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Abstract

This paper presents a study on pitch bearing basic rating life affected by wind field characteristics at both onshore and
offshore wind sites. The National Renewable Energy Laboratory SMW reference wind turbine is selected for the study.
Wind field characteristics including reference hub height mean wind speed, wind speed distribution, wind shear, and
vertical inflow are studied. A decoupled approach is employed where global analysis is performed first. Second, the load
effects from the global analysis are applied on a reference pitch bearing designed based on best industrial practices. For the
case study onshore site, it is found that the Kernel density estimation best fits the wind distribution, while the International
Electrotechnical Commission proposed distribution appears to be not suitable. Moreover, it is shown that the seed number
has high effect on the bearing life in turbulence wind and the wind speeds around rated have the highest contribution
in both bearing fatigue damage and extreme load failure. The results contribute to better understanding of the wind field
characteristics on the pitch bearing life.

Auswirkungen von Windfeldeigenschaften auf die Zuverlassigkeit von Rotorblattlagern: eine
Fallstudie liber eine 5-MW-Referenz-Windkraftanlage an Onshore- und Offshore-Standorten

Zusammenfassung

In diesem Beitrag wird eine Studie iiber den Einfluss von den Windfeldeigenschaften an Onshore- und Offshore-Windstand-
orten auf die Lebensdauer von Rotorblattlagern vorgestellt. Die 5S-MW-Referenz-Windkraftanlage des National Renewable
Energy Laboratory wurde fiir die Studie ausgewihlt. Die Windfeldcharakteristiken, einschlieBlich der mittleren Wind-
geschwindigkeit in Nabenhohe, der Windgeschwindigkeitsverteilung, der Windscherung und der vertikalen Anstromung
werden untersucht. Es wird ein entkoppelter Ansatz verwendet, bei dem zunéchst eine globale Analyse durchgefiihrt wird.
AnschlieBend werden die Lasten aus der globalen Analyse auf ein Referenz-Rotorblattlager aufgeprigt, welches auf der
Grundlage bewdhrter industrieller Verfahren entwickelt wurde. Fiir den Onshore-Standort der Fallstudie wird festgestellt,
dass die Kerndichteschitzung am besten zur Windverteilung passt, wéihrend die von der Internationalen Elektrotechnischen
Kommission vorgeschlagene Verteilung nicht geeignet zu sein scheint. Dariiber hinaus zeigt sich, dass die Anzahl der Si-
mulationen einen grofen Einfluss auf die Lagerlebensdauer bei turbulentem Wind hat und dass die Windgeschwindigkeiten
nahe des Nennwerts den groBten Beitrag sowohl zu Lagerermiidungsschéden als auch zu Extremlastbedingungen leisten.
Die Ergebnisse tragen zu einem besseren Verstindnis der Windfeldcharakteristiken auf die Lebensdauer von Rotorblattla-
gern bei.
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1 Introduction

Wind turbines as a whole, and multimegawatt offshore wind
turbines specifically, are considered as a solution for the
large-scale realization of renewable power generation. Prac-
tically, a higher failure rate along with repair and mainte-
nance requirements leads to a higher cost of energy [1].
Experiences show that faults or damages in the drivetrain,
bearing, and gearbox contribute significantly to the wind
turbine’s downtime and nonavailability [2, 3]. The mainte-
nance and repair are particularly too costly, especially for
offshore wind turbines where a special vessel and crane
barge are needed to replace a faulty drivetrain. In addi-
tion, the harsh offshore weather reduces the repair period
to only a few months, often in summer [4]. Pitch systems
are among the largest contributor to overall downtime, rep-
resenting more than 15% of wind turbine failures [5]. In
another survey, 25% of total failures occurred in the pitch
system in offshore wind turbines, and its failure rate in on-
shore wind is 10% [6].

From the wind field perspective, different characteris-
tics are recorded during wind site measurement. The wind
speed distribution is significant for the wind turbine de-
sign because it determines the frequency of occurrence of
the individual load components. Different distributions are
used in the wind industry. Carta et al. [7] reviewed dif-
ferent probability distribution functions (PDFs) with case
studies in the Canary Islands. Even though Weibull distri-
bution has advantages with respect to the PDFs analyzed,
it cannot represent all the wind regimes encountered in na-
ture such as, for example, those with high percentages of
null wind speeds, and bimodal distributions. Many earlier
works have focused on the distribution fitting, parameter
estimations, and goodness of the fit metrics [8], but limited
works are found on the effect of the wind speed on the pitch
bearing load and life.

Each of the wind characteristics has its own importance.
Wind site measurement sometimes does not include the
vertical component, but its effect on the pitch bearing is
valuable for the turbine designer. Seed number is a random

number and different seeds affect bearing loads differently
and due to the spatial coherence, different random seeds
produce a Gaussian distribution of turbulence intensity in
the longitudinal wind component [9]. Extreme and normal
turbulence have a great role in the bearing’s safety factor
and life. Consequently, a comprehensive study on the pitch
bearing in different aspects of the wind field in extreme load
and fatigue life was performed. In addition, the contribution
of wind speed on the bearing life and loads in the long
term and short term is analyzed and is described in the
methodology section.

This paper is structured into five sections. In the next sec-
tion, the reference wind turbine (RWT) is stated together
with the nominated wind site. Additionally, the pitch bear-
ing design process is presented. The methodology is de-
scribed afterward, and the results and discussion present
the findings with respect to the wind field, safety factors,
and life. In the end, the conclusion is stated.

2 5MW reference wind turbine and pitch
bearing design

2.1 Reference wind turbine

The National Renewable Energy Laboratory’s (NREL’s)
SMW reference wind turbine was considered as a case
study [10]. The turbine was considered on two support
structures: fixed-bottom and land-based. The turbine con-
figuration is given in Table 1.

2.2 Wind sites

Two wind farms, onshore and offshore, have been stud-
ied. The offshore wind site is Anholt wind farm [11] lo-
cated in the Kattegat, between Djursland and the island of
Anbolt in Denmark (56° 35’ 44.39”N, 11° 09’ 09.82"E).
Wind data measurement was performed at different heights
from 65.6m to 250m for two years from January 2013
to December 2014. The onshore wind site is Khaf wind

Table1 5MW NREL reference

Wind Turbi
wind turbine specification [10] ind Turbine

Rating

Rotor Diameter
Hub Height
Drivetrain

Minimum, Rated Rotor Speed

Cut-In, Rated, Cut-Out Wind Speed

Overhang, Shaft Tilt, Precone
Rotor Mass

Nacelle Mass

Tower Mass

NREL 5 MW Reference Wind Turbine
SMW

126 m

90m

High-speed, multiple-stage gearbox
6.9rpm, 12.1rpm

3m/s, 11.4m/s, 25m/s

5m, 5°, 2.5°

110,000kg

240,000kg

347,460kg
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Fig.1 Wind site locations: Anholt offshore wind site (left), and Khaf onshore wind site (right) taken from Google Maps

Table 2 Safety factors for different bolt arrangements

Parameter Dimensions (mm) Description

Dy 36 39 42 45 48 Bolt nominal diameter

Shpin 1.321 1.339 1.330 1.344 1.337 Safety margin against exceeding the yield point
Sy 1.022 1.073 1.070 1.110 1.100 Safety for the surface pressure

Sc 1.079 1.196 1.290 1.378 1.480 Safety against slipping with minimal preload

farm [12], located in the northeast of Iran (34° 29" 10.2” N,
60° 18’ 32.9” E). Wind data measurement was performed at
heights from 10 to 40m from June 2007 to March 2009.

The measurements taken at 65.6 and 85.6m for the off-
shore site and 30 and 40m for the onshore site are consid-
ered. These measurements are projected to the hub height
using the power law [13]. The position of the onshore
and offshore sites taken from Google Maps are depicted
in Fig. 1.

2.3 Pitch bearing design

Because the NREL 5 MW reference wind turbine does not
include a pitch bearing design, a design is specified as de-
scribed in this section. The main restriction for the bear-
ing design is the blade’s root dimensions. According to
definition of SMW RWT [10], the blade root diameter is
3542 mm. It is assumed that the tension bolts in the blade
side and hub side are M42 as a first guess. The bolt circle
diameter of the blade root, Dy, ., is derived in Eq. 1 from
the geometrical design of the hole pattern, where e is the
distance of the bolt axis from the edge of the clamped part
which is equal to e = 1.5Dy,, and Dy, is the blade root’s
outer diameter [14]. According to ISO 273, Dy, the hole
diameter, is equal to 45 mm for bolt M42 [15].
Dy pea = Dp,ous —2€ (1)
The distance between the bolts is assumed 3Dy [14],
which leads to the determination of the number of bolts.
Other assumptions on the bolt design are as follows:

e The friction of the surface of the bearing to the hub and
blade is assumed to be 0.15.

e Hexagon head screw with shank according to DIN EN
ISO 4014 is assumed [16].

e Bolt length assumed to be 300mm. This parameter can
be modified after the bearing design is completed.

The bolt dimensions of M36, M39, M42, M45, and M48
with safety factors against exceeding the yield point, the
surface pressure, and slipping with minimal preload are
evaluated. The bolt design and calculation for safety fac-
tors are performed based on VDI-2230 [14]. The results of
safety factors are given in Table 2.

As shown in the table, all bolt arrangements have safety
factors above one, but according to VDI 2230 [14] the rec-
ommended minimum safety factor Sg is 1.2. By this crite-
rion, the arrangement with the M42 bolt satisfied the condi-
tion and is considered as the arrangement of the blade and
pitch bearing connection. The material of the bolts is grade
10.9 according to ISO 898 [17].

The bearing ball diameter and pitch circle diameter siz-
ing are based on the following conditions:

e It is assumed that around 80 percent of the raceway is
filled with balls [18]. This assumption is consistent with
DGO3 [19].

Itis considered that the distance between the raceway and
bolt hole is 25% of the ball diameter [18].

The contact angle is assumed to be assumed 45° [18, 20].
o The raceway groove radius-to-diameter ratio is consid-

ered to be 0.52 [19].
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Fig.2 Bearing geometrical dimensions adopted from Rothe Erde catalogue [21] in /eft and the general position of bearing in wind turbine in

right [22]

o The surface hardness is assumed to be 58 hardness on
Rockwell scale C (HRC) [19, 20].

o The Core hardness is assumed to be 250 Brinell hardness
(HB) [19, 20].

The sizing of the pitch bearing is performed in a way
that all parameters are related to the ball diameter. The
ball diameters of 50, 60, 75, 90, and 100 mm were studied.
The designed pitch bearing main dimensions are stated in
Table 3 and Fig. 2. The figure is an adopted figure from
Thyssenkrupp Rothe erde Catalogue [21]. The pitch bearing
arrangement in a wind turbine is also illustrated in Fig. 2.

Table 3 Pitch bearing dimensions

Parameter Value = Description

D,, 3558  Bearing pitch diameter (mm)

D 75  Ball diameter (mm)

o 45 Initial contact angle (°)

Z 125  Number of balls per row

i 2 Number of rows

fi 0.52  Inner raceway groove radius/D

fo 0.52  Outer raceway groove radius/D

Dy 42 Bolt nominal diameter (mm)

Dy, 45  Bolt hole diameter (mm)

Dy pea 3400  Blade side bolt circle diameter (mm)

Dy pea 3720  Hub side bolt circle diameter (mm)

Np 78  Number of the bolt in blade and hub side
Dier 3330 Bearing inner diameter excluding the teeth (mm)
D uier 3790 Bearing outer diameter (mm)

H 300  Total width of bearing (mm)
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3 Methodology

Extraction of the wind characteristics is the first stage in the
analysis. It is described in the first subsection. The turbine
response simulation, a global analysis, in which the loads
and motions are extracted, is described afterward. In the
end, the calculations of the bearing life and safety factors
are presented.

3.1 Wind field characteristics

Several characteristics in the wind fields such as mean wind
speed, wind shear, turbulence intensity, and wind speed dis-
tribution, which are important for the wind turbine, are de-
scribed in Germanischer Lloyd (GL) guidelines [23] and
standards [13].

Mean wind speed is considered as an annual average of
10-min means of the wind speed at hub height.

The vertical inflow wind is caused in different ways.
Hills in the wind stream in front of the turbine and stable
atmosphere can cause the inflow wind. In addition, other
turbines in the wind farm can produce inflow wind. The
International Electrotechnical Commission (IEC) 61400-1
recommends 8° for inclination of the mean flow with re-
spect to a horizontal plane [13].

Generally, two mathematical models have been used to
model the vertical profile of wind speed. The logarithmic
profile (log law) and power law [24]. In this study, the
power law that is recommended by IEC [13] is used. The
power law is as follows:

Uz (z\*
U(zr) - (Z) . @
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where « is the power law exponent and wind speed (U) at
height (z) can be calculated from wind speed at reference
height (z,). The power law exponent according to GL 2010
guideline [23] and standard IEC 61400 [13] are 0.11 and
0.2, respectively, for extreme and normal onshore wind pro-
file models, and it changes to 0.14 for the normal offshore
wind profile model [25].

Turbulence intensity (77) is defined as a fraction of the
standard deviation (o) to the mean of wind speed, accord-
ing to Eq. 3.

Oy

TI = <U> 3)

The wind speed distribution at the site is significant for the
wind turbine design because it determines the frequency
of occurrence of the individual load components. Different
distributions are used in the wind industry. In this study the
following distributions are nominated:

Lognormal distribution
Weibull distribution
Rayleigh distribution
Nakagami distribution
Kernel density estimation

The pdf and cumulative density functions (CDFs) of the
nominated distribution are described in Appendix 1.

To evaluate the accuracy of each distribution, three dif-
ferent methods of root-mean-squared error (RMSE), coef-
ficient of determination (R?), and coefficient of efficiency
(CE) as criteria for goodness-of-fit are considered. The cri-
teria are calculated by Eqs. 4-6 [26], respectively:

n + — . 2
RMSE = \/ i (Yoi = ¥p) )

n

Table4 DLC Definitions
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2
R2 — Z?:l [(Xo,i _T) (‘Xpsi _m)] > (5)
\/ Yo (Yo = Xoi) iy (xpi = Xpid)
- (xo,i - xp,i)2
CE=1-) 2 P (6)

—\2
i=1 \Xo,i —Xo,i)

where x,; and x,; are the observed and predicted data
of x; and the ones with the () overbar are the mean of the
parameter. Goodness levels for R? and CE are, respectively,
0.85 and 0.9 [26].

3.2 Turbine response simulation

In this section the global model of the 5SMW reference wind
turbine in the OpenFAST as well as the nominated design
load cases (DLCs) and wind condition are described.

The wind turbine simulation is performed in OpenFAST
[27]. OpenFAST is a multiphysics, multifidelity tool for
nonlinear aero-hydro-servo-elastic simulation of wind tur-
bines. The wind turbine model is considered from the ref-
erence model in GitHub/OpenFAST [28].

Two types of DLCs are considered in this paper. One
set of DLCs is considered in the ultimate strength anal-
ysis. The other set is considered for both ultimate and
fatigue strength analysis. In all DLCs wind shear is con-
sidered according to site or standard conditions. The
load results are according to the blade coordinate sys-
tem, which is described in the FAST user manual [29].
The main load on the pitch bearing is the bending moment.
According to Su et al. [30] and Technical University of
Denmark (DTU) 10MW RWT reports [31], DLCs 6.1 and
1.3 are the extreme value for the blade root bending mo-
ment. Subsequently, the mentioned DLCs are considered
for ultimate strength analysis. According to IEC, DLCs
1.2,2.4,3.1, 4.1 and 6.4 are used for fatigue analysis. DLC
1.2 is considered in this study with higher resolution than
proposed by IEC. DLC 2.4 is for fault condition does not
cause an immediate shutdown of the turbine. In this study,

DLCs Wind model Wind speed Analysis type Notes

1.2 NTM? Vin : Vou Fatigue Every 1 m/s with 6 seeds

1.10 LTMP Vin : Vou Fatigue Every 1 m/s without vertical inflow

1.11 LT™M Vin : Vou Fatigue Every 1 m/s with vertical inflow

1.3 ETM® Viom Ultimate Viom=(10,11,11.4,12,13,24,25) m/s

6.1 EwWM! Veso Ultimate yaw error = (+25, +20, +15, 0, 15, -20, -25)°

“Normal Turbulence Model

YL ow Turbulence Model with T/ = 1%
“Extreme Turbulence Model
dExtreme normal Wind Model
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it is considered that fault in electricity result in an immedi-
ate shutdown of the turbine. DLCs 3.1 and 4.1 are the start-
up and shutdown conditions of the turbine and do not relate
to wind characteristics and they are not considered. DLC
6.4 is in park condition. Because the turbine is not oper-
ating (the turbine is in idle mode), the pitch system is not
moving, and it is not possible to calculate the life according
to method based on oscillation of the bearing. The list of
DLCs and their characteristics are presented in Table 4.

Generally, the definition of DLCs and the wind models
are according to IEC 61400-1 [13] and DNV 437 [32].

Two different post-analyses are carried out in the paper;
short term and long term. The short-term analysis is referred
to as simulation with a short-term wind condition i.e. 10-
min simulation at a given wind speed. In this case, the wind
speed distribution is not considered and is assumed that all
wind speeds occur with an equal probability. This is indeed
not a real case, but when it is compared with the long term,
the influence of the wind speed distribution — which is site
specific — is better illustrated. In long-term analysis, the site
specific wind speed distribution is considered for the loads
and life calculation.

3.3 Pitch bearing life analysis

The radial, axial, and bending loads at each blade root ob-
tained from the global analysis are applied on individual
pitch bearings. To evaluate the design of oscillating pitch
bearings, the classic Lundberg-Palmgren theory for estimat-
ing dynamic load capacity and fatigue life for continuously
rotating rolling bearings [33] was extended and correlated
to laboratory fatigue life data [34]. This included defin-
ing the critical amplitude of oscillation, the angle below
which the raceway is stressed by only one roller and re-
ceives two stress repetitions per oscillation cycle because
the pitch oscillation is relatively small. The calculation of
the equivalent load and number of loading cycles for oscil-
latory applications was later presented [35]. These formu-
lations were then simplified and applied on wind turbine
pitch bearings [36]. A dither angle was defined for pitch
motions even smaller than the critical amplitude, for which
the stressed area is only partially uncovered and retraced. In
this situation, fretting corrosion is often experienced and the
developed fatigue life models are not applicable. A similar
model was also applied to a four-point contact ball bearing
in a wind turbine [37].

Based on these earlier works, in 2009 NREL published
a pitch and yaw bearing design guide (DGO03), which sum-
marized the design criteria, calculation methods, and appli-
cable standards recommended for use in performance and
life analyses of these bearings [19]. However, other meth-
ods presented such as works done by Woll et al. [38] or
Breslau et al. [39], DGO3 is very commonly used in the

@ Springer

wind industry and guidelines for determining rating life of
blade bearings [40]. The DGO3 uses a comparison of the
maximum contact stress, 0,,,, in the limit load condition
to the maximum allowable stress of 4,200 MPa, to define
the static safety factor as [41]

4200\°
So = ( ) @)

Omax

where the maximum contact stress, 0, is also expressed
in megapascals. It recommends that the safety factor in
this condition be greater than 1.5, which is the same as the
ISO 76 recommendation for applications subjected to shock
loads [42].

The DGO03 modifies the basic dynamic axial load rat-
ing, C,, and defines a basic dynamic axial load rating for
oscillating conditions, C, 5. The formulation depends on
a prorated angle of oscillation, 6 , in comparison to the
critical angle of oscillation, 6,.,;.

L\3/10
Ca(B2)" 2% for 6 < O
Ca,osc = (8)

ca(“é"’)”p for 6 > B

where the life exponent p = 3 for ball bearings, Z is the
number of ball and the prorated angle of oscillation, 6 is

o< K Net by

9
Y i Netr ©

where K is the number of load cases. Parameters #; and Nj

denote the decimal fraction of time and speed of oscillation,

respectively, for the bearing operated under the condition

yielding 6¢. A sample of pitch motion at 12m/s in the

normal turbulence model (NTM) and low turbulence model

(LTM) in the IEC-onshore condition is depicted in Fig. 3.
The dynamic equivalent load, P,,, is formulated as

2M

P.,=075F. + F, +
pw

where F,, F,, and M denote the applied radial, axial, and
moment loads, respectively. D,,, denotes the pitch diame-
ter of the bearing. This formulation takes into account the
moment loading on the pitch bearing. To include various
duty cycle loading, a prorated dynamic equivalent load P,
is defined as

(10)

1/p

’

s (Zlf:lpe’;,katkka)

1 for 0k < 0C,i,
Pea = X T =
Zk:lthkOk

9/10 for 6 > 6.,
(1T)
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Fig. 3 Pitch motion at 12 m/s wind speed in normal and low turbulence
wind model with IEC-onshore conditions

where the summation is performed over the discrete number
of normal load cases and depends on the angle of oscilla-
tion, 6, relative to the critical angle, 6.,;,. p denotes the life
exponent and it equals 3 for ball bearings.

The rating life is the predicted value of life before
the first evidence of fatigue occurs on a raceway. The
basic rating life, Lo, is the rating life associated with
90% reliability for bearings manufactured with commonly
used high-quality material, of good manufacturing quality,
and operating under conventional operating conditions.

C,\?
L= (P_) (12)

where the resulting value of L is in millions of revolutions
of the bearing rings relative to each other. The DGO3 uses
this basic dynamic axial load rating for oscillating condi-
tions to estimate the basic rating life

1 C »
Lpyo = e ( alm) (13)
602](:1th/€ P,

More information on the procedure and definition of the
parameter are presented in reference [41] and DGO3 [19].

4 Results and discussion

Results are categorized in four main subsections: wind field
characteristics, extreme load, safety factor, and life.

4.1 Wind speed distribution of onshore and
offshore site

4.1.1 Offshore wind site

The results of wind speed at hub height are projected using
the power law. The power law exponent is equal to 0.1173.
This value is derived from averaging the calculated power
law in every 10-min measurement step. The wind speed
with different distribution functions are depicted in Fig. 4.
Different distribution parameters defining the behavior of
wind speed are presented in Table 5.

Summarized statistical errors of different criteria, good-
ness-of-fit, in different PDFs are presented in Table 6.

The Weibull distribution has the most favorable value in
all three criteria, and the Nakagami and the Rayleigh po-

0.12 T :
[ Anholt
—-=¥-— Lognormal
0.1} ——— Nakagami | |
—~B-= Rayleigh
- =&~ Weibull

0.08
T 006}
0.04

0.02

0 5 10 15 20 25 30 35
Wind speed (m/s)

Fig.4 Projected PDF from 85.6m height with power exponent of
0.1173 in offshore wind site

Table 5 Nominated probability distribution function parameters for
offshore wind data of 90 m

PDF 1st Parameter 2nd Parameter
Lognormal(u, o) 2.0660 0.5799
Nakagami(u, @) 1.1752 100.9309
Rayleigh(C) 7.1039 =
Weibull(k,C) 2.2353 10.2509

Table 6 Goodness-of-fit results for offshore wind site in different
PDFs

PDFs RMSE R? CE
Lognormal 0.0116 0.8787 0.8690
Nakagami 0.0033 0.9904 0.9898
Rayleigh 0.0043 0.9832 0.9825
Weibull 0.0028 0.9928 0.9923
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Table 7 Offshore wind field features at 90 m height

Annual mean wind speed [m/s] 9.15
Annual mean wind speed standard deviation [m/s] 0.6375
Maximum wind speed annually (10-min) [m/s] 35.80
Average turbulence intensity 0.0697
Turbulence intensity at 15 [m/s] 0.0556

sitioned afterward. The result of the lognormal distribution
fitting is the lowest. Other wind field features are presented
in Table 7. The result shows the similarity and difference
of the Anholt wind site with IEC class I offshore wind site.

4.1.2 Onshore wind site

The results of wind speed at hub height are projected by
means of the power law. The power law exponent is equal to
0.0991. This value is derived from averaging the calculated
power law in every 10-min measurement step. The wind
speed distribution with different distribution functions are
depicted in Fig. 5. Corresponding PDFs parameters at 90 m,
are stated in Table 8.

The results of different criteria of goodness-of-fit in dif-
ferent PDFs are presented in Table 9.

The Kernel distribution has the most favorable value in
all three criteria, followed by the Nakagami and Weibull
distributions. The results of the lognormal and Rayleigh dis-
tribution fitting are below the other three; however, the later

Table8 Nominated probability distribution function parameters for
onshore wind data of 90 m

PDF Ist Parameter ~ 2nd Parameter
Lognormal (u, o) 2.0725 0.8968
Nakagami (1, @) 0.6706 156.2774
Rayleigh (C) 8.8396 -
Weibull (k,C) 1.5779 11.8035
Kernel (Kernel,Bandwidth) normal 1.0204

Table 9 Goodness-of-fit results for onshore wind site in different PDFs

PDFs RMSE R? CE
Lognormal 0.0172 0.5584 0.3978
Nakagami 0.0113 0.7544 0.7386
Rayleigh 0.0168 0.5555 0.4248
Weibull 0.0128 0.6947 0.6639
Kernel 0.0065 0.9282 0.9134

Table 10 Onshore wind field features at 90 m height

Annual mean wind speed [m/s] 10.62
Annual mean wind speed standard deviation [m/s] 1.2282
Maximum wind speed annually (10-min) [m/s] 37.65
Average turbulence intensity 0.1156
Turbulence intensity at 15 m/s 0.1195
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Fig.5 Projected PDF from 40 m height with power exponent of 0.0991
in onshore wind site

one is the proposed distribution according to the IEC 61400
standard [13], guideline GL 2010 [23], and DNV 437 [32].
Other wind field features are presented in Table 10.

Comparing the result of the onshore and offshore wind
distributions, it can be seen that the proposed Rayleigh dis-
tribution could not be fitted to the measurement in the on-
shore as precisely as the offshore wind site. One of the
reasons for the lack of accuracy in onshore wind sites is the
bimodal pattern of wind, in which the wind speed density
curve has an extra hump [7].

4.2 Extreme loads at the pitch bearing

Nominated DLCs are simulated, and extreme loads in the
blade coordinate system [29] are extracted. There are eight
load components in each extreme case. Six of them are
forces and moments in the blade coordinate system and the
latter two are the in-plane vector resultant force and mo-
ment. Each of these eight components has negative and po-
sitive extremes that make a matrix of 8x16. The presented
format of extreme loads is compatible with IEC 61400 [13].
The detailed results of the extreme loads in different sites
are presented in Appendix 2. The equivalent load according
to Eq. 9 is the indicator for the load on the pitch bearing.
The results of P,, in different wind sites are illustrated in
Fig. 6.

The results show that the load is dominant in the maxi-
mum of Fy, My, M,, F;, and M,, from which Fy and F;
are the radial load in the x-direction and the in-plane vector
resultant force at the blade root plane, respectively; M, and
M, are the bending moments in the x- and y-directions,
respectively; and M, is the in-plane vector resultant mo-
ment at the blade root plane. It should be noted that in the
maximum of Fy and F;, the bending moment is the rea-
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son for increase in the equivalent loads. In addition, all of
these extremes resulted from DLC 1.3, ETM wind condi-
tion. This is consistent with the results of the DTU 10 MW
design [31]. The GL guideline [23] does not consider this
DLC, so wind turbine design based on this guideline may
result in an underestimation of extreme loads in the pitch
bearing.

The short-term and long-term contributions of wind
speed on the pitch bearing equivalent loads are illustrated
in Fig. 7 at different sites.

From both short-term and long-term results, it can be
seen that a wind speed of 10m/s is dominant in both IEC
standards for onshore and offshore, however, the peaks will
change in Anholt and Khaf to 11 and 12m/s, respectively.
These two wind speeds bracket the wind turbine rated speed
of 11.4m/s. In addition, the peaks in IEC cases are much
sharper than those for Khaf. Khaf has a broader curve with
more wind speeds contributing to extreme loads. Moreover,
the maximum contribution of IEC cases and Anholt are
double compared to Khaf’s maximum contribution. Further-
more, the results also express that the peak of contribution
increases from 24% to around 28% in the IEC onshore case
in the long term while Khaf is still a little above 10%. The
wider distribution for Khaf could be the result of higher ex-
treme turbulence intensity with respect to other wind sites.

4.3 Pitch bearing safety factor

The result of safety factors in different wind sites are pre-
sented in Fig. 8. The safety factor of the pitch bearing in
Khaf is lowest, which is expected, due to the high equiva-
lent load observed in Fig. 6. Normal turbulence in Khaf is
lower than the IEC standard, but higher extreme turbulence
results in higher load and lower safety factor. The normal

351

25T
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o
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Fig.8 Pitch bearing safety factors in different wind sites
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turbulence in Anholt at 15m/s is lower than the IEC stan-
dard, but the safety factors are comparatively the same. It
should be noted that in this paper the safety factor is limited
to the static load factor, and the safety factor of the fretting
corrosion types of failure is not considered [19].

4.4 Pitch bearing life

The life of the bearing according to seed number in turbu-
lence intensity, vertical inflow, and wind shear was stud-
ied and the results presented. Moreover, contribution of the
wind speed at normal and low turbulence wind regimes in
the life of the pitch bearing is stated.

The bearing life in the NTM condition at four different
wind sites with six different seed numbers in long term and
short term is depicted in Fig. 9. Different seeds in each
wind site create different wind speed time series with the
same turbulence intensity.

The results both in the long term and short term indicated
that bearing life is not independent of the seed number but
is affected by it. Anholt shows higher pitch bearing life
compared to the other three cases. The calm wind regime
in Anholt increases the life of the bearing. The IEC onshore
case has the lowest overall and lowest short-term bearing
life, while seed number 1 of Khaf has the lowest life in the
long term. This change of lowest bearing life from short
term to long term is the effect of wind speed distribution at
Khaf. However, bearing life does not change considerably
in the long term and short term, and the effect of seed
numbers is dominant.

The effect of turbulence intensity is studied in all four
sites in the short term and long term. The results based
on NTM and LTM are depicted in Fig. 10. According to
Fig. 10, the 77 has a large effect on the life of the bear-
ing; however, it does not happen at the Anholt wind site,
especially in the long term. One of the reasons could be the
lower 77 of the Anholt site. Furthermore, the long-term con-
dition decreases the life in LTM and does not considerably
affect the life in NTM.

The results in the IEC offshore case are not compara-
ble in LTM and NTM, because in LTM the wind shear
power exponent intentionally changed to 0.01. The short-
term bearing life of four wind sites in Fig. 10 have the same
parameters in wind pattern in LTM, and the only difference
is the power law exponent that changes from 0.2 in the IEC
onshore case to 0.01 in the IEC offshore case. The lowest
and highest life belong to Anholt and Khaf, which have
a power law exponent of around 0.1, and the bearing life in
the IEC onshore and offshore cases is in between. In this
regard, wind shear does not have an upward or downward
effect on the bearing life.

The effect of the vertical component of wind speed is
studied in LTM conditions. The bearing life results are il-
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Fig. 11 Effect of vertical inflow on long-term and short-term bearing life at nominated sites

lustrated in Fig. 11. In bars with a legend (W Vinflow),
vertical inflow is considered and in bars with a legend (W/O
Vinflow), vertical inflow is not considered.

The Khaf wind site did not have vertical component mea-
surements, so it was omitted from this analysis. It is ob-
served that considering the vertical inflow in the total wind
speed increases the life of the bearing. Furthermore, long-
term bearing life results, which considered wind speed dis-
tribution, have lower life compared to short-term bearing
life results. Consequently, considering the vertical inflow
increases the bearing life while the wind speed distribution
decreases it.

In order to investigate the effect of each wind speed in
the life of the pitch bearing, the short-term and long-term
contributions of wind speed on the bearing life are presented
in Fig. 12. The figure shows that the overall pattern in all

@ Springer

four wind sites is the same, and the peaks increased by
decreasing the turbulence content of the wind. The peaks
are in over-rated wind speed in all wind sites in short term
and shifted to under-rated wind speed in long term except
Khaf. The largest peaks both in the long term and short term
belong to Anholt. Life reduction has a narrower peak at the
Anbholt site compared to the three others. The contribution
of high wind speed, practically above 20m/s, is decreased
drastically. This change has less effect on Khaf because of
the high content of high wind speed.

Fig. 13 shows the short-term and long-term contribution
of LTM wind speed on the bearing life. In all cases, the wind
model is LTM, therefore, the contribution of bearing life
due to wind shear (short-term) and wind speed recurrence
(long-term) are presented.
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The short-term figure shows that the contributions in all
wind conditions are to some extent the same; therefore,
wind shear has a small effect on the contribution of life
reduction in wind distribution. Life reduction has a narrower
peak in the distribution in LTM compared to NTM. The
Anholt NTM result has the same narrow peak as a result of
a low 77 value.

The result shows that wind speed contribution to bearing
life reduction is increased by adding the effect of wind
speed recurrence. In addition, compared to extreme cases,
the contribution has a wider distribution in all four wind
sites.

5 Conclusion

In this paper, the effect of wind field characteristics on the
pitch bearing life was evaluated. The SMW reference tur-
bine was employed in two onshore and offshore sites where
different distributions were fitted to the wind measurements.
While Rayleigh distribution is the proposed distribution by
IEC, it was found that the Weibull is a better choice for
offshore and Kernel performs best for onshore, at least for
the case study sites.

It is also found that the bending moment has the highest
contribution to the equivalent bearing load. The extreme
turbulence model governs the extreme loads of the pitch
bearing and it is crucial to consider it in pitch bearing de-
sign. The contribution of wind speeds in the extreme load
in the short term and long term show that IEC sites have
sharper peaks in wind speed contribution, and it is observed
that wind sites similar to IEC can be designed on the ex-
treme load conditions with around-rated wind speeds. For
example, the offshore Anholt site pitch bearing can be de-
signed based on extreme loads just by analyzing around-
rated wind speeds. On the contrary, the onshore wind site
has a wide distribution, and it is not reasonable to design
a bearing just by around-rated wind speeds in extreme con-
ditions. The safety factor of the Khaf onshore wind site is
lower than the IEC case, and if the bearing is designed and
selected according to IEC results, it will be underestimated.

The bearing life contribution to wind speeds shows the
importance of around-rated wind speed analysis. It is also
realized that the power exponent in wind shear does not
have a definite effect on the bearing life. Additionally, in
equal total wind speed, the vertical component of the wind
speed increases the bearing life in both short-term and long-
term analysis. It is noticed that the bearing life is largely
affected by the turbulence intensity of the wind speed. This
change is more noticeable in the short term than in the
long term of the bearing life. The effect of random seed
number of turbulence on bearing life is considerable for
both the short term and long term, and further investigation
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is needed besides studying more wind sites with different
topography.
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6 Appendix
6.1 Probability distributions

In this section, the definition and equations of the nomi-
nated distributions are presented. The following parts are
extracted from references [43] and [44].

6.1.1 Lognormal distribution

The logarithmic normal or simply lognormal distribution is
a probability that its PDF follows Eq. 14.

FLNG) = el ) (14)
IN(X)= ———e\ 2" ©

V2 (ox)

where 1 and o are mean and standard deviation of Inx
respectively. The cumulative distribution function is stated
in Eq. 15 where @ is CDF of standard normal distribution
(N(O,1).

FAN(G) = @ (I“XT‘“) (15)

6.1.2 Weibull distribution
The probability density function of the Weibull distribution

is described in Eq. 16. The parameters k and C are the
shape and scale parameters of the Weibull function.

k- x\k
fr) = = (5) @ (16)

The CDF of the Weibull distribution is presented in
Eq. 17.

Fy(x) = 1-e(@&)" (17)
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There are different ways to estimate the scale and shape
parameters of the distribution function. In this study, the
maximum likelihood estimation (MLE) is used. Shape and
scale parameters are estimated by following Eqs. 18 and
19, respectively [45].

3 xkin(x) ~ > In(x)

k
> xk n

18)

y k)

n

C = (19)

In this method, numerical iterations are required to de-
termine the shape parameter of the Weibull function.

6.1.3 Rayleigh distribution

Rayleigh distribution is a special case of the Weibull distri-
bution with a shape parameter equal to 2.0. Subsequently,
the PDF and CDF follow the Egs. 20 and 21, respectively.

fr(x) = ée “3¢7) (20)

2
=1- e(_zc_Z)

Fr(x) 2D

6.1.4 Nakagami distribution
The Nakagami distribution is commonly used in commu-

nication theory. The PDF of the distribution follows the
Eq. 22.

(22)

In(x) = 2(%>Mﬁx(2ﬂ«—l)e(%x2)

Load factar Radial force Axial Force Bending Moment Pitching Moment Radial Force Bending Moment

Fx (kN) Fy (kN) Fz (kN) Mx (kNm) My (kNm) Mz (kNm) Fr (kN) Mr (kNm)

rx |-min EWM, O{deg) 1.35 -277.02 88.63 -87.16 -572.67 -8,760.15 -211.82 290.85 8,778.85
max | ETM, 25(m/s) 1.35 597.92 -281.48 720.63 6,440.85 18,009.00 -45.18 660.86 19,126.12
Iy min ETM, 11(m/s) 1.35 477.36 -344.66 691.88 8,386.20 16,605.00 -104.50 588.78 18,602.54
max | ETM, 24(m/s) 1.35 24.25 345.60 782.33 -9,189.45 278.51 -94.59 346.45 9,193.67

2 min EWM, O(deg) 1.35 -136.62 93.96 =231.39 -848.48 -65.04 -231.93 165.81 850.96
max | ETM, 25(m/s) 1.35 -86.52 31.71 1,377.00 -257.31 -5,791.50 -138.51 92.15 5,797.21

e min | ETM, 24(m/s) 1.35 26.89 345.47 780.44 -9,196.20 380.43 -91.45 346.51 9,204.07
max ETM, 11(m/s) 1.35 422.55 -342.36 744.93 8,564.40 15,079.50 -139.86 543.84 17,341.86
My min | ETM, 25(m/s) 1.35 -211.68 106.79 1,052.46 -1,067.85 -10,035.90 -63.44 237.09 10,092.55
max ETM, 10(m/s) 1.35 582.26 51.81 620.60 360.72 19,885.50 96.90 584.56 19,888.77

B min EWM, 0(deg) 1.35 -129.78 92.58 -231.39 -797.45 392.04 -232.61 159.42 888.60
max ETM, 12(m/s) 1.35 440.51 168.48 940.41 -3,462.75 15,646.50 184.41 471.63 16,025.09

fr Lmin | NTM, 23(m/s) 1.35 -0.18 -0.03 1,069.88 528.66 -1,597.05 -84.86 0.18 1,682.28
max | ETM, 25(m/s) 1.35 596.43 -287.42 722.66 6,432.75 17,955.00 -42.20 662.07 19,072.55

e min | NTM, 25(m/s) 1.35 75.65 5.32 1,028.57 -0.13 6.20 -95.15 75.84 6.20
max | ETM, 13(m/s) 1.35 564.17 -319.95 789.62 7,777.35 19,764.00 -83.05 648.58 21,239.18
Fig. 14 Extreme loads at pitch bearing at IEC onshore condition
Radial force Axial Force Bending Mome P g Mome Radial Force  Bending Mo
OAD D oad facto

e |min EWM, O{deg) 1.35 -277.02 88.63 -87.16 -572.67 -8,760.15 -211.82 290.85 8,778.85
max | ETM, 25(m/s) 1.35 585.63 -284.58 720.09 6,351.75 17,536.50 -43.59 651.11 18,651.37
Fy min ETM, 11(m/s) 1535 418.23 -341.55 745.61 8,509.05 14,998.50 -137.16 539.97 17,244.10
max ETM, 24(m/s) 1535 34.79 339.26 781.25 -8,981.55 622.22 -88.43 341.03 9,003.08

s min EWM, 0({deg) 1.35 -136.62 93.96 -231.39 -848.48 -65.04 -231.93 165.81 850.96
max ETM, 25(m/s) 1.35 -62.28 29.66 1,381.05 -256.50 -4,893.75 -140.94 68.98 4,900.47
My Lmin | ETM, 24(m/s) 1.35 36.99 338.85 779.22 -8,985.60 699.98 -86.35 340.86 9,012.82
max ETM, 11(m/s) 1.35 417.02 -341.42 749.39 8,530.65 14,917.50 -139.59 538.95 17,184.41
My min | ETM, 25(m/s) 1.35 -191.16 108.46 1,055.16 -1,147.77 -9,174.60 -72.35 219.79 9,246.12
max | ETM, 13(m/s) 1.35 580.64 -298.89 806.36 7,226.55 20,304.00 -71.55 653.05 21,551.69

Mz |min EWM, 0{deg) 1.35 -129.78 92.58 -231.39 -797.45 392.04 -232.61 159.42 888.60
max NTM, 15(m/s) 1.35 451.17 192.24 772.34 -3,812.40 15,781.50 181.58 490.42 16,235.46
fr Lmin | ETM, 25(m/s) 1.35 -1.24 -0.11 1,138.32 338.72 -3,321.00 -109.73 1.24 3,338.23
max | ETM, 13(m/s) 1.35 580.64 -298.89 806.36 7,226.55 20,304.00 -71.55 653.05 21,551.69

Mr min ETM, 24(m/s) 1.35 68.99 8.89 1,188.00 -3.76 6.00 -120.46 69.56 7.08

max | ETM, 13(m/s) 1.35 580.64 -298.89 806.36 7,226.55 20,304.00 -71.55 653.05 21,551.69

Fig. 15 Extreme loads at pitch bearing at IEC offshore condition
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o Radial force Axial Force Bending Moment Pitching Moment Radial Force Bending Moment
Fx (kN) Fy (kN) Fz (kN) Mx (kNm) My (kNm) Mz (kNm) Fr (kN) Mr (kNm)
Fx min EWM, 0(deg) 1.35 -319.01 94.47 -84.90 -577.80 -9,930.60 -224.91 332.70 9,947.40
max ETM, 12(m/s) 1.35 579.15 61.18 945.14 -219.11 19,291.50 131.21 582.37 19,292.74
by min ETM, 11(m/s) 1.35 424.85 -346.68 742.64 8,627.85 15,187.50 -140.81 548.34 17,467.11
max ETM, 24(m/s) 1.35 65.45 306.45 791.10 -7,884.00 1,564.65 -67.51 313.36 8,037.76
2 min EWM, O(deg) 1.35 -145.13 100.72 -231.39 -893.57 13.01 -245.84 176.65 893.66
max ETM, 24(m/s) 1.35 14.97 -5.34 1,303.70 309.96 -1,957.50 -135.81 15.80 1,981.89
e min ETM, 24(m/s) 1.35 65.45 306.45 791.10 -7,884.00 1,564.65 -67.51 313.36 8,037.76
max ETM, 11(m/s) 1.35 421.61 -345.60 750.60 8,689.95 14,998.50 -144.86 545.15 17,334.08
My min EWM, O(deg) 1.35 -318.06 93.58 -75.76 -551.75 -9,944.10 -223.97 331.54 9,959.39
max ETM, 11(m/s) 1.35 565.11 -228.42 556.47 6,813.45 20,236.50 -73.26 609.53 21,352.73
Mz min EWM, 0(deg) 1.35 -137.30 98.98 -231.26 -832.28 494.10 -246.78 169.26 967.89
max ETM, 11(m/s) 1.35 418.10 204.66 811.49 -3,981.15 15,363.00 181.58 465.50 15,870.45
Fr min ETM, 24(m/s) 1.35 0.42 0.91 1,000.35 859.95 -2,478.60 -78.38 1.01 2,623.54
max ETM, 13(m/s) 1.35 546.48 -324.95 801.80 7,915.05 19,048.50 -91.23 635.79 20,627.49
ME min ETM, 25(m/s) 1.35 101.94 -15.38 1,136.30 3.72 5.23 -112.86 103.09 6.42
max ETM, 11(m/s) 1.35 565.38 -232.47 557.55 6,879.60 20,236.50 =TT, 611.31 21,373.93

Fig. 16 Extreme loads at pitch bearing at Anholt wind site

o Radial force Axial Force Bending Moment Pitching Moment Radial Force Bending Moment
Fx (kN) Fy (kN) Fz (kN) Mx (kNm) My (kNm) Mz (kNm) Fr (kN) Mr (kNm)
Fx min ETM, 24(m/s) 1.35 -265.28 230.18 1,095.12 -4,854.60 -10,515.15 -179.96 351.21 11,581.69
max ETM, 10(m/s) 1.35 744.53 14.61 934.34 1,304.91 24,867.00 95.53 744.67 24,901.21
by min ETM, 10(m/s) 1.35 684.32 -429.03 869.94 11,616.75 22,437.00 -207.36 807.68 25,265.94
max NTM, 24(m/s) 1.35 386.51 376.11 842.81 -9,572.85 15,012.00 291.60 539.30 17,804.48
2 min | EWM, +15(deg) 1.35 -119.15 85.44 -231.53 -754.52 190.89 -207.63 146.62 778.29
max NTM, 24(m/s) 1.35 28.67 -25.45 1,655.10 115.41 -1,799.55 -171.18 38.34 1,803.25
e min NTM, 24(m/s) 1.35 388.13 368.01 1,240.38 -10,157.40 11,530.35 142.02 534.86 15,366.25
max ETM, 10(m/s) 1.35 680.12 -427.68 874.26 11,624.85 22,477.50 -205.74 811.80 25,305.63
My min ETM, 24(m/s) 1.35 -242.33 138.65 1,063.80 -2,266.65 -10,854.00 -101.61 279.18 11,088.15
max ETM, 10(m/s) 1.35 744.53 14.61 934.34 1,304.91 24,867.00 95.53 744.67 24,901.21
Mz min ETM, 10(m/s) 1.35 544.73 -370.58 749.79 10,089.90 20,425.50 -275.13 658.83 22,781.73
max NTM, 24(m/s) 1.35 435.92 320.76 849.69 -8,950.50 16,321.50 339.93 541.21 18,614.59
Fr min ETM, 10(m/s) 1.35 0.71 0.38 659.61 650.03 -2,502.90 -88.71 0.80 2,585.93
max ETM, 10(m/s) 1.35 690.12 -427.68 874.26 11,624.85 22,477.50 -205.74 811.90 25,305.63
ME min ETM, 24(m/s) 1.35 72.17 -1.95 1,126.58 7.31 -5.41 -109.63 72.20 9.09
max ETM, 10(m/s) 1.35 690.12 -427.68 874.26 11,624.85 22,477.50 -205.74 811.80 25,305.63

Fig. 17 Extreme loads at pitch bearing at Khaf wind site

where ¢ and @ are the shape and speed parameters respec-
tively and I"(x) is I" function as below Eq. 23.

F(x)=/ e u*du (23)
0

The CDF of the Nakagami distribution is as Eq. 24 where
P is the regularized (lower) incomplete gamma function.

Fy(x)=P (k, gxz) 24

The shape and speed parameters are calculated, respec-
tively, as [46]:

(25

@ = %2 (26)

where x2 is mean of x2.

@ Springer

6.2 Extreme load results

In this section the extreme loads at the blade root in different
wind sites are presented. Figs. 14—17 relate to IEC-onshore,
IEC-offshore, Anholt, and Khaf wind sites, respectively.
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