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Abstract

A digital twin is a digital replica, a mathematical model of a given object, product, process, system, or service.
A digital twin enables the attainment of a significant amount of data and it can be used to gain comprehensive
knowledge about a given object, its behaviors, and reactions. The constant ability to monitor the product and
its reactions contribute to its improvement and the exclusion of errors, as well as its optimization, which in turn
allows for a more perfect product. This article presents a model of a digital twin for the analysis of the operation
of a slewing bearing in the structure of a wind turbine. The quality of the bearing is directly related to the qual-
ity of the materials from which they were made, the process of thermo-chemical treatment, and the accuracy
of all its elements, as well as its proper assembly. The bearings are characterized by very narrow tolerances.
Errors in the shape of cylindricity cause distortion of the bearing raceway, stress accumulation, and jamming
of rolling parts. This leads to rapid bearing wear as a result. The condition for the approval of bearings for
sale is the successful passing of all tests, both geometric and strength. This is to develop quality standards that
bearing suppliers must meet. The article presents an analysis of the load distribution that prevail in rotor blade
bearings at the limit loads of a wind turbine. The basic types of the most commonly used coronary bearings for
wind turbine applications were considered. A methodology for constructing computational models of slewing
bearings, using the finite element method, was developed. An original way of simulating rolling parts with
rod elements — for rollers and superelements — for the support balls was proposed. A numerical FEM model of
a slewing bearing with a wind turbine rotor hub is presented. The calculations accounted for the susceptibility
of the bearing rings and hub, as well as the stiffness of the mounting screws. Areas of bearing raceways, where
rolling parts achieve the greatest loads, have been identified. Demonstrated by diagrams are the deformations
of the rotor hub seats and bearing rings.

Introduction 2021). The drive components of wind turbines (Fig-
ure 1) must meet increasingly stringent require-

Wind technology is a particularly demanding ments in terms of durability and strength. Onshore
application area for rolling bearings. Some of these turbines require bearings designed for a service life
bearings are very large, subjected to high dynam- of 175,000 hours as standard, which is equivalent to
ic loads, and environmental conditions that have 20 years of operation (Zhang et al., 2018). Howev-
a very negative impact on the precision drive com- er, in the case of a rapidly growing offshore wind
ponents (Szelangiewicz & Zelazny, 2015; Janekova, farm market, where high capital expenditures and
Fabianova & Rosova, 2016; Idzikowski & Cierlicki, difficulties in accessing infrastructure are common,
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a 25-year bearing service life is expected. This situ-
ation is exacerbated by the fact that there are typical
damages against which preventive measures should
be applied (Staid & Guikema, 2015).

With extreme dynamic loads acting on the wind
turbine power unit, the above requirements are a real
challenge. In onshore wind turbines, main bearings
carry loads of approximately 1 MN. Nevertheless,
at sea, due to very high wind speeds, even higher
dynamic and static loads act on the rotors and con-
sequently on the entire transmission system (Mattu
et al., 2022). Simultaneously, the size and efficiency
of systems, both marine and terrestrial, is constant-
ly increasing. A key element of a wind turbine are
blades that transfer wind energy in the form of air
pressure acting on them to the rotational movement
of the rotor. The blades are mounted rotationally in
the rotor hub using slewing bearings and, additional-
ly, equipped with servos that allow precise changes
to the angle of inclination of the blades (Figure 1).
This makes the use of wind energy more efficient
and protects the wind farm from wind that is too
strong, which can damage or even destroy the tur-
bine (Chou et al., 2013).
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Figure 1. Design solutions for the slewing bearings used in
wind turbines
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Due to the large dimensions of the blades
(from 20 to 100 meters in length) and their weight,
which usually exceeds 10 tons, as well as the large
moments that act on the blade and adverse environ-
mental impacts (birds, stones, ice, snow, etc.), these
elements of the wind turbine structure should be
under special supervision. Even minor damage in
critical areas of the blade (blade bearing, hub mount,
and leading edge) can cause an avalanche increase
in damage, until the blade or even the entire tur-
bine is completely destroyed. Thus, wind turbine
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manufacturers place stringent demands on the load
carrying capacity, precision, and durability of the
coronary bearings that are used for large wind tur-
bines (Rothe Erde, 2018).

This article presents an analysis of the load dis-
tribution that prevail in the bearings fixing the rotor
blades at the limit loads of the designed wind tur-
bine. In addition, the maximum radial and axial
deformations experienced by the bearing rings and
its surfaces, at maximum wind turbine load, are pre-
sented by means of graphs.

Slewing bearings - literature review

Slewing bearings are machine components that
transfer the entire load from one machine compo-
nent to another, such as the bodywork to the chassis.
Their special features, to which they owe high load
capacity with a relatively compact structure and rel-
atively small dimensions, enable them to be used not
only in classic machines and devices, such as exca-
vators, and all kinds of cranes and other construc-
tion machines and military vehicles, but they are
also widely used in wind turbines and many other
devices.

An essential feature of these bearings, which dis-
tinguishes them from standard bearings, apart from
the large diameters, is the design of their bearing
rings. These rings are shaped in such a way that they
allow you to their attachment with screws directly
onto two supporting parts of the device (machine
body) — one rotary, the other fixed. Very often, one of
the bearing rings is also a toothed wreath, hence the
name “slewing bearings”. The toothed wreath can
be external or internal depending on the location of
the cooperating drive gear (Figure 2). The construc-
tion of slewing bearings is very diverse. Due to the
design features, numerous criteria for division can
be distinguished (Smolnicki, 2013), i.e.:

* the form of a toothed wreath — external and
internal;

* raceway construction — soft, hard, monolithic, and
wire;

* type of rolling elements — ball, roller, and
ball-roller;

* number of raceways in a row — single-row and
multi-row;

* number of treadmills cooperating with the rolling
element — i.e., two-raceway, four-raceway.

Due to the specific nature of the operation of
slewing bearings — slow rotational or oscillating
movements — these bearings are mainly calculat-
ed for the static load carrying capacity conditioned

65



Marek Krynke

by the maximum allowable pressure in the contact
zone of the most loaded rolling element (Krynke
& Mielczarek, 2016). This is the basic criterion for
the selection of coronary bearings for most applica-
tions. Gradual wear of the treadmill (most often by
pitting), or occasional pitting chips, do not affect the
smoothness and accuracy of movement for a signifi-
cant amount of time (Vicen et al., 2020).

The load carrying capacity of the slewing bear-
ings usually limits the maximum value of external
loads of the designed device, and its correct deter-
mination is an important part of the calculation of
the working machine. Slewing bearings are usual-
ly selected for extremely limits, that is, so that their
work is at their limit of strength. This requires care-
ful and accurate calculations of their performance
parameters, of which the static load capacity is still
the most important, which is increasingly supple-
mented with additional criteria from assembly and
durability to determination of resistance to move-
ment (Aguirrebeitia et al.,, 2012; Kania, Krynke
& Mazanek, 2012). It should be borne in mind that
in many devices damage or destruction of the coro-
nary bed can cause catastrophic accidents. In addi-
tion, it requires the machine to be removed from ser-
vice for a long time and results in high repair costs
(Jin et al., 2021; Nedeliakova, Hranicky & Valla,
2022). Therefore, slewing roller bearings in the vast
majority of machines can be counted among their
most responsible components. There are also high
demands on the load carrying capacity and reliabili-
ty of these bearings. For this reason, rolling bearings
have been the subject of intensive research for many
years meaning that, over time, bearing technology
has developed into a separate branch of knowledge.

In the technical documentation of slewing bear-
ings, the static load carrying capacity is presented in
the form of the so-called static load carrying capac-
ity characteristics (Rothe Erde, 2018). It contains
the relation of the interdependence of the transmit-
ted subversive moment M with the axial force Q for
the assumed value of the radial force H (Figure 2).
These characteristics regulate the range of permissi-
ble loads that a bearing is able to safely carry assum-
ing a service life specified by the manufacturer.

The load capacity of a slewing bearing depends
not only on the strength of the raceway, but also on
the strength of the bolts that fix the bearing rings
to the supporting structures (Krynke & Ulewicz,
2019). Screws largely affect the stiffness of the sup-
port system: bearing rings and supporting compo-
nents. Therefore, in the design solution of any slew-
ing bearing, it is very important to choose the right
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Figure 2. Ability of the slewing bearing to carry three load
components M, Q, and H

number, diameter, and strength class of fixing screws
(Krynke, 2016).

Classical methods of calculation of slewing bear-
ings, based on the assumption of rigid rings, quickly
allow a determination of the load distribution and the
angles of action of rolling parts located around the
raceway circumference and, thus, determine the most
critical sector of the bearing (Gibczynska & Pytko,
1999). However, in slewing bearings placed on sup-
porting structures, whose seats are characterized by
varying stiffness around the perimeter, the load on
some rolling parts may exceed even several times
the load calculated with the assumption of rigid rings
(Smolnicki, 2013). Hence, there is a need to have
a calculation model that enable an account of not
only the stiffness of the bearing rings, but also the
susceptibility of the machine supporting structures
and the susceptibility of fastening.

The selection of slewing roller bearings is most
often performed on the basis of static load carrying
capacity diagrams called characteristics (Mazanek,
2005). The static load rating characteristics result
from the distribution of the load per the individual
rolling elements along the perimeter of the bearing
raceway.

Methodology

As part of the numerical analysis, concerning the
determination of the loads that prevail in the bear-
ings of the rotor blades of a wind turbine, a three-
blade wind farm with a horizontal axis of rotation
with a control system based on changing the angle
of the blades was considered. A catalogue single row
slewing ball bearing with a four-point contact (Fig-
ure 3) was used for the calculations, its parameter
are as follows:

* rolling diameter d; = 2000 mm,
 diameter of balls d = 50 mm,
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* number of balls z = 94,

 coefficient of adhesion of the ball to the raceway
k, = 0.96,

* nominal operating angle a = 45°,

* raceway hardness — 54 HRC,

* number of mounting screws — 40 screws M30-
10.9 in each ring.
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Figure 3. Single row slewing ball bearing with four-point
contact

In addition, it was assumed that:

* the rolling radii, on which the rolling parts roll in
the carrying and support rows, are the same;

» raceway surfaces and rolling parts have per-
fect shapes, and all rolling parts have the same
diameter;

» the materials of the rings and rolling parts are
homogeneous and isotropic.

When calculating the load carrying capacity of
slewing roller bearings, two issues are directly rele-
vant related to the rolling parts:

* determination of the maximum force that can be
loaded onto the rolling element and the associat-
ed maximum deformation of the rolling part and
raceway,

* determination of the nature of the relationship
between the load of the ball and its deformation,
and the actual mutual approximation of the bear-
ing raceway.

It was assumed that the limit load of the ball is the
force causing the relative plastic deformation dpi dop,
so that (Mazanek, 2005):

Sotdop / d=2-107" (1)

The maximum force that can be loaded on the
ball-raceway system was calculated from the rela-
tionship (Kania, 2005):

Faop=9.9626-10" fiy d* / ¢,* [N] )

where d [mm] represent the ball diameter, ¢, [MPa*?]
denotes the pressure constant in the point contact
zone, and fy is the corrective hardness coefficient
(Eschmann, Hasbergen & Weigand, 1978).
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The deformation of the ball and, thus, the approx-
imation of the bearing raceway determines the
relationship:

n=cF 3)

where ¢ represents the constant depending on the
geometry and materials of the elements in contact
and w denotes the power exponent; in these calcula-
tions it was assumed that ¢ = 0.000122 and w = 2/3
(Kania, 2005).

Determining the design loads of a wind turbine
was established using previously used parameters
(Troen & Lundtang Petersen, 1989; Czapla, Jurecz-
ko & Pawlak, 2010), such as:

* blade length equals 45 m,

* global variable of the speed of rotation A = 6,
* rotor of the wind turbine is at a height 80 m,
 average wind speed is 9.7 m/s.

Local coordinate systems (Figure 4) based on
PN-IEC 61400-1 (DNV, 2009) were used to deter-
mine the load of the bearings with which the blades
are mounted in rotation in the rotor hub. The x-axis
direction is perpendicular to the main shaft axis in
the plane of rotation of the blade bearing, while the
y-axis direction coincides with the main shaft axis
in a plane perpendicular to the bearing axis and the
z-axis aligns with the blade bearing axis.

Figure 4. Directions of the local coordinate systems in the
numerical model of the rotor hub body alongside the blade
bearings

When performing a numerical analysis of the
internal load distribution in the rotor blade bear-
ings, a load consisting of forces (£, F), and F.) and
moments (M, and M,) was taken into account. A load
case characterized by the maximum value of torque
M, was assumed. The values of forces and moments
in local coordinate systems for blades 1, 2, and 3
for the adopted design load variant are presented in

67



Marek Krynke

Table 1 (Czapla, Jureczko & Pawlak, 2009). Forc-
es were applied to the individual blade bearings in
accordance with the requirement that, for numerical
calculations taking into account the deformation of
the rotor hub, the load should be applied to all bear-
ings at the same time.

Table 1. Values of loads of individual bearings transferring
loads from the blades to the rotor hub of the wind turbine

Blade bearing 1 Blade bearing 2 Blade bearing 3

F, [kN] -70 20 40

F, [kN] 300 -350 150
F. [kN] 65 80 -15
M, [KNm] ~7500 5700 1700
M, [kNm] 2400 ~200 -370

The numerical model of the hub assembly and
blade bearings was made in the ADINA program
(Figure 5). 8-nodal solid elements were used to dis-
cretize the bearing rings, similar to the rotor hub and
bearing housing rings on the blade mounting side.
A superelement (Smolnicki, 2002) was used to mod-
el the balls, in which non-linear rod elements were
used to ensure the transfer of only tensile forces and
appropriate stress-deformation characteristics. The
surrogate characteristics have been corrected by tak-
ing into account the finite element susceptibility in
the raceway model, with a view of ensuring that the
stiffness of the superelement corresponds to the rela-
tionship between the load on the ball and its defor-
mation, and the actual mutual approximation of the
bearing raceway (Kania, 2005).

The bearing with hub and blade seats is fixed
by means of pre-tensioned bolted connections. The
bolts that fasten the rings of slewing bearings to
support structures are an important part of the entire
swing mechanism. They greatly affect the stiffness
of the bearing rings, at the same time the strength of
the screws often determines the load capacity of the
entire working system. For their modeling, special
beam elements were used, which can be attributed
to the assumed preload in the form of force (Kryn-
ke & Ulewicz, 2019). Figure 5 shows the numerical
model used in the calculations. Appropriate bound-
ary conditions that result from attaching the hub to
the main axis of the rotor were introduced to the
model. Suitable contact surfaces between the bear-
ing rings and the seats of the hub and the rotor blade
have been defined. At the junction of the joined ele-
ments, a coefficient of friction of 0.15 is assumed.

The bearing load is applied to its outer ring by
means of additional constrain bonds superimposed
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Figure S. Numerical model of selected components of a wind
power plant

on the mesh nodes of the upper surface of the blade
girder; this is shown in Figure 5. Constraints rigidly
connect the nodes of the upper surface of the shovel
ring (slavenodes) to the masternode located in the
bearing axis. The external load of the bearing in the
form of concentrated forces and focused moments is
applied to the masternode. Slave nodes experience
the same displacements and rotations as the master
node and retain their coplanarity when the load is
applied.

Analysis of obtained results from numerical
calculations

Figure 6 shows the internal load distributions in
the bearings for the three rotor blades. The graphs
use the Cartesian coordinate system, defining the
abscissa axis as the angle of distribution of individ-
ual rolling parts, while the ordinate axis represents
the so-called, e.g., specific load of the ball (Smol-
nicki, 2002). The diagrams show that both the row
of capacity and support balls take a similar share in
transferring loads from the blade to the rotor hub.
It follows that the predominant bearing load on the
rotor blade bearings of wind turbines is the tilting
torque.

From the distribution of loads carried by the
rolling elements shown in Figure 6, it is clear that
the most heavily loaded is in the bearing of blade 1.
The values of the loads carried by some rolling ele-
ments exceed the limit values. It should also be not-
ed that a clearance-free bearing was used for anal-
ysis. If there is a clearance that increases over the
life of the bearing, the number of rolling elements
involved in load transfer is reduced (Kania, Pytlarz
& Spiewak, 2018). This changes the distribution of
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the internal load, resulting in an additional increase
in the loads on the rolling elements that relate to

transferring loads from one bearing ring to another.
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Figure 6. Internal load distribution in the bearings of indi-
vidual blades, with the wind turbine rotor loaded with max-
imum design forces

From the presented example, it can also be con-
cluded that the single row bearing used is too heavily
loaded. Hence, for the wind turbine used in the anal-
ysis on the rotor blade bearings, it is advisable to use
double slewing bearings (Figure 1).

Figure 7 shows the deformed plane of the hub
seat and the bearing ring represented by a cloud
of points, defined by finite element nodes located
on these surfaces. On this graph, a plane is plotted
approximating the location of these points. By calcu-
lating the distances of these points from the approx-
imating plane, the maximum deviation from the
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Figure 7. Deformation of the hub seat, and the inner ring of
the bearing, for blade 1
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flatness (deplanation) of these surfaces was deter-
mined. The individual values of these deviations, for
blade 1 (the most loaded), are shown in the diagram
of Figure 8. The maximum values of these devia-
tions are approximately 0.3 mm.

[—=— hub flatness —— outer fing fatness,
| inner ning flalness |
03s ——— e~

030 4
025 4
sz
015 4

Q.10+

flatness deviation [mm]

Q.05

0.00 -

005 T T T T T T T T T T T
o 3 60 90 12 150 180 290 240 270 300 330 36D
wdeq]

Figure 8. Maximum deviation from flatness (deplanation) of
the hub seat and bearing ring mounting surface for blade 1

It is noteworthy that the global manufacturer of
slewing bearings, Rothe Erde, allows for this bearing
deplanation of the seats of supporting components at
the level of 0.3 mm (Rothe Erde, 2018). Taking into
account the above results, as well as the distribution
of loads in the rotor bearings, the course of which
is even (without excessive accumulations), it can be
concluded that the rotor hub in terms of operation of
slewing bearings is correctly designed.

As aresult of large and complex loads, the slew-
ing bearing rings also suffer radial deformation. Fig-
ure 9 shows the distribution of these deformations
around the bearing circumference for blade no. 1.
The maximum values of these displacements are
approximately 3 mm, with this deviation being relat-
ed to the significant rolling diameter of the bearing,
which in this case is 2 m.

Figure 10 shows the forces acting on the individ-
ual screws that attach the blades to the rotor hub.
From the presented results, it can be concluded that
the screws that carry the highest loads are forced to
approximately 85% of their tensile strength. In this
case, however, keep in mind that these screws are
loaded eccentrically, which means that they also
contain bending moments in addition to tensile forc-
es (Krynke, 2016). Therefore, in the case of the anal-
ysis of bolted connections of this type, it is advisable
to conduct further analyzes taking into account these
factors.
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Figure 10. Loading on the screws fixing the inner ring of the
bearing to the rotor hub, and the screws fixing the blades to
the outer ring of the slewing bearings, with the wind turbine
rotor loaded with maximum design forces

Figure 11 shows a map of reduced stresses
according to the Huber’s hypothesis. The maximum
stress of the hub is about 165 MPa, while the ten-
sile strength of the hub material (spheroidal graphite
cast iron EN-GJS-400-18U-LT) is R, = 370 MPa.
Hence, the lowest safety factor is 2.2. The average
values of the general safety factor for malleable cast
iron for variable loads are 3.5—4 (Czapla, Jureczko
& Pawlak, 2009). In the case of wind turbines, in
addition to the material factor, one should also take
into account the factor that depends on the adopted
variant of the power plant loads and the factor deter-
mining the consequences of failure (DNV, 2009).
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Figure 11. Huber-Mises stress distribution in the rotor hub
of the wind turbine, with maximum design forces load

Therefore, it can be concluded that the safety fac-
tor for the rotor hub is insufficient for the maximum
loads that occur in extreme cases of wind turbine
operation. However, for definitive conclusions to be
drawn, a more detailed analysis of the hub strength
should be performed. This article has focused more
on the load capacity of the hub bearings.

Conclusions

The presented analysis proved the suitability of
using numerical methods in practical calculations.
It allowed an accurate determination of the distribu-
tion of forces transmitted by individual rolling ele-
ments of the bearing. Such modeling enables a quick
verification of all the structural or technological
changes introduced both to the geometry of the bear-
ing and to the structures of its installation.

The calculations carried out on selected parts of
the wind turbine show that the rotor hub is charac-
terized by an insufficient value of the safety factor
for the maximum loads that occur in extreme cases
of wind turbine operation. Taking into account the
range of deformations experienced by the rotor hub
seats, as well as the distribution of loads in the rotor
bearings, the course of which is uniform (without
excessive accumulations), it can be determined that
the rotor hub in terms of operation of slewing bear-
ings is correctly designed.

From the example presented in this article, it can
also be concluded that the single row ball bearing
with a four-point contact used is too heavily loaded.
Hence, for the wind turbine analyzed in this study
for the rotor blade bearings, it would be advisable to
use double slewing bearings.
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