be noticed.
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Figure 14. Variation of the NPV with the energy losses.
4.5% 0
4.0% \
3.5% \ / - -500
3.0% \ /
\ / - -1,000
2.5%

2.0% y
/ \ L 1,500
15%

1.0% / \ - -2,000
- // \\

-2,500

NPV reduction (m€)

NPV reduction (%)

0.0%

R E R IR IR EIIRREIRERR R
O 1n O N O n O nun O 1N O n O n O 1 O n o un o
O O 4 A4 &N &N N o & < N n VW O N N 0 0 O O O
LB I e D T D L R B I 5 T B B B o B e B R o B N
o,
EIWF/EIWFRP(A’)

5. Conclusions

The electric losses calculated when all the WTGs in the WF operate at rated power cannot be used as
a reference to define or guarantee the losses produced in the WF under actual operating conditions.
Depending on the characteristics of the electrical infrastructures of the WF, as well as the real wind
resource, the differences could be very important, even doubling or halving the expected value.

It is not possible to set a fixed value to define the expected losses. It is necessary to build a model of
the WF, capable considering the actual wind conditions in the set period, to prove if the behaviour of the
WF was according to the requirements. Besides, with this method it would be possible to detect, even in
the short term, variations in the electric parameters considered in the model and it could be a
complementary tool to prevent problems in the electrical infrastructure.

The method used for the analytical fit of the WTG power curve, together with the methodology for
the simplified calculation of the actual electric losses established in Section 3.2.1., can be used as a
simple tool to define a priori, in the design stage, the expected losses and to verify, considering the
actual wind resource during, the correct behaviour of the WF. This methodology, with certain tolerances
appropriate to the simplifications made, offers the possibility to do the verifications at any time and for
any period of time.

The lack of definition produces an uncertainty, minor but perceptible, concerning the cash flows of
the WF and therefore implies a relevant impact in its net value as investment.

Nomenclature

Weibull distribution

f(s)  Probability density function for the wind speed Weibull distribution
A Scale parameter of the Weibull distribution (m/s)

k Shape parameter of the Weibull distribution

F(s)  Cumulative distribution function for the wind speed Weibull distribution.
S Wind speed (m/s)
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Wind turbine and wind farm characteristics

BUSpcc Point of common coupling bus

BUSsr

Bus of connection to all the collector system circuits with the evacuation line. Represents the
wind farm substation.

BUSwrc Bus in which the wind turbine is connected to the collector system.

n¢
Nwr
PCC
Tc
TcL
Tst
rr

VPCC

Vérip
WF

WrG

Number of electric circuits in the wind farm

Number of wind turbines in the wind farm

Point of common coupling

Resistance of the interconnection cable to the collector system

Resistance of the interconnection line

Resistance representative of load active power losses in the substation transformer
Resistance representative of load active power losses in the internal wind turbine step-up
transformer

Voltage magnitude in the point of common coupling

Voltage magnitude of the collector system

Wind Farm

Wind turbine generator

Power flow analysis

bpij Parallel susceptance between buses 1 and j

B;j Serial susceptance between buses i and j

Gij Serial conductance between buses 1 and |

P;; Active power flow from bus i to bus j

Qij Reactive power flow from bus i to bus j

Vi Voltage magnitude in the bus i.

Y Admittance between buses i and j.

0;j Difference between the voltage angles in buses i and j.
Financial

NPV  Net present value

CF, Project cash flow in the year z

z Ordinal indicating the number of years the PV system has been in service.
1 Investment value

T Discount rate for NPV calculation

Wind turbine generator power curve

ab,c
PWTG

PWTGT
Prated

Scut—in

Coefficients of the polynom power curve adjust

Power output of the wind turbine

Power output of the wind turbine minus the electric losses in the step-up transformer
Rated power of the wind turbine

Minimum wind speed at which the wind turbine will generate usable power

Scut—out Wind speed at which wind turbine cease power generation and shut down

Srated

Minimum wind speed at which the wind turbine produces the rated power

Energy and power flow

CF
Eg
Egwr
El

Capacity factor

Electricity generated by a wind turbine in the period T
Electricity generated by the entire wind farm
Electricity losses in the period T
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Elgp
Ely,
Elyr
Elyr pp
PGyr
Pl

Pl,
Pl,
Plrated
Pl
Plyr
PNANY
Pogr

Por
T

Electricity losses when the wind turbine operates at rated power
Energy losses in the circuit n;

Energy losses in the circuit nj when all the wind turbines in the circuit operate at rated power

Energy losses for the entire wind farm

Energy losses for the entire wind farm when all the wind turbines operate at rated power
Active power generated

Active power losses

Active power losses in the collector system cable

Active power losses when the wind turbine is not generating power

Active power losses when the wind turbine operates at rated power

Load active power losses in the internal wind turbine step-up transformer
Active power losses for the entire wind farm

Net active power injected in the bus indicated (any)

No-load active power losses in the substation transformer

No-load active power losses in the internal wind turbine step-up transformer
Period of time for energy calculations

Appendix A: Solution for the Integral

The integral to be solved is:

BN a;st f(s)ds = BN a-siE S e_(%)k ds
j Z o L Z l A(x)

51 i=0 =0 (Al)

k n S s k
:)\_kz aif sk=1+) o=(3) gs
i=0 51

The incomplete gamma function y is defined as:

v v u
f x(@ D e=* gy = f x(@D o= gx —f x@ D e~* dx = y(a, v) — y (o, 1) (A2)
u 0 0

Doing the following change of variable:

s\K 1 k ;sy\k-1 ko 1\k1 k (ﬂ) A dx
x:(i) ;S = A xk; dxz—(—) dsz—(xk) ds =—x\k ;ds:E (A3)

n (S_z)k (A4)
. A 13
=Zai7\‘f L Xk e dx
S1
i=0 (T
Identifying the parameter a of the incomplete gamma function:
i i
—-1==a==+1

o A=y (A5)

Finally, the solution of the integral is:
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