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Abstract

Appropriate axial preload is necessary for the double-row tapered roller bearing used for supporting the rotor of
the direct-drive wind turbine; its function is to ensure the rolling motions of the rollers and the long fatigue life
of the bearing as far as possible. For this purpose, statics model of the preloaded bearing under the combined
action of radial load, axial load and tilting moment load was established firstly; then, for a set of selected preload
values which are different proportions of the dynamic equivalent axial load of the external bearing loads, the
corresponding loaded roller number, maximum roller load and bearing fatigue life were obtained; thirdly, the
effects of different preloads on the calculated indicator values were analyzed, result show that preload can
improve the uneven load distribution among the rollers, the preload value also influence the rolling roller number
and bearing fatigue life. A preload of 0.5 times of the dynamic equivalent axial load was selected as a trade-off
between the rolling roller number and bearing fatigue life.

Keywords: wind turbine, double-row tapered roller bearing, statics analysis, axial preload, rolling motion,
fatigue life

1. Introduction

In spite of the global economic depression, the worldwide wind capacity reached 254000 MW by the end of June
2012, out of which 16546 MW were added in the first six months of 2012 (World Wind Energy Association,
2012). The reliability of wind turbines has attract more and more attention from the researcher, bearings are the
key components of wind turbines, they need to be pay more attention as they have higher costs associated with
repair or replacement (Kotzalas & Doll, 2010). In recent years, some research work of the mechanics problems
of slewing bearing used for wind turbine have been conducted by the researchers. Such as the calculation of the
static load-carrying capacity of four-contact-point slewing bearings used for the pitching system and yawing
system of wind turbine (Aguirrebeitia, Plaza, Abasolo, & Vallejo, 2013), the contact fatigue damage of hardened
layer of bearing raceway used for the yaw system in wind turbine, this problem was solved by constructing the
nonlinear material constitutive equation of hardened layer (Niu, Yang, & Gao, 2013), and the effect of local
structure change on the fatigue life of yaw slewing bearing of wind turbine, this problem was analyzed by the
FEM software (Feng, Chen, Huang, & Wang, 2013), all the present work mainly aimed at the slewing bearings
used for the pitching system and yawing system of the double-fed induction wind turbine.

Direct-drive wind turbine is a new turbine architecture which has been developed in recent years, this kind of
wind turbine eliminate the gearbox and connect the rotor directly to a permanent magnet generator. Direct-drive
wind turbine offers significant potential because they eliminate the gear-speed increaser, which is susceptible to
significant accumulated fatigue torque loading, related reliability issues, and maintenance costs (Bywaters et al.,
2007).

The rotor of direct-drive wind turbine is supported by one set of slewing bearing. Double-row tapered roller
bearing is deemed as a more suitable selection to support the rotor of direct-drive wind turbine (Lucas & Pontius,
2005), because this kind of bearing can carry the combined actions of radial load, axial load and tilting moment
load; and their design is built around the concept of zero slip which minimizes wear over long periods of
operation; especially their load distribution among the rollers can be optimized to avoid load losing or exceeding
of some rollers through appropriate axial preload. The cross section of double-row tapered roller bearing is
shown in Figurel. In the direct-drive wind turbine, the outer ring of the bearing is connected to the nacelle main
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frame, and the inner ring of the bearing is connected to the rotor. During the operating process, the bearing
sustains the axial load which comes from the aerodynamic load from the rotor, the tilting moment load which
comes from the aerodynamic load from the rotor and the weight of the rotor, the radial load form the weight of
the rotor mainly.

Axial preload is needed by double-row tapered roller bearing to make the load be well distributed among the two
row rollers, its aim is to ensure nearly all rollers to carry load and roll autonomously. As the preload is
insufficient, the action of external axial load will result in the unloading of some rollers. Because the normal
contact loads between the unloaded rollers and the raceway equal to zero, the raceway surface of the rotating
ring can not drag the unloaded rollers to orbit through rolling motion by frictional traction. Slipping frictions
appear between the unloaded rollers and the raceway surface; friction heat will lead to the premature failure of
the raceway and the cage. While as the preload is excessively large, the combining action of the preload and the
external load can result in the exceeding of the roller loads over the rated load, and this will result in heat
generation and fatigue failure of the bearing. Therefore, it is necessary to understand deeply the influence laws of
preload on the load distribution of the bearing rollers and determine the reasonable value of the preload based on
these laws further.

The intend of this paper is to establish the static model of axial preloaded double-row tapered roller bearing used
for supporting the rotor of direct-drive wind turbine, and analyze the effect of axial preload on the loaded roller
number, maximum roller load and bearing fatigue life; use these analyzed results to determine the appropriate
axial preload.

Outer ring

Roller

AN / Inner ring

Figure 1. Double-row tapered roller bearing

2. Force Analysis for Tapered Roller

In the tapered roller bearings, in addition to bear the normal loads from the inner raceway and outer raceway, the
tapered roller also bear the normal loads from the guide flange of the inner ring. Suppose the acting force
between the roller and the inner raceway, outer raceway, guide flange is O, Q., Oy respectively; and the
corresponding contact angle is a;, a., oy respectively, as shown in Figure 2.
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Figure 2. Forces of tapered roller

For the static equilibrium of the tapered roller, the sum of forces in any direction is equal to zero, therefore,
O,sina, -Q;sine, -Q,sina, =0 (1
Q,cosa, —Q,cosa, +Q,cosa, =0 ()

For the systems of equations composed by Equation (1) and Equation (2), suppose Q., a;, a. and a, are known
variables, Q; and O are unknown variables. Then O; and Oy can be represented by other variables through
solving the systems of equations, that is

B sin(ae +0(/.)

0, 3)

i

sinia,. ta, )

sinle, — o

L= ( e S ) Qe 4)
: smia,. +ta, )
Between the roller and the outer raceway, only normal force Q, exists, so in the statics analysis of tapered roller
bearings, the rollers and the inner ring are looked as an isolated body to consider its equilibrium problem. The

rollers and the inner ring together are called “roller-inner ring” isolated body in the following.
3. Load-Deflection Relationship

When relative displacement between the inner ring and the outer ring emerges, because the contact angles of the
inner raceway and the outer raceway are different, the elastic contact deformation between the roller and the
inner raceway is not in the same direction as it between the roller and the outer raceway.

Here, the elastic contact deformation direction between the roller and the outer raceway is looked as a
benchmark, project the elastic contact deformation direction between the roller and the inner raceway onto the
elastic contact deformation direction between the roller and the outer raceway; the total approach between two
raceways under load separated by a roller is the sum of the elastic contact deformations between the roller and
each raceway. In this direction, the total load-deflection factor is (Lundberg & Palmgren, 1947)

K, = 8.06x10%/%% [1 + ci()_g COS(O{(_, —a )]—1411 -
in which

c; = sin(ae +a, )/ sin(a,. + 05f>

Then, the normal contact load between the roller and the outer raceway is

Qe =K 51.11 (6)

4. Equilibrium Model of Bearing Under Axial Preload

After the bearing is mounted on the host machine, the axial preload is applied on the inner ring. As the bearing
being analyzed, suppose the outer ring of the bearing is fixed. For the convenience of analysis, subscript “1” is
used to represent the row adjacent to the rotor, and subscript “2” represent the row adjacent to the nacelle.
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The axial displacement between the rotor side row inner ring and the outer ring is &, the elasticity contact
deformation along the normal direction of outer raceway produced by this axial displacement is

8% =8, sina, @)

ne

Substituting Equation (7) into Equation (6), the contact load O, between the roller and the outer raceway can be
obtained. Then the equilibrium equation of the rotor side row “roller — inner ring” isolated body is

F.,-Z0,sinc, =0 (8)

Where, Z is the roller number of each row. From Equation (8), one can obtain the axial displacement of the rotor
side inner ring relative to the outer ring under the action of axial preload as follows:

0.9
- F ©)
o ZK,, (sine, )"

Similarly, the axial displacement between the nacelle side row inner and the outer ring is &, too under the action

of axial preload F .
5. Equilibrium Model of Bearing Under Combined Loads

Suppose the outer ring of the bearing is fixed, under the combined action of radial load F,, axial load F, and
tilting moment load M, the corresponding radial displacement, axial displacement and angular displacement of
the bearing inner ring is J,, d,and 6 respectively. The “roller-inner ring” isolated body sustains the action of
external loads F,, F, and M, it also sustains the normal loads Q, acting on the roller from the outer raceway, as
shown in Figure 3. Under the actions of these loads, the “roller-inner ring” isolated body is in an equilibrium
state.

Rotor side Nacelle side
F,.6,
.8
. ™
Wind Fy Fy
[ F,.5

<

N

Figure 3. Displacements of inner ring under combined loads

5.1 Displacement of Each Roller Position of Rotor Side Row

Firstly, consider the rotor side row rollers, the axial displacement at the position of jth roller produced by the
axial displacement &, is equal to &,, while the radial displacement at the position of jth roller produced by the
radial displacement &, is

)y =0, cosy (10)

Where, ¥ j is the position azimuth angle of the roller along the raceway. The radial displacement at the position
of jth roller produced by the tilting angular displacement & is

550) =05dL6COSl//(J) (11)
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Where, d. is the axial distance between two row roller centers. The axial displacement at the position of jth roller
produced by the tilting angular displacement 6 is

5‘161(/) =0.5deCOSl//(j) (12)

Where, d,, is the pitch diameter of the bearing. The radial displacement at the position of each roller is produced
by the radial displacement &, and the tilting angular displacement 6. According to Equation (10) and Equation
(11), the total radial displacement at the position of jth roller is

5},10) = (5}, + O.SdC6>COS lﬂ(/) (13)
For the axial displacement at the position of each roller, in addition to the axial displacement produced by the

axial displacement &, and the tilting angular displacement 6, the axial displacement produced by the axial
displacement & ., should be also considered. Then, the total axial displacement at the position of jth roller is

5‘11(»,.) =5a0 +5a +05dmﬁcosl//(,) (14)
Then, the total displacement at the position of jth roller along the normal direction of the outer raceway is
5’11(]) 25”(]) COS(Ze +5a1(j) Sinae (15)

5.2 Displacement of Each Roller Position of Nacelle Side Row

According to the same principle as above, for the nacelle side row rollers, the axial displacement at the position
of jth roller produced by the axial displacement 6, is equal to — & .

The total radial displacement at the position of jth roller is

572(1-) = (5r —O.SdCH)COSl//(j) (16)
Similarly, the total axial displacement at the position of jth roller is
5a2(j) =5a0 _50 —O.SdeCOSI//(j) (17)

The total displacement at the position of jth roller along the normal direction of the outer raceway contact is
5’12(1-) = 5r2(j)COS ae + 5‘12(‘/) Sin ae (18)

5.3 Equilibrium Equations of “Roller-Inner Ring” Isolated Body

Substituting Equation (15) and Equation (18) into Equation (6) respectively, the expressions of normal load Q.
and Q,,; between the two row rollers and the outer raceway can be obtained, where, j=1,2,3, ..., Z.

In the radial direction of the bearing, the equilibrium equation of the “roller — inner ring” isolated body under the
actions of external radial load Fr and normal Q. and Q. is

Z
F, - Z (le(j) + Qez(j))cos o, cosy (=0 (19)
J=

In the axial direction of the bearing, the equilibrium equation of the “roller — inner ring” isolated body under the
actions of external axial load £, and normal Q. and Q. is

z
F - Z (Qe1(j) - Qez(j))sin a,=0 (20)
j=1

The normal load Q. acting on the rollers by the outer raceway will produce moment actions on the
“roller-inner ring” isolated body. One part of them is the moment produced by the axial component of load Q.
on the bearing center, another part of them is the moment produced by the radial component of load Q.4 on the
bearing center. The equilibrium equation of the “roller-inner ring” isolated body under the actions of the two
part moments and external tilting moment load M is

M - OS(dm Sil’lO!t, + dc COSO[C,{ZQA(]-) Cosy(;y— ZQeZ(j) COSl//(j)J =0 (21
=

J=1

A system of nonlinear equations can be obtained by using the above three equilibrium Equations (19)-(21). If the
design parameters of the bearing are given, the values of unknown variable J,, d, and 6 can be solved
corresponding a set of axial preload F, and external loads F,, F,, and M, and the roller loads can be calculated
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further.
6. Example Calculation and Analysis

The design parameters of the rotor bearing of certain type 2.0 MW direct drive wind turbine are listed as in Table
1, and the external fatigue loads are F,.= 451 (kN), F,= 544 (kN), M=1072 (kNm). According to T. Harris
(Harris, Rumbarger, & Butterfield, 2009), the dynamic equivalent axial load of the bearing can be calculated by
using these external fatigue loads, the calculated value is as follows: F,,= 1941 (kN). In this paper, the value of
F,. is used as a baseline for determining the axial preload of the bearing. As the axial preload equals to the
different proportion of F,, the results calculated are shown in Figure 4-Figure 8.

Table 1. Bearing design parameters
dm (mm) dc (mm) a; (o) a. (o) af (0) lwe (mm) Dwe (mm) (b(o) VA
2026 116 43 45 46 90 51 1 104

The uneven distribution of roller loads can be attributed to the actions of external axial load and tilting moment
load, axial load mainly make the uneven distribution between two rows. Uneven distribution of roller loads can
result in the roller slipping, heat generation and fatigue life decrease. Axial preload can improve the uneven load
distribution of the rollers. With the increase of axial preload, more and more rollers begin to undertake the
bearing external loads, this can be seen in Figure 4 and Figure 5. When the preload is less than 0.6F,, the normal
contact loads between some rollers and the raceway are equal to zero, these rollers can not roll by themselves,
their orbiting are realized by the push of the cage, this is disadvantageous to the bearing. When the preload is
equal to 0.6F,., the normal contact loads of all rollers of the two rows are nonzero, they all can realize pure
rolling, this is advantageous for the bearing to reduce friction and heat generation. When the axial preload is
larger than 0.6F,,, with the increase of the preload, the roller loads begin to increase distinctly; this is
disadvantageous to the bearing; because excessive large roller load can result in the premature fatigue failure of
the raceways. From the viewpoint of slipping friction and heat generation, the preload of 0.6F, is most favorable
for the bearing.

x 10°

Roller load Qe (N)

h] 1 1 1 1
100 150 200 250 300
Roller azimuth angle(°)
Figure 4. Load distribution of rotor side row
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Roller load Qe (N)

1 1 1 1 1
50 100 150 200 250 300
Roller azimuth angle(°)

Figure 5. Load distribution of nacelle side row
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The effect of the preload on the fatigue life of the bearing is shown in Figure 6. With the increase of the preload
from 0 to 0.3F,,, the bearing fatigue life increase accordingly; this can be attributed to the reason that the load
distribution among the rollers become more and more even. When the preload is larger than 0.3F,., with the
increase of the axial preload, the bearing fatigue life begins decrease distinctly; this can be attributed to the
reason that the roller loads begin to increase due to the preload, as shown in Figure 7. Generally speaking, the
effect of the roller load increase exceeds the distribution evenness increase through preloading. From the
viewpoint of fatigue failure, the preload of 0.3F,, is most favorable for the bearing.
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Figure 6. Bearing fatigue life
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Figure 7. Maximum roller load

Determination of the preload should consider to reduce both roller slipping and raceway fatigue failure. For the
former, the proportion of the loaded rollers should be no less than 80 per cent so as to over come the effect of
slippage. According to Figure 8, the preload need to be larger than 0.4F,,. For the latter, if the preload is larger
than 0.5F,,, fatigue life will decrease drastically, as shown in Figure6. Therefore, as a trade-off selection, 0.5F,
is selected as the bearing preload.

110 — T T T T T T T T T T
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30
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Figure 8. Proportion of loaded rollers

7. Conclusion

Double-row tapered roller bearing is a suitable selection to support the rotor of direct-drive wind turbine, and the
appropriate preload is necessary for the bearing to ensure the rolling motions of the rollers and the long fatigue
life of the bearing as far as possible. Statics model of the preloaded bearing was established, for a set of selected
preload values which are different proportions of the dynamic equivalent axial load, the loaded roller number,
maximum roller load and the bearing fatigue life were calculated. With the increase of the preload, the number of
loaded rollers becomes more and more, this is advantageous for the pure rolling of the rollers; but excessive
large preload will increase the roller loads and decrease the fatigue life of the bearing. Based on these results, a
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preload of 0.5 times of the dynamic equivalent axial load was determined.
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