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Abstract: To meet the precision design of bearings on large wind turbine spindles, a crowning method
of bearing on wind turbine spindles considering the flexibility of the support structure is proposed.
Firstly, a finite element (FE) model of the shaft system with a flexible structure is constructed by
connecting the shaft and bearing through constraint equations (CE) and multi-point constraint (MPC)
algorithms and replacing the bearing rollers with nonlinear spring elements and dampers. Then, the
Newmark integration algorithm is used to solve the model and analyze the effect of the structure’s
rigidity on the load distribution of bearings. Then, perform convergence analysis of the sequences of
the spring load distribution using a high-pass filter based on fast Fourier transform (FFT) and root
mean square error (RMSE) to obtain a suitable number of replacement springs. Finally, a sub-model
of the upwind bearing is constructed with structured mesh. With the maximum Von Mises stress of
the roller profile as the design target, the optimal logarithmic crowning of the roller and its tolerance
zone under the given working conditions are obtained. The results show that the FE model of the
shaft system proposed has good convergence. The FE model of the shaft system considering the
flexibility of the support structure can obtain more accurate load distributions of bearings and can
make the accurate crowning design of the bearing rollers based on the actual working conditions.
This provides support for the precision design of bearings in large shaft systems.

Keywords: tapered bearing; logarithmic crowning; FEM; nonlinear spring; damper; sub-model

1. Introduction

To solve the problem of energy shortage and environmental pollution, wind turbines
are deployed in large numbers around the world. The bearings on the wind turbine
spindle are the key rotary parts of wind power equipment, and their failure will cause
great economic losses [1,2]. Because the bearings on wind turbine spindles are usually
installed in pairs, the actual load of a single bearing is difficult to measure. At present, the
traditional design theory of bearing is to use the design formula or experience to design
a single bearing according to the given design load, but the structural flexibility of the
shaft system cannot be considered in the design. In a shaft assembly, the contact stress
distribution of bearing rollers designed by this method is not optimal and cannot meet
the accuracy requirements. The finite element method (FEM) can consider the structural
flexibility result by constructing the overall model of the shaft assembly, which can obtain
a more accurate bearing load and stress distribution under the global load. It has higher
calculation accuracy than the traditional design theory of bearing and can be used for the
precision design of bearings in complex assembly. However, due to the large size, complex
structure, and the large number of rollers of bearings on the wind turbine spindle, the FE
analysis of it needs to include two sets of bearings and support structure at the same time,
it is very difficult to carry out FE analysis. Therefore, the reliability design of large-size
bearings, such as bearings on wind turbine spindles, has become increasingly prominent.
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For the design and analysis of large-size bearings, the simplified FE method is now
widely used by scholars. Smolnicki et al. [3] proposed a superelement-based FE model
for large bearings, using superelements instead of the nonlinear contact actions between
rollers and raceways, while the rings of the bearings are still modeled using solid elements.
Chen et al. [4,5] used extension spring elements to replace the balls of a wind turbine
pitch turntable bearing to analyze the effects of the rigidity of the support structure, the
number of bolts, and the preload force on the bearing life. The effect of hub rigidity on the
bearing load distribution was also analyzed. Plaza et al. [6] replaced the nonlinear contact
actions between the balls and raceways of the pitch turntable bearing with extension spring
elements and used superelements to model the rings of the bearing, thus significantly
reducing the computational effort. Li et al. [7] proposed an equivalent FE modeling method
to analyze the bearing and mounting structure by replacing the balls with nonlinear
extension spring elements and using beam elements instead of solid mounting bolts.
Aguirrebeitia et al. [8] developed a FE model of a four-point contact ball bearing based on
nonlinear spring elements and calculated the static load-carrying capacity of the bearing,
which was verified by comparing with the theoretical results, pointing out that the results
of the FE model are more accurate than the theoretical results and the theoretical solution is
more conservative. He et al. [9] used nonlinear springs instead of solid rollers to study the
effect of raceway hardening on slewing bearing life. The use of nonlinear springs enabled
the model to obtain results quickly. Śpiewak et al. [10] developed both a FE model and a
theoretical analytical model of a double slewing bearing and verified them in comparison.
It was suggested to replace each roller with one or more truss elements in the FE model
of the bearing. To reduce the calculation scale of wire bearings in FEM, Martín et al. [11]
proposed the method based on a custom matrix element and the replacement-element
method for a roller based on a nonlinear spring element, among which the former has
higher accuracy and the latter has a simpler operation process. The above studies have
shown that the use of simplified elements instead of solid rollers in the analysis of bearings
by the FEM can significantly reduce the calculation effort and has good accuracy, which is
widely used in the analysis of large-size bearings.

The working load of bearings on large wind turbine spindles is extremely high. The
profile of the roller or raceway has a direct impact on the stress distribution of the roller and
the life of the bearing. The modification of the profile of the raceway or roller can optimize
the load distribution. Kania [12] proposed a method for modification of the raceway
profile of four-point contact rotary table bearings in a wind turbine, which improved
the load-carrying capacity of bearings. However, compared with crowned rollers, this
method increases the technical difficulty and production cost. Ju et al. [13] studied the
effect of the power function profile and exponential profile on the stress concentration of
bearing rollers and pointed out that the exponential profile can effectively reduce the stress
concentration, but the unsmooth connection between the straight line of the roller and the
exponential trim line is still prone to sudden stress changes. Fujiwara [14] and He [15]
offered a method to study the optimal crowning amount of a logarithmic crowned roller,
and the optimal crowning function was obtained by adjusting the control coefficient of
load and control coefficient of contact. Based on the nonlinear equation of elastic contact,
Li [16] established a numerical model of tapered roller bearings on wind turbine spindles
and analyzed the load distribution of bearing with logarithmic crowned rollers, pointing
out that the logarithmic crowning is widely accepted by bearing manufacturers. Zhang
et al. [17] analyzed the effects of load, tilting angle, and the crowning curve of the roller
on the stress distribution of rollers of three-row cylindrical roller turntable bearings in
wind turbines, and proposed a crowning method using logarithmic curve and tangent
arc for axial and radial rollers, respectively, based on the load characteristics of turntable
bearings. Li et al. [18] constructed an overall model and a sub-model for a wind turbine
with a large taper angle, respectively. The overall model analyzed the effect of axial bearing
clearance on the load distribution of bearing, the sub-model analyzed the effect of different
crowning shapes on the contact stress of the roller, and the use of simplified FEM greatly
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reduced the computational effort. The logarithmic crowning curve was found to enable the
bearing to have a high load-carrying capacity under the studied working conditions. The
above researches show that the logarithmic crowning makes the stress on the roller profile
uniformly distributed under the non-extreme bias load condition, which is the optimal
crowning method at present.

At present, the analysis of large-size bearings is widely focused on the analysis of
individual bearings. For bearings on large wind turbine spindles, more accurate load
distribution can be obtained by constructing a FE model of the shaft system, but the analysis
type of the above traditional simplified method is still nonlinear, and the model is more
difficult to converge after coupling the bearing further to the shaft system. The research
of [17] considered the effect of mounting bolts on the load distribution of bearings but
assumed that the design load of the bearing was known. The research of [4,5] established a
FE model of a turntable bearing with a flexible support structure and investigated the effect
of the rigidity of the support structure on the bearing life. However, the support structure
is directly coupled to a single bearing and is not applicable to shaft systems of wind turbine
spindles containing multiple sets of bearings. The research of [18] established a FE model
of a flexible shaft system to analyze the bearings, but the coupling method of the FE model
was not introduced in detail. To sum up, there is a lack of relevant literature on the design
of spindle bearing considering the structure flexibility of complex shaft systems like large
wind turbine spindles by using FEM.

In view of this, considering the flexibility of the support structure of the shaft system,
a FE model of the shaft system of the wind turbine spindle is established based on CE,
MPC algorithm, and nonlinear spring elements in ANSYS® 2020 R2 software. The critical
damping technique is used to improve the convergence of the model. A FE modeling
method with good convergence for the shaft system is proposed, which can obtain the
accurate load distribution of the bearings by the external wind load of the shaft system and
can optimize the bearing roller profile directly. Then the bearing sub-model with structured
mesh is constructed. The design method of roller crowning’s tolerance of large bearing is
given with logarithmic crowning parameters as design variables and the maximum stress
along the profile of the roller at the center of the contact area as the design target. The
analysis flow of the work is shown in Figure 1.
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Figure 1. Design of logarithmic crowned roller for wind turbine spindle bearing.

2. FE Modeling Method of the Shaft Assembly

The main shaft assembly of a 6.25 MW wind turbine is used as the study object, and
the installation structure consists of two sets of tapered roller bearings, a main shaft, and a
bearing housing, as shown in Figure 2. The wind load is transmitted to the bearing through
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the hub and shaft, where L1 = 2500 mm and L2 = 2100 mm. Do not consider the effect
of heat treatment and other effects on the material of the shaft, bearing, and housing in
the analysis, using the same metal material parameters with a density of 7850 kg·m−3, an
elastic modulus of 2.1 × 1011 Pa, and a Poisson’s ratio of 0.3. The structural parameters of
the bearings are shown in Table 1. The wind load parameters are shown in Table 2.
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Figure 2. Structure and load of wind turbine spindle. (a) Load direction coordinate system;
(b) Structure and load.

Table 1. Geometrical parameters of bearings.

Parameter
Value

Bearing 1 Bearing 2

Inner diameter d (mm) 1850 1600
Number of rollers Z 62 65

The contact angle of inner raceway αi (◦) 15.58 19.5
The contact angle of outer raceway αe (◦) 17.1 21.17

The contact angle of roller end–ring flange αf (◦) 83.52 69.67
Length of rollers l (mm) 121 98

Roller diameter in the middle Dw (mm) 95.085 73.26
Roller half taper angle β (◦) 0.75 0.833

pitch diameter dm (mm) 2043 1750

Table 2. Load parameters of the shaft system.

Fx/N Fy/N Fz/N My/Nm Mz/Nm

7.5 × 105 1.1 × 106 3 × 104 1700 −2700

2.1. Bearings Modeling

Due to the large size of bearings on the wind turbine spindle and the large number of
rollers, it will generate massive nonlinear contact calculations if the solid elements are used
to model the rollers. Meanwhile, it will introduce extremely strong nonlinearity to the FE
model, which results in difficulty in solving the model.

In FE analysis of large-size bearings, modeling the rings with three-dimensional solid
elements and the rollers with one-dimensional nonlinear elements can significantly reduce
the computational effort. The simplification methods widely used are [4–6,19,20].

1. Nonlinear spring elements with special nonlinear stress-strain characteristics.
2. Superelements with the reduction matrix of structural stiffness.

Replacing rollers with nonlinear spring elements can significantly reduce the number
of elements, and speed up the discrimination calculation of the contact algorithm. Com-
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pared with the superelement, it is more convenient to operate, so the nonlinear spring
elements are adopted to replace the bearing rollers. The connection method is shown
in Figure 3.
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Nonlinear spring elements mainly consist of nonlinearity of state (Compressed Only)
and nonlinearity of material (Load-deformation Curve). The nonlinearity of state allows
the spring elements to better simulate the real physical contact process of rollers, and the
nonlinearity of material allows the spring elements to accurately describe the stress-strain
relationship of rollers. For ball bearings, each ball of the bearing can be replaced by one
spring element, the length of which is equal to the diameter of the ball. For roller bearings,
each roller should be replaced by two or more spring elements to simulate the bias load
on the roller. The higher the number of spring elements replacing a roller, the closer the
calculated result is to the actual one.

The larger the error of the FE model, the larger the fluctuation of the distribution curve
of the spring reaction. To quantitatively determine the appropriate number of replacement
springs, the root mean square error (RMSE) of the load distribution is used as an evaluation
indicator to obtain the ideal number of replacement springs. The RMSE is the standard
deviation, and the RMSE is very sensitive to the deviation of the data and can reflect
the accuracy of the measured data. The smaller the value of the RMSE, the higher the
accuracy of the measured value, so the RMSE can be used to evaluate the accuracy of the
measured value.

For bearings on wind turbine spindles, the ideal load distribution has one peak value
and is smooth. The sequence of spring reaction force distribution has the same low-
frequency component, and the distribution of spring reaction force fluctuates irregularly
along the ideal distribution due to the FE model error.

The sequence of the reaction force distribution X of a series of springs is

X = (x1, x2, · · · , xZ) (1)

The high-frequency fluctuation characteristic sequence XF of the data can be obtained
by filtering sequence X with a high-pass filter based on FFT.

XF = (xF1, xF2, · · · , xFZ) (2)

Then the RMSE of sequence X is

RMSE =

√
∑Z

i=1
(
Xi − XF

)2

Z
(3)

where Z is the number of bearing rollers and XF is the mean value of the sequence XF.
Figure 4 shows the stress-strain characteristics of the nonlinear truss elements in the

FE analysis, where εS(∆) is the strain under the action of clearance S and clamp ∆. The truss
element has a defined length dr and cross-section, while the special material properties
σ(ε) can be defined, and such an element can be used as a nonlinear spring element [9,16].
The clearance of the bearing in the FE analysis can be achieved directly by translating the
material property curve of the truss element as shown in Figure 4 along the transverse axis.
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The mechanical properties of a roller can be simulated by assigning the stiffness curve
of the roller to nonlinear spring elements. The contact type of tapered roller bearings is
line contact. According to the Hertzian contact theory, the relationship between the contact
load and the contact elastic deformation of the roller is [21]

Q = Knδ1.11 (4)

where Kn is the total load-deformation constant between the roller and ring; δ is the total
elastic deformation of the roller and two rings.

Palmgren gave a formula for calculating the elastic deformation of line contact [22].

Q = 0.71
l0.89

η
δ1.11 (5)

where l is the length of the roller, η is the combined elastic constant of two bodies in contact,
and the formula is

η =
1− µ2

1
E1

+
1− µ2

2
E2

(6)

where µ1(2) is Poisson’s ratio of the two bodies and E1(2) is the elastic modulus of the
two bodies.

Comparing Equations (4) and (5), the load-deformation constant (N/mm10/9) between
the roller and the rings is

Kn = 0.71
l0.89

η
(7)

The stiffness curve of the tapered roller can be approximated by Equations (4) and (7).
Assuming that each roller is replaced by n nonlinear spring elements, the load-

deformation constant for each spring element is

Kspr =
Kn

n
(8)

For the FE model of the whole shaft system, the nonlinear spring elements in the
critical loading state perform rigid body movement, which may cause the singular stiffness
matrix and make the FE model not converge. Such a simplified method is not very suitable
for the FE analysis of large and complex structures. The use of critical damping technology
based on nonlinear spring elements can realize the process of slow dynamic loading, i.e.,
a linear damper is established at the position of each nonlinear spring element, and the
existence of the damper has no effect on the strain energy of the model and does not affect
the solution accuracy. At the same time, the Newmark integration algorithm is used to
solve the FE model by incremental integration method, and stable convergence results can
be obtained quickly. The critical damping coefficient is determined by [23,24]

c = 2
√

km (9)
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where c is the critical damping constant, Ns/m; k is the stiffness of spring, N/m; m is the
mass of roller, kg.

The method of replacing the rollers with nonlinear spring elements and linear dampers
is shown in Figure 5.
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2.2. Main Shaft Modeling

The wind load is mainly distributed to the two support bearings through the main
shaft, and the flexural deformation of the main shaft has a great influence on the load
distribution of the bearings. Modeling of the main shaft with flexible beam elements. The
bore surface of each bearing is coupled to a master node I at the center of the inner diameter
surface through the CE. The MPC algorithm was used to constrain the degrees of freedom
between the master node I and node J on the flexible beam, and the axial rotational degrees
of freedom are simultaneously constrained to prevent shaft rotation. The wind load will be
transferred to the bearing bore surface through the flexible beam. The shaft is connected to
any of the bearings as shown in Figure 6, where qI and qJ are the coordinate systems of
degrees of freedom of the I and J nodes. The I and J nodes both have six degrees of freedom,
and the I and J nodes spatially overlap.
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The degree of freedom constraint relationship of the two coupled nodes can be ex-
pressed as

C
(

qI, qJ, t
)
= 0 (10)

where qI and qJ are the degrees of freedom corresponding to the coordinate system of
degrees of freedom of the coupled nodes and t is the time.

2.3. Housing Modeling

In a wind turbine, the outer casing acts as the bearing housing for the bearings on
the main shaft. The wind load is finally transferred to the outer casing through the shaft
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and bearings. The bearing housing holds the bearings on the spindle in place. Its elastic
deformation under load affects the relative position of the outer rings of the bearings, and
its flexibility directly affects the load distribution of the bearings just like that of the spindle.
Ignoring its flexibility will result in too large spindle stiffness, which makes the calculation
of the bearing load distribution inaccurate. Therefore, it is necessary to establish a flexible
housing in the model. So the outer housing is modeled with 3D solid elements. To avoid
the excessive introduction of nonlinearity in the system, the outer casing is coupled to the
bearings’ outer rings by sharing nodes.

The shaft, bearing rings, and rollers are assembled and the final FE connection method
is shown in Figure 7.
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Figure 7. Coupling connection relationship of the shaft assembly.

For a roller, at least two springs are required to simulate tilt or offset load. To study
the effect of the number of replacement springs on the load distribution of bearing rollers,
each roller is replaced by 2, 3, and 5 nonlinear spring elements (denoted as 2 spr, 3 spr,
and 5 spr), respectively, corresponding to the partial view of the model shown in Figure 8.
It contains n × (Z1 + Z2) nonlinear spring elements, n × (Z1 + Z2) linear dampers, and
2 MPC elements.
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3. Theoretical Calculation of Maximum Roller Load

Figure 9 shows the cross-section of bearings on the wind turbine spindle. Under the
action of external load, the contact loads between the tapered roller and the inner raceway,
outer raceway, and end-ring flange are Qi, Qe, and Qf, respectively, and the contact angles
are αi, αe, and αf, respectively. The roller load satisfies the following equilibrium equation.
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Figure 9. The positions and forces of the tapered rollers. (a) The angular positions of the rollers;
(b) Forces of tapered rollers.{

Qe sin αe −Qi sin αi −Qf sin αf = 0
Qe cos αe −Qi cos αi −Qf cos αf = 0

(11)

It is further deduced that:

Qi = Qe
sin(αe + αf)

sin(αi + αf)
= ciQe (12)

Qf = Qe
sin(αe − αf)

sin(αi + αf)
= cfQe (13)

where

ci =
sin(αe + αf)

sin(αi + αf)
, cf =

sin(αe − αf)

sin(αi + αf)
.

The tapered roller bearing installed on the wind turbine spindle is mainly affected by
two forces, radial force Fr and axial force Fa, as shown in Figure 10. The radial displacement
δr and axial displacement δa of the inner ring are generated relative to the outer ring under
the action of the radial force Fr. Let the radial clearance of the bearing be zero, the radial
displacement at the roller with position Angle ψi is
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δri = δr cos ψi (14)

The axial displacement components of all rollers are δa, then for the ith roller, the total
displacement along the contact normal direction of the outer raceway is

δni = δri cos αe + δai sin αe (15)
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The load-deformation relation of the ith roller is [21,25]

Qei = Kneδ1.11
ni (16)

where Kne is the total stiffness coefficient at the contact of the outer raceway, and the
calculation formula is [25]

Kne = 8.06× 104l0.89
[
1 + ci

0.89 cos(αe − αi)
]−1.11

(17)

where l is the length of the roller.
As shown in Figure 11, the components of Qei in the direction of Fr and Fa are,

respectively,
Qri = Qei cos αe cos ψi (18)

Qai = Qei sin αe (19)
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Then the equilibrium equation of the bearing can be derived as
Fr −

Z
∑

i=1
Qri = 0

Fa −
Z
∑

i=1
Qai = 0

(20)

Equation (20) is a nonlinear system of equations with δr and δa as unknown variables.
The radial force Fr and axial force Fa of bearing 1 under wind load can be obtained by
statics analysis and calculation of the shafting system. Combined with Equations (12) and
(13), the theoretical values of the maximum load of the roller, such as Qemax, Qimax, and
Qfmax can be obtained by using iterative algorithms such as Newton’s method. Since the
general Qemax is the largest, Qemax is taken as the maximum roller load Qmax.

4. Sub-Model of Bearing
4.1. Logarithmic Crowning of Roller

The roller profile of bearings on the wind turbine spindle needs to be modified to
reduce stress concentration and optimize load distribution. There is generally, power
function crowning and logarithmic (exponential) crowning of the roller. Logarithmic
crowning is not as good as power function crowning under extreme bias load conditions,
but the stress distribution of the roller is more uniform under normal conditions [13,17], so
the logarithmic crowning method is chosen for the study. The crowning zone of the tapered
roller is shown in Figure 12.
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Figure 12. Crowned section and fillet section of tapered roller.

In practice, bearing rollers are often subjected to different and changing loads, yet the
profile of the rollers in a set of bearing should remain consistent. Therefore, the maximum
roller load is taken as the design load in the design of the roller’s crowning.

In the FE model, n nonlinear spring elements are used to replace each roller, and the
maximum value after superimposing the n loops spring reaction force is the maximum
equivalent roller load Qmax, and the expression is

Qmax = (Fsumi)max =

(
n

∑
j=1

Fji

)
max

i = 1, 2, . . . , Z (21)

where Qmax is the maximum roller load, Fsumi is the ith equivalent roller reaction force after
superimposing n loops of spring reaction force, Fji is the ith spring reaction force in loop j,
and Z is the number of rollers.

The expression of the crowning function z of the tapered roller is

z =
2Q

πE′lwe
× ln

[
1−

(
1− 0.3033

2b
lwe

)
(2x/lwe)

2
]−1

(22)

where Q is the roller load, E′ is the equivalent elastic modulus, b is the Hertzian contact
half-width, and lwe is the crowning length.

The crowning profile of the roller is shown in Figure 13, where the maximum amount
of crowning is denoted as zmax.
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Figure 13. Logarithmic crowning profile of roller.

For line contact, according to Hertzian contact theory, the contact half-width b is

b =

(
4ηQ

πl∑ ρ

)1/2
(23)

where Σρ is the Curvature sum.
The formula for calculating Σρ is as follows:

∑ ρ =
2 cos β

Dw
+

2γi
Dw(1− γi)

(24)

where β is the tapered roller half-cone angle, Dw is the middle diameter of the roller, and
γi = Dw cos αi/dm.

Defining f1 = 2Q/πE′lwe as the load parameter of logarithmic crowning and
f2 = 1 − 0.3033 × 2b/lwe as the width parameter of logarithmic crowning, the crown-
ing function changes to

z = f1 × ln
[
1− f2(2x/lwe)

2
]−1

(25)
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Equation (25) contains two crowning parameters f 1 and f 2. f 1 and f 2 are determined
by the roller load Q and material parameters, and the roller load Q is the common influence
variable. The research of [15] indicated that the effect of the parameter f 2 on the stress
distribution of the roller is very small, while f 1 on the stress distribution of the roller is
large. Only f 1 needs to be optimized and an adjustment-coefficient cof is added in front of
Q in f 1 to make it variable, and the expression of the roller crowning function changes to

z = co f × f1 × ln
[
1− f2(2x/lwe)

2
]−1

(26)

The reference values of the crowning parameters f 1, f 2, b, and z can be derived from
theoretical calculations. Using the value of theoretically calculated z as a reference, the
amount of crowning z can be adjusted by the adjustment-coefficient cof.

4.2. Mesh of Sub-Model

The profile of bearing roller crowning is an exact function curve and the sub-model
needs to have a fine mesh to simulate the contact characteristics of the roller contact area.
The mesh of the contact zone of the roller is refined, and the transition mesh is handled
finely. The final mesh of the symmetric sub-model is shown in Figure 14, containing a total
of 91,364 elements and 99,585 nodes.
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Figure 14. Mesh of the symmetric sub-model. (a) The mesh of sub-model; (b) The mesh of roller
cross-section.

For rollers without fillets, especially rollers with a straight profile, stress concentration
is generated at the edge of the roller in the analysis with a very high calculated stress value,
which neither does match the actual situation [13] nor is conducive to the stress assessment.

After meshing the geometry, the mesh of the roller edge needs to be shrunk in the
radial direction by a certain amount, to meet the realistic fillet or chamfer features, the
shrunk mesh of the roller edge is shown in Figure 15.

4.3. Boundary Conditions

Superimpose the n loops reaction forces of springs obtained from the FE model of the
shaft system. The maximum value of the reaction force after superposition is used as the
load boundary of the sub-model. Its direction is approximately the contact normal of the
inner raceway. All degrees of freedom of the outer diameter surface of the outer ring of
the bearing are fixed. The symmetry boundary is created on the symmetry surface of the
rings and roller. Based on the direction of the force boundary vector, a coordinate system is
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established to constrain the other degrees of freedom of the inner ring bore surface except
for the direction of the force. This is shown in Figure 16.
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Figure 16. Boundary conditions of the sub-model.

On the symmetry plane, a path is created in the fillet and crowned section on the roller
profile on the inner ring side, as shown in Figure 17, to extract the Von Mises stress of the
nodes on the path.
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5. Analysis and Discussion of Results
5.1. Effect of Damping on the Solution of the Shaft System

For the 5 spr case, the undamped model and the critically damped model of the FE
model of the shaft system are solved, with the maximum displacement of the shaft system
as the response index. The comparison of the response of the undamped and damped
models is shown in Figure 18. It can be seen that the use of the critical damping technique
can solve the FE model of the shaft system quickly and obtain a stable mechanical response.
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5.2. Influence of Structural Rigidity on the Shaft System

Figure 19 shows the deflection deformation of the shaft under load with a rigid/flexible
structure (shaft and bearing housing). Figure 20 gives the relative position change of the
profiles of the outer rings of two bearings.
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Figure 20. Relative position of the outer profiles of the outer rings of two bearings.

As can be seen in Figure 19, for a model with a rigid shaft and rigid housing, the shaft
cannot deform flexibly and can only balance the load by deflecting an angle. In the model
with a flexible shaft and a flexible bearing housing, the shaft can be bent and deformed
flexibly and the deformation is greatest at the location of the loaded end of the shaft. This is
also the location where the deflection is the largest compared to the rigid structure model.

As shown in Figure 20, the flexible housing allows the outer ring of the bearing to
have a deflection deformation, which allows the bearing to better balance the load. The
outer ring of bearing 1 has the largest deflection. However, combining the above factors,
the displacement of the rigid shaft at the center position of bearing 1 has a smaller deviation
compared to the flexible shaft, and the displacement of the rigid shaft at the center position
of bearing 2 has a larger deviation compared to the flexible shaft. The large displacement
of the rigid shaft will cause the load on the bearing to be larger, making the bearing life
assessment biased, especially for bearing 2. Therefore, in the actual calculation for the
bearing on the shaft system, the coupling effect of the flexibility of the structure on the
bearing should be considered.

5.3. Effect of the Quantity of Replacement Springs on the Bearing Load Distribution

The n loops reaction forces of the springs for each case are extracted and shown in
Figure 21. The equivalent roller load distribution is obtained after superimposing the n
loops spring reaction force, and the equivalent roller load distribution under the three cases
is shown in Figure 22. All the rollers of bearing 1 under the three cases are under load, and
the trend was the same in all three cases, but the fluctuation of the equivalent roller load
distribution is different in different cases.
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Figure 22. Equivalent roller load distribution of bearing 1 under different cases. 
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Figure 23. XF sequences in different cases. (a) XF sequences of 2 spr; (b) XF sequences of 3 spr; (c) XF 

sequences of 5 spr. 
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Figure 23. XF sequences in different cases. (a) XF sequences of 2 spr; (b) XF sequences of 3 spr; (c) XF 

sequences of 5 spr. 
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Figure 22. Equivalent roller load distribution of bearing 1 under different cases.

All the rollers of bearing 1 under the three cases are under load, and the trends of the
equivalent roller load distribution in the three cases are the same, but the fluctuation of
the equivalent roller load distribution is different in different cases. The smaller the data
fluctuation, the more uniform the load distribution and the higher the precision. The XF
sequences corresponding to the different cases are shown in Figure 23.
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sequences of 5 spr.

As Shown in Figure 24, when the number of replacement springs of a roller is two,
three, and five, respectively, the maximum roller load varies irregularly, and the conver-
gence and accuracy of the solution results cannot be evaluated effectively. The RMSE of the
equivalent roller load distribution is 259.97, 7.54, and 4.75, respectively. The RMSE shows
a significant convergence characteristic. When each roller is replaced by five springs, the
RMSE of the equivalent roller load distribution is less than five, which is 98.46% lower than
the maximum value of 259.97. At this time, the load distribution is uniform, indicating that
the error of the FE model is small and the model has good calculation accuracy. Therefore,
the calculation is more accurate when each roller is replaced by five or more springs.
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Table 3. Maximum roller load of FEM and theoretical results. 

FEM with Flexible Structure/N FEM with Rigid Structure/N Theory Based on Rigid Ring Assumption/N 

122,731.03 125,830.48 145,680 

(−15.75%) (−13.63%) (—) 
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Each roller is replaced by five springs. The FE model considering the flexibility of the
structure is solved, and the maximum equivalent roller load is 122,731.03 N. The result
of the FE model with a rigid structure is 125,830.48 N. Under the loading conditions in
Table 2, the statics solution of the shaft system by ROMAX® 14.5 gives an axial reaction
force of Fa = 1.5 × 106 N and a radial reaction force of Fr = 1.9 × 106 N for bearing 1.
According to Equation (20), the theoretical result of the maximum roller load is 145,680 N.
The FEM result with a rigid structure is 13.63% smaller than the theoretical solution, while
the FEM result with a flexible structure is 15.75% smaller than the theoretical solution.
The results are compared in Table 3. FEM and numerical theory were used to analyze
the bearing capacity of large bearings in the literature [7], and it was pointed out that the
numerical results were more conservative than the FEM results, and the FEM load results
were generally about 30% smaller than the theoretical solution, with a maximum difference
of 98.9%. In the research of [26], it is also pointed out that the theoretical result of the
bearing load based on the flexible ring assumption is less than the results based on the
rigid ring assumption. The results of the FE model with flexible structure in this paper
are smaller than the theoretical solution, and the deviation is within 20%, so the FE model
proposed in this paper is reasonable.

Table 3. Maximum roller load of FEM and theoretical results.

FEM with Flexible
Structure/N FEM with Rigid Structure/N Theory Based on Rigid Ring

Assumption/N

122,731.03 125,830.48 145,680
(−15.75%) (−13.63%) (—)

From Figure 22 and Table 3, it can be seen that all rollers of bearing 1 in the shaft
system are loaded, which is the same as the actual. The maximum equivalent roller loads
of the FE model with the flexible structure and the FE model with the rigid structure are
lower than the theoretical results to some extent. The results of the FE model with a flexible
structure are the smallest and within a reasonable range. This is because the FE model
takes into account the flexibility of the structure, which optimized the load distribution
of the bearing. The maximum roller load calculated is reduced and is more in line with
reality. Compared with the FE model with a rigid structure, the FE model considering
the flexibility of structure can better balance the load and calculate the load distribution
more accurately.

5.4. Design of Optimum Crowning and Its Tolerance of the Roller

The maximum value of the superimposed spring reaction force of five loops is used
as the boundary of the bearing sub-model, and the Von Mises stress distribution of the
nodes along the profile at the inner ring side of the roller when the logarithmic crowning
parameter cof takes different values are shown in Figure 25.
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Figure 25. Stress distribution along the roller profile at different crowning parameter cof.

This can be seen in Figure 25. When the roller is not crowned, there is obvious stress
concentration at both ends of the roller, and a slight sawtooth-like fluctuation of stress in the
middle of the roller, which is caused by the FE mesh error. With the increase of crowning
parameter cof of the roller, the stress concentration at the roller edge is effectively relieved
or eliminated, and the maximum stress along the roller profile is obviously reduced. With
the further increase of crowning parameter cof, the stress concentration appears in the
middle of the roller, and the maximum stress along the roller profile rebounds slowly.

The effect of the crowning parameter cof on the maximum stress along the roller profile
is shown in Figure 26.
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cofd cofopti cofu

Figure 26. Maximum stress of the roller profile at different crowning parameter cof.

From Figure 26, it is clear that the maximum stress of the roller profile is a function of
the logarithmical crowning parameter cof. With the increase of cof, there exists a unique
value cof opti which makes the maximum stress of the roller profile minimum. To meet the
engineering application, the cof boundary values can be obtained when given the upper
limit of the range of the maximum stress Ŝmax, which are noted as cof d and cof u, and the
tolerance range of the crowning parameters is [cof d, cof u].

The value of Ŝmax affects the tolerance range of the profile of the bearing roller. Too
large Ŝmax will lead to large roller contact stress, and too small Ŝmax will lead to a narrow
tolerance band, which is not conducive to practical application. Note that the range of
maximum contact stress of the bearing roller in Figure 26 is RS. The variation range of
the maximum equivalent stress is set as 0.1 RS, that is, the Ŝmax is set as 710 MPa, and the
tolerance range [cof d, cof u] of the modification parameters is [2.3, 7.8].

The crowning profile of the roller and its tolerance zone corresponds to the optimum
crowning parameter cof for bearing 1 as shown in Figure 27.
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Figure 27. Optimal crowning profile and its tolerance zone of roller of bearing 1.

The stress distribution along the profile of the maximum loaded roller before and after
being crowned is shown in Figure 28.
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Figure 28. Stress distribution along the roller profile before and after being crowned.

When cof is equal to 0, i.e., when the roller is not crowned, the stress distribution
along the roller profile appears as obvious edge stress concentration, and the maximum
stress of the roller profile is 851.52 MPa. When cof is equal to cof opti, that is when the roller
is optimally crowned, the stress distribution along the roller profile is uniform without
obvious stress concentration, the maximum stress is 693.07 MPa, and the maximum stress
of the roller profile is reduced by 18.6% compared with the uncrowned. When cof is equal
to cof d or cof u, the maximum stress of the roller profile is 710 MPa, and the maximum stress
of the roller profile of the roller is reduced by 16.6% compared with the uncrowned.

6. Conclusions

1. CE and MPC algorithms were used to connect the shaft and bearing, and nonlinear
spring elements and dampers with critical damping were used to replace the rollers
to construct the FE model of the shaft assembly. The model has good convergence.

2. The high-pass filter based on FFT was used to filter the sequences of spring load
distribution and then performed convergence analysis using RMSE, which can obtain
the ideal number of replacement springs for each roller.

3. By analyzing the deformation of the shaft and the relative position of the outer profiles
of the outer rings of two bearings, the FE model of the shaft system considering the
structure’s flexibility has higher calculation accuracy than the FE model with a rigid
structure. The maximum roller load of the FE model with a flexible structure is 15.75%
less than the theoretical solution, which is within a reasonable range.

4. The sub-model of the upwind bearing is constructed with structured mesh. With the
crowning parameters of the logarithmically crowned roller as the design variables
and the maximum Von Mises stress of the roller profile at the center of the contact area
as the design target, the optimal logarithmic crowning of the roller and its tolerance
zone under the given working conditions are obtained.
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The FE model considering the flexibility of the support structure of the shaft system
can obtain a more accurate load distribution of bearing, and can accurately design the
bearing profile based on actual working conditions. The FE modeling method proposed
can be further used to construct the calculation and analysis system of the shaft assembly
of a large wind turbine and to provide support for the precision design of bearings in large
shaft systems.
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