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Abstract: The components of an operational wind turbine are continuously impacted by both static
and dynamic loads. Regular inspections and maintenance are required to keep these components
healthy. The main bearing of a wind turbine is one such component that experiences heavy loading
forces during operation. These forces depend on various parameters such as wind speed, operating
regime and control actions. When a wind turbine provides frequency containment reserve (FCR) to
support the grid frequency, the forces acting upon the main bearing are also expected to exhibit more
dynamic variations. These forces have a direct impact on the lifetime of the main bearing. With an
increasing trend of wind turbines participating in the frequency ancillary services market, an analysis
of these dynamic forces becomes necessary. To this end, this paper assesses the effect of FCR-based
control on the main bearing lifetime of the wind turbine. Firstly, a control algorithm is implemented
such that the output power of the wind turbine is regulated as a function of grid frequency and the
amount of FCR. Simulations are performed for a range of FCR to study the changing behaviour of
dynamical forces acting on the main bearing with respect to the amount of FCR provided. Then,
based on the outputs from these simulations and using 2 years of LIDAR wind data, the lifetime of
the main bearing of the wind turbine is calculated and compared for each of the cases. Finally, based
on the results obtained from this study, the impact of FCR provision on the main bearing lifetime is
quantified and recommendations are made, that could be taken into account in the operation strategy
of a wind farm.

Keywords: frequency containment reserve; structural loading; wind energy; wind turbine control;
wind turbine main bearing

1. Introduction

The wind power sector has shown a remarkable growth in the past decade with
no foreseeable sign of diminishing. Figure 1 presents the globally installed wind energy
capacity from 2012 to 2021. In 2021, nearly 94 GW of new wind power was installed
globally, including 22.1 GW of offshore wind capacity. At the end of 2021 the total global
wind power capacity reached 824 GW. It is expected that by 2026 the global installed wind
capacity will reach 1394 GW [1,2]. With the targets of the European Union (EU) to reduce
greenhouse gas emissions, a trend of increasing renewable energy penetration in the power
systems has been observed [3]. In 2021, Europe added 17 GW of new wind power capacity.
This adds up to a total of 236 GW of installed wind energy capacity in Europe. In 2021, 15%
of the total electricity consumed by all EU-nations was generated by using wind energy [4].
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Figure 1. Global wind energy installed capacity.

With the increasing share of wind energy, an active participation of the wind farms
in the ancillary services market is expected, and even obliged by the grid code in some
countries [5]. Some ancillary services such as frequency containment reserve (FCR), fast fre-
quency response (FFR), synchronous inertial response (SIR), enhanced frequency response
(EFR) and fast post-fault active power recovery (FPFAPR), provide opportunities for wind
farms to participate in the ancillary services market [6].

Along with the increasing share of wind energy in the energy mix and an increased
participation of wind farms in ancillary service markets, there is a growing concern about
the structural health and maintenance of wind turbine components. As a wind turbine or
wind farm ages, the overall performance is reduced. The age-based performance of a wind
farm was investigated in [7]. A survey of failures of Swedish wind farms is presented in [8].
Reliability analysis and probabilistic methods for wind farm performance are presented
in [9,10]. Methods to quantify the availability of wind farms were proposed in [11]. An
extensive data study presented in [12] found that wind turbines lose around 1.6% of their
nominal output per year due to aging. It has also been seen that some wind turbine
components fail before their expected lifetime [13]. To fill this gap, several studies have
been conducted that explore new methods of wind turbine monitoring and maintenance.
A deep learning approach was explored to predict the remaining useful life of rotating
components in [14]. A cost-effective condition monitoring for wind turbines was proposed
in [15]. Different methods of wind turbine maintenance management were suggested
in [16,17]. The approach for a remote condition monitoring system was explored in [18].
Wind turbine failure detection and condition-based maintenance strategies are presented
in [19] and [20], respectively. In terms of the overall optimization of a wind farm, a study
exploring wind farm layout optimization is presented in [21].

These studies are focused on overall wind farms or single turbines as a whole. How-
ever, specific studies based on important individual wind turbine components are rare.
A crucial component of the wind turbine is its main bearing. A downtime due to a main
bearing failure can cause a significant loss of revenue in addition to high replacement costs.
There are several factors that affect the health of a bearing. Foremost, the manufacturing
quality of the bearing is critical to a long service life. Logistics of storage, application
and mounting also play an important role. Furthermore, it is crucial for the bearing to
be well lubricated. The lubrication specifications and lubrication change intervals are
specific to the application and help ensure a smooth and healthy bearing operation [22].
According to SKF, the leading causes of bearing damage are lubrication (36%), contami-
nation (23%), application (18%), interface (8%), handling (8%), electrical (5%) and fatigue
(2%). A few studies have been conducted regarding the health of the wind turbine’s main
bearing. In [23], a novel prognostic approach to predict the remaining useful lifetime of
bearings in a wind turbine’s gearbox was proposed. The study relied on artificial neural
networks to predict the short-term tendencies. The data-driven approach was specific
to the bearings in the wind turbine gearbox. Another data-driven approach to analyse
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bearing faults was discussed in [24], where data mining was applied to identify bearing
faults in a wind turbine. The research relied on a neural network algorithm using the
data collected from several wind turbines. The results from this study were the prediction
of over-temperature events ahead of the fault occurrence. A study about the prediction
and diagnosis of wind turbine faults is presented in [25]. The temperature parameters of
SCADA data, such as bearing temperature, were used for fault detection. A long-term
fault prediction framework was discussed in [26]. This study also utilised SCADA data
and secondary measurements from 108 wind turbines with main-bearing failures. Historic
wind turbine data for run-to-failure and non-run-to-failure wind turbines was utilized
to predict the remaining power generation before failure in [27]. All these studies were
data-based and focused on main-bearing-related issues such as the prediction of time-to-
failure, over-temperature event prediction and remaining power generation before failure.
However, there are no studies that use detailed wind turbine models to study the lifetime
of the main bearing of the wind turbine. The impact of the provision of ancillary services
on the health of the wind turbine’s main bearing remains unknown. The main bearings
of a wind turbine are subjected to dynamically varying forces during its operation. The
forces are significantly more dynamic when providing ancillary services such as FCR. This
originates from the control algorithms implemented to provide frequency control, which
change the radial and axial forces acting upon the main bearing, hence affecting the overall
health of the main bearing. A study of these forces and their impact on the lifetime of the
main bearing of the wind turbine is important in times when wind turbines are expected to
provide ancillary services. A study of the lifetime of the main bearing is also particularly
relevant as it is a comparatively expensive component with a high replacement cost and
a significant downtime for replacement. To this end, this study analyses and quantifies
the effect of providing ancillary services on the lifetime and health of the wind turbine
main bearing.

The article is organized as follows: Section 2 describes the models and data used for
the study. These include the wind turbine, torque control, pitch control, main bearing, wind
field design and data processing. In Section 3, the methodology used to calculate the forces
acting on the wind turbine main bearing and the lifetime are explained. Section 4 presents
and discusses the results from the simulated cases. The conclusions from the study are
presented in Section 5.

2. Models and Data

The models used in this study include the wind turbine rotor, the permanent magnet
synchronous generator, the control system and the main bearing. Additionally, wind data
are used as an input for the simulations. These models and data are detailed in this section.

2.1. Wind Turbine

The wind turbine model used for this paper is a 5 MW reference wind turbine for
offshore system development [28]. The wind turbine model uses broad design information
from published documents of turbine manufacturers with a high correspondence with the
REpower 5M machine. The model is developed in FAST v8§, a high-fidelity wind turbine
simulator developed by the National Renewable Energy Laboratory (NREL). The simula-
tions are performed using the blade element momentum (BEM) option in the AeroDyn v15
module of FAST v8 [29]. Within AeroDyn there are four sub-models for rotor induction,
blade airfoil aerodynamics, tower influence on the fluid local to the blade nodes and tower
drag. The module calculates aerodynamic loads on the blades and the tower. The structural
and aerodynamic properties of the blades are based on the 62.6 m long glass fibre blade
used in the study presented in [30]. The structural model of the wind turbine is the Offshore
Code Comparison Collaboration (OC3) monopile [31]. The main properties of this wind
turbine are listed in Table 1.

The wind turbine of the defined type operates in three different regions. These regions,
as presented in Figure 2, are based on the free-flow wind speed measured on the wind
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turbine rotor. It can be seen in Figure 2 that Region 1 corresponds to wind speeds below
3 m/s, i.e., below the cut-in speed of the wind turbine. There is no torque generated in
Region 1 and no power is extracted. In Region 2, the wind turbine operates in maximum
power point tracking (MPPT) mode. In Region 3, the wind speeds are higher than the
nominal wind speed. In this region, the torque, speed and power are limited using control
methods in order to avoid overloading of the drivetrain components. In case the wind
speed exceeds 25 m/s, the wind turbine is in the cut-out region and no power is produced.

Table 1. Wind turbine properties.

Property Specification
Power rating 5 MW
Nominal torque 4 MN-m
Rotor orientation & configuration Upwind, 3 blades
Rated rotor speed 12.1 rpm
Rotor and hub diameter 126 m and 3 m
Hub height 90 m

Cut-in, Rated and Cut-out wind speed

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

ICut-out]|

! region
1

1
1
1
1
1
1
1
1
M
1
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1
Vs (m/s)

Figure 2. Power curve of a 5 MW wind turbine.

2.2. Main Bearing

The original wind turbine model developed by NREL does not consider the detailed
features of the main bearing. However, since the wind turbine is largely based on the
REpower 5M machine, the available literature and data about the bearing design and its
properties were used. The schematic of the main bearing positioning in the wind turbine is
shown in Figure 3. The bearing used in this machine is a spherical roller bearing, weighing
3320 kg [32].

Vertical force

(o—

Pitch

B

Hub
[ Shaft i
A
Zor | xial force >

ts: Lateral force

<
o
5

PMSG
Figure 3. Main bearing position.

Since a detailed datasheet of the turbine’s main bearing is not publicly available, some
assumptions and estimates were made about the bearing’s properties. The main property
of the bearing that was required to calculate the lifetime is its basic dynamic load rating C
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in Newtons, which represents the maximum load that a bearing can be subjected to for a
rating life of one million revolutions. In order to estimate the C rating of the bearing, data
from similar bearing types available through SKF were used in curve fitting. To double
check, simulations were performed to calculate the load on the main bearing of the wind
turbine to make sure that the load was always lower than the bearing rating.

2.3. Permanent Magnet Synchronous Generator

The generator used for this study was a permanent magnet synchronous generator
(PMSG). The generator was modelled in a rotating direct, quadrature (d,q) reference frame.
The generator parameters used in this model are listed in Table 2.

Table 2. Generator properties.

Property Specification
Rated power 5 MW
Rated speed 12.1 rpm
Nominal efficiency 93%
Pole pairs 117
Nominal voltage 1950 V
Nominal current 876 A
Stator resistance 98.5 m()
Quadprature stator inductance 5.86 mH

2.4. Control

The different control schemes used in the study are detailed in this section.

2.4.1. Torque Control

A crucial part of this study is an effective torque control of the PMSG. To serve this
purpose, field-oriented control (FOC) was used. In FOC, the quadrature current component
() was proportionally regulated to the torque setpoint. The direct current component
(1;) was kept at zero to realize field orientation. The torque control scheme is presented in
Figure 4. The proportional and integral gains of the proportional integral (PI) controller
were set equal to 0.0001. At each time step, a current signal based on a comparison between
the reference power (P) and actual power (P) was generated by the controller. The reference
power was based on the grid frequency and the amount of contracted ancillary reserve. The
outputs of the PI controllers were then converted to three-phase abc signals using the inverse
Park transformation. As a result, pulse width-modulated (PWM) signals corresponding
to the three phases were generated. The PI controller was set up to minimize the tracking
error by minimizing the overshoot and settling time. The performance of the developed
controller varied with changing wind speed and the rate of change of the reference power.
However, the controller was able to track the reference power with negligible error.

Current (%)
. Control ¢
A 1
P—> Pl > ) PI > 4 /> PWMa
A
) > PWM b
P 05l > PI > / abc | —» PWM ¢
;
iq abe [ ta
le— 1p
id qd <_ic

Figure 4. Field-oriented control.
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The simulations were performed with four different cases. In the first case no FCR is
provided, i.e., the wind turbine operates in the MPPT mode. In the second case, the wind
turbine is de-loaded by 20%, i.e., the turbine operates at 80% of the maximum power curve.
In the third and fourth cases 20 and 40% FCR is provided, i.e., 20 and 40% of the available
power is reserved for FCR, respectively. For the 20% FCR case, the wind turbine control
design is as shown in Figure 5. In Figures 5 and 6, the blue and red curves represent the
upper and lower bound of the output power. The black curve represents the base power.
The shaded area demonstrates the area of operation, i.e., the reference power at any given
point lies within this area based on the grid frequency. The reference power for these cases
was calculated by using Algorithm 1. The algorithm was designed such that a symmetrical
200 mHz frequency support is provided. A frequency response dead-band of 10 mHz
centred at a nominal frequency (50 Hz) was present to reduce excessive control activities
and turbine mechanical wear for normal power system frequency variations. Here, P;;p and
Pp p are the upper and lower bound powers, respectively, as presented in Figures 5 and 6.
The reference power Pys was calculated as the sum of base power Pp,¢, and a time varying
term Ppeq(f). Ppeq(t) was calculated using a which is proportional to the percentage of
FCR provided, prcr. k is the proportionality constant with the value 0.25. « is defined
as follows:

a =k prcr 1)

Ppase is defined according to the black curve in Figures 5 and 6 for the 20 and 40% FCR
cases, respectively. Furthermore, Ppq(#) is based on the varying grid frequency f and the
contracted FCR bid Pgcg, i-e., 20 or 40%.

T T T T T T T T T T T T T T T
s|— P upper bound
—— P lower bound

4 Area of operation
< |——Pbase
s
23
9]
g2 .

3 5 7 9 11 13 15 17 19 21 23 25
Vs (m/s)

Figure 5. Control design for 20% FCR.

—— P upper bound

—— P lower bound
Areaof operation

—— P base

a1

IS

Power (MW)
N w

3 5 7 9 11 13 15 17 19 21 23 25
Vs (m/s)

Figure 6. Control design for 40% FCR.
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Algorithm 1 Reference power decision.
Require: P < Pyp
if f <49.8 Hz then

Pref(t) = Pus
else if 49.80 Hz < f < 49.99 Hz then

Pref(t) = Ppase T Pfreq > Pfreq=“(50'f)
else if 49.99 Hz < f < 50.01 Hz then

Prot(£) = Ppase > 10 mHz deadband
else if 50.01 Hz < f < 50.20 Hz then

Pref(t) = Dpase + Pfreq > Pfreq:“(\so'f)

else if f > 50.20 Hz then

Pref(t) = PLp
end if > all powers given in MW

2.4.2. Pitch Control

The pitch control system developed in Simulink was connected to the wind turbine
model in FAST. On every loop of the simulation, the pitch control system sends a pitch
command to the wind turbine for each of the three blades. The block diagram of the pitch
control system is presented in Figure 7. The pitch control is a PI controller with proportional
and integral gains equal to 206.3 and 25, respectively. The reference rotor speed (), is
a set parameter to which the actual rotor speed () is compared at each time step by the
PI controller. The gain scheduling is implemented by a dimensionless gain correction
factor G as defined below. Here, 6 is the pitch angle and 6, is a tuning parameter set at
0.055 radians [33].

G=—7" @
1+ (o)
Tyen
Ore . P, :
Qe +O PI 21 Pitch System 4 i Mcscll}lzfliics Q
Q

Gain scheduling P
a0

Figure 7. Pitch control of the wind turbine blades.

2.5. Wind Field Design and Data Processing

The wind data used for the simulations in this research work are from the publicly
available data repository of meteorological data provided by Orsted. The data are available
for several offshore meteorological stations [34]. The LiDAR data are 10 min statistics for
wind measurements from LiDARs installed at offshore wind farms. A total of 2 years
of data sampled at 10 min were used. In order to fit the data to the operating range of
the wind turbine, the data were processed to fit the requirements. Firstly, only the data
within the range of wind velocities between 3 and 25 m/s were retained. The wind data
were then rounded off to the nearest integer. These data can be visualised in graphical
form as presented in Figure 8. Figure 8 shows the probability of occurrence of different
levels of wind speed within the operating range of the wind turbine. The simulations were
performed for each of these wind levels, and their probability of occurrences was used to
deduce the final results.
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Figure 8. Wind speed percentage occurrences.

3. Methodology

Different outputs from these simulations were analysed and used for the calculation
of bearing loads and lifetime. These parameters are presented in the following subsections.

3.1. Dynamic Equivalent Force

There are different forces acting on the blade root of the wind turbine and hence the
main bearing. The axial, vertical and lateral forces are shown in Figure 3. These forces
were used to calculate the dynamic equivalent force. The axial force was measured at the
root of each blade. The three individual blade forces were then averaged, as shown in (3).
Here, F;1, Fyp and Fy3 represent the axial forces, F, (in Newtons) at the three blades of the
wind turbine.

The radial force, on the other hand, was given as a result of the lateral force | and the
vertical force Fy acting on the blade root, as shown in Figure 3. The equation is given in
Equation (4).

_ B+ Fp + Fg 3)
3

Fr:\/FIZ+Fg 4

The dynamic equivalent force P; in Newtons is defined in Equation (5), where b, and
by are the dimensionless empirical factors for the specific spherical roller bearing. The SKF
catalogue for rolling bearings [35] suggests that the mean force, F, (in Newtons) should be
calculated considering their minimum and maximum values. Therefore, the mean values
of radial and axial forces were calculated using Equation (6), where Fin and Frnax represent
the minimum and maximum values of the forces within the steady period of the entire
simulation time.

Fa

Py = byF, + byF, (5)
Fanin + 2F,
Fm — min —i_3 max (6)

3.2. Lifetime

The linear fatigue damage accumulation method used in this study was based on [36].
The method incorporates the weight and dynamic equivalent force of each load level.
Hence, providing a good estimate for the bearing lifetime. In this method, firstly L; is
defined as the number of revolutions spent at a given wind speed by the main bearing. L;
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is calculated as in Equation (7). Here, t; is the number of hours of load level i. () is the
speed in rpm for load level i.

L; = ;0,60 (7)

Next, the basic rating life L1, is defined as the life required for 10 % of bearing samples
to fail, for an identical group of bearings at a given load level i. L1y, was calculated as given
in Equation (8). Here, p is a bearing specific value, which is equal to 10/3 for roller bearings

as per SKF.
C\7?
—106( =
Ly, =10 <Pd) 8)

Thereafter, f; is a fraction of the level i, defined to assign weight to individual load
levels (1 to m). f; was calculated as in Equation (9).

L
fl - ;71=1 Li (9)

The combined lifetime (in years) including all load levels was determined by Equa-
tion (10). Here, a1, ap and a3 represent the life modification factors. a; was set equal to 0.21
corresponding to a 99% reliability of the main bearing surviving the estimated lifetime. The
factors ap and a3 correspond to the material of the bearing and lubrication conditions and
these were set equal to 1.

Lm = m E fi ) alla()Zéa3

Ly,

(10)

4. Results and Discussion

For this study, four different cases were designed. For each case, 23 simulations were
performed. These 23 simulations were designed such that for each integer wind speed
within the operating range (325 m/s) of the wind turbine, a simulation was conducted. In
this manner, the entire operating range of the wind turbine was included in the study. The
main outputs from these simulations, namely axial, radial and dynamic equivalent forces
were then used to calculate the lifetime of the main bearing of the wind turbine. These
simulations considered the forces once the wind turbine had reached a steady operation.

These four cases differed from each other in the type of control applied. Case 1 is
where the wind turbine operates to provide maximum available power. Therefore, no
margin in the active power is retained to provide an FCR service. The wind turbine operates
on either MPPT or power-limiting control, based on the wind speed. In Case 2, the control
is such that the reference power is de-loaded by 20%. Apart from de-loading, the operation
of the wind turbine remains similar to Case 1, and no FCR is provided. Figure 9 presents
the reference power for curves for Case 1 and Case 2. The blue curve presents Case 1 and
the red presents Case 2. It can be seen here that for each individual wind speed load level,
a different reference power is set for the two cases.
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Figure 9. Power reference for the no FCR and 20% de-loaded cases.

Case 3 and Case 4 were comparative cases that were simulated to observe the effect of
providing FCR on the main bearing of the wind turbine. In these cases the wind turbine
control systems based on Algorithm 1 were used. Figure 10 consists of three different
curves. The red curve corresponding to the right y-axis represents the grid frequency. The
first blue curve on the top, corresponding to the left y-axis represents Case 3 where the wind
turbine provides 20% FCR. The second blue curve at the bottom represents Case 4 where
the wind turbine provides 40% FCR. As can be observed from Figure 10, the reference
power changes to accommodate the real-time changes in FCR requirements based on the
grid frequency.

45 . . . ; 50.04
50.02
4+
< 50 w
S z
=3 3
> 35 49.98 5
3 B
49.96 LT
3 L
149.94
|—FCRrR 20 FCR 40 —— Frequency |
. . . . 49.92
0 20 40 60 80 100

Time (s)

Figure 10. Power reference for the 20 and 40% FCR cases.

Figure 11 presents nine different graphs to present the dynamic axial, radial and
equivalent forces acting on the main bearing. The load levels presented in Figure 11
correspond to the wind speeds of 4, 12 and 25 m/s. These levels were chosen such that the
forces in low-, medium- and high-wind speed ranges can be presented. However, it should
be noted that the simulations were performed for each load level from 3 to 25 m/s.

In Figure 11, each graph consists of four curves, representing the four cases, i.e., no
FCR, 20% de-loaded, 20% FCR, and 40% FCR. Figure 11a—c present the axial forces for the
three load levels. It can be seen that the first two curves, corresponding to no FCR and 20%
de-loaded, even though oscillating (Vs = 12 and 25 m/s, respectively), are relatively steady
compared to the last two curves, where FCR is provided. Considering the varying grid
frequency, the power output is changed through torque and pitch control, resulting in a
varying axial force.

Figure 11d—f present the radial forces for the three load levels. The radial forces for
each of these cases is relatively lower compared to the axial forces. For the low-wind speed
of 4 m/s, in Figure 11d, the radial forces are close for these cases. Providing FCR exhibits a
clear effect on the radial forces, as seen in Figure 11e.
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Figure 11g—i present the dynamic equivalent force. The dynamic equivalent force was
calculated as explained in Section 3.1. The combined effect of both axial and radial forces
can be observed here. The impact of these two forces on the calculated P; is dependent
on the empirical factors by and b,. The lifetime of the main bearing of the wind turbine
is directly related to its basic dynamic load rating C. The value of C varies based on the
strength of the bearing. In order to study the loading and lifetime depending on different
design choices, the range of 0.75C to 1.25C was used in the simulations, where C was as
defined in Section 2.2.

The results of bearing lifetime are presented in Table 3. The results show that the
highest lifetime was observed in the case with no FCR for all C values. It can be seen that
the difference in lifetime compared to the other three cases is higher for higher C values
and lower for lower C values. It can also be seen that the values for the 20% de-loaded
and 20% FCR cases are close. The least lifetime was observed for the 40% FCR case. The
results here firstly point to the effect of a higher C rating on the bearing lifetime. A higher C
value consistently gave a higher lifetime estimate for the main bearing. Secondly, a lifetime
reduction for the main bearing is associated with providing FCR. Figure 12 presents a graph
of the change in lifetime with increasing «, where « represents the amount of provided FCR.
The different curves in Figure 12 represent the lifetime for different C ratings corresponding
to the basic dynamic load rating values. It is seen that the main bearing lifetime reduces
with increasing «. However, for the higher C rating cases, the lifetime is higher than the
average lifetime of the studied wind turbine, i.e., 20 years. An informed decision can be
made based on this research and the economics of wind turbine operation, such that if the
cost of using a high C-rated main bearing can be compensated for by the revenue generated
from the provision of FCR, then it is indeed an advantage to provide FCR with a wind
turbine. On the other hand, if the C rating of the main bearing is low, it is not advisable to
provide FCR due to its detrimental impact on lifetime.

Vs =4 m/s Vs =12 m/s Vs =25 m/s

z
< 250
e
200
150
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Time (s) Time (s)
a (©)
140 200
. m o1
= 135 il | ' “'w| AR 5 N R AT M
| I
A ““‘H‘H't 4"]‘1‘11 '“H(”y 2 160
=130 bl N \ w . 140
125 . . . : ; - - - 120 . : : :
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Time (s) Time (s)
(d) ®
2400
1200 R |
= 5 250 il r‘ ‘,u’ 1 H‘WH 14 |
% 1000 < | |
o =
&~ 2300
800
2250
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
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(2 (h) (i)
[—No FCR —DL 20% —— FCR 20% —— FCR 40%)|

Figure 11. Dynamic forces acting on the wind turbine’s main bearing.
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Table 3. Bearing life, in years.

C 20% deloaded | 20% FCR | 40% FCR
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Figure 12. Bearing life vs. a for the different basic dynamic load rating values.

5. Conclusions

In this paper, the bearing lifetime of a wind turbine primary shaft was studied. The
importance of this study lies in the fact that there is an increasing participation of wind
turbines in the ancillary services market. This participation is expected to grow in the
coming years as a result of the higher penetration of wind power in the energy grid. In such
a scenario, it is crucial to conduct research on the impact of providing ancillary services on
wind turbine components. The scope of this study focussed on a specific component of the
wind turbine, its main bearing. The choice of this component was based on the relative cost
and downtime associated with the maintenance and replacement of this component. The
study explored several different cases and methods of FCR control. A common observation
from this study was the clear impact of providing FCR on the lifetime of a wind turbine’s
main bearing. The study concludes that the impact of FCR provision on the lifetime of the
main bearing is subjective to the amount of FCR provided and its C rating. Considering
the base case with no FCR provision, a lifetime reduction of 36% was observed for the case
when the wind turbine was operated with 20% de-loaded. A lifetime reduction of 35 and
41.8% was observed for the cases of 20 and 40% FCR, respectively. This trend holds for the
entire range of C ratings simulated in this study. It was also observed that to achieve the
same bearing lifetime as the case with no FCR provision, an oversizing of approximately 15
and 20% in the C rating was required for the 20 and 40% FCR cases, respectively. Based on
this study a higher FCR provision is suggested for a wind turbine consisting of bearings
with a higher basic dynamic load rating.
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