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Abstract: The traditional slewing bearing with circular raceway has the problem of stress concentra-
tion under the large overturning moment. In this paper, a new non-circular raceway of a slewing ball
bearing was presented to conquer this problem. To obtain the new non-circular raceway, first, the
static equilibrium equations of the slewing ball bearing was established by the vector method, which
is a constraint condition for life optimization; secondly, the life optimization function was established
to calculate the contact load distribution in the bearing when the bearing life is at its maximum; finally,
through the contact deformation with the contact load, the non-circular inner raceway corresponding
to the maximum bearing life was obtained, and the non-circular shape corresponding to the raceway
under axial load and overturning moment was studied. The results show that the non-circular
raceway devised by this method can evenly reduce the contact force of the raceway and effectively
improve the bearing capacity. Moreover, the position where the non-circular raceway deformation
occurs is the position where the contact force is different before and after optimization. Therefore, the
overturning moment has an effect on the shape of the raceway, whereas the axial load only affects the
amplitude of the deformation, and has no obvious effect on the shape of the raceway.

Keywords: single-row four-point contact ball bearing; non-circular raceway; vector method;
life optimization

1. Introduction

A single-row four-point contact slewing ball bearing can simultaneously withstand
axial force, radial force and overturning moment of the joint action, and is widely used
in lifting, mining, wind turbine, medical and other mechanical rotary devices [1–3]. The
bearing usually moves at low speed [4,5]. Due to the huge overturning moment, the
load is often concentrated on the rolling body far away from the axis of the overturning
moment [6,7], resulting in stress concentration, plastic deformation, and fatigue damage
of the raceway, which seriously affect the bearing capacity of the slewing bearing and its
service life.

Many scholars have carried out research on reducing raceway load and improving
bearing capacity. Kabus [8] studied the topology optimization of a cylindrical roller bearing
support structure to reduce the raceway contact load evenly. Hou Guanghui [9] studied
the non-uniform preloading of bolts and topology optimization of a support structure to
reduce the maximum contact load of the slewing bearing raceway. Mao Yuze et al. [10]
studied the equivalent radial preload when the radial clearance of the equivalent cylindrical
roller bearing is negative, and studied the load distribution law inside the cylindrical roller
bearing under negative clearance. Yue Jidong et al. [11] analyzed the influence of ring
deformation on the contact load between steel ball and raceway under negative clearance
conditions, and calculated the friction torque of four-point contact ball bearing under no-
load condition according to the law of conservation of energy. Xu Shaoren [12] established
the mechanical equilibrium equation of the slewing bearing at no-load (only bearing the
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inner ring gravity, along the axial direction), and studied the relationship between the
internal contact force of the bearing and the negative clearance. Li Yunfeng et al. [13]
studied the influence of clearance on the load distribution of a single-row four-point contact
slewing ball bearing by static method. The research shows that the smaller clearance value
is beneficial to improve the bearing capacity. Researchers [14–16] have studied the existence
of radial clearance and the influence of the shape of rolling elements on the contact stress,
and suggest that having radial negative clearance minimizes the mutation of maximum
contact stress. Chen [17] established a nonlinear mechanical solution model to study the
influence of different geometric parameters of the bearing on the bearing capacity. It was
concluded that the axial clearance has an effect on the contact force, whereby it decreases
with the decrease in axial clearance; when the clearance is close to 0, the contact force can
be minimized and the bearing capacity can be effectively improved. The above scholars
employed the method of uniformly reducing the contact load of the bearing. Compared
with other traditional methods, the negative clearance can directly change the contact
deformation of the rolling element and the raceway, which is better for uniformity and for
reducing the contact load of the raceway. However, when the negative clearance is not
selected properly, it increases the contact load of the raceway and the friction torque of
the bearing. Moreover, the existing negative clearance method uses the same clearance
in the circumferential direction of the slewing bearing, and does not give full play to the
deformation control of the rolling element and the raceway.

In order to solve this problem, a new idea of designing a non-circular raceway for
a slewing bearing is proposed in this paper, which is to uniformly reduce the contact
load of the rolling element and improve the bearing capacity by precisely controlling the
deformation of the raceway locally.

Scholars at home and abroad have done relevant research on non-circular deformation
of bearing raceways. Rok Potocnik et al. [18,19] proposed a method based on vector
representation to establish a static model of an arbitrary shape raceway of a four-point
contact slewing ball bearing. The geometric deformation of the axial curvature center of
the outer raceway of the bearing is defined by the sine wave function, and its influence
on the static bearing capacity of a large double row slewing ball bearing has been studied.
Wang [20] proposed a numerical method for determining the three-dimensional contact
stress of cageless bearings, and studied the influence of a variable diameter bearing raceway
on the contact characteristics between the rolling element and the raceway of cageless
bearings and the bearing wear. Luo Tianyu et al. [21] studied the influence of outer raceway
ellipticity on bearing life, and put forward the requirement of raceway ellipticity control.
He Pingping [22] established a quasi-static model of an elliptical raceway of angular contact
ball bearings under combined loads, studied the influence mechanism of the elliptical
raceway on contact characteristics of the bearings, and estimated the fatigue life of bearings
under elliptical raceway. Li Yunfeng [23] used the finite element method to analyze the
deformation of the pitch bearing considering the installation structure. The results show
that the inner ring of the wind turbine pitch bearing produces warping deformation in the
axial plane and elliptical deformation in the radial plane. These deformations cause the
load distribution curve of the steel ball to deviate from the sinusoidal distribution curve
obtained under the traditional rigid ring assumption. The above scholars have studied
the elliptical deformation in the radial plane and the warping deformation in the axial
plane of the bearing raceway, and studied some effects of deformation on the mechanical
properties of the bearing. However, their research mainly involves the small deformation
of the raceway caused by the errors generated during the manufacturing and assembly of
the bearing, and does not study the non-circular optimization of the initial raceway of the
bearing and its influence on the load distribution of the raceway.

This paper takes a single-row four-point contact wind turbine slewing ball bearing
as an example, establishes the static vector balance equation of the bearing under any
raceway based on the Hertzian contact theory, uses the Newton iteration method to solve
the balance equation, and studies the bearing inside the traditional circular raceway. Based
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on the research results, the rated life of the bearing ring is calculated using the L-P theory,
and the maximum life is used as the objective function to optimize the optimal non-circular
deformation of the raceway corresponding to the maximum life of the bearing. The research
on non-circular raceways of wind turbine slewing bearings will provide a new idea and
method for improving the carrying capacity and life of small-angle slewing bearings,
which can not only be used in wind turbine bearings, but also in lifting, mining, and
medical treatment.

2. Static Equilibrium Equation of the Slewing Ball Bearing

Single-row four-point contact slewing ball bearings are elastomers with rolling ele-
ments as fulcrums. The machining errors of rolling elements and raceways and the stiffness
of rings uniformly affect the internal load distribution and the change of contact angle.
For the convenience of calculation, the following assumptions are made in the process of
establishing and solving the mechanical model of a slewing bearing.

1. Both the inner and outer rings of the bearing are rigid, and elastic deformation occurs
only at the contact point between the rolling element and the raceway.

2. The rolling element is a ball, its size has no deviation, the raceway is a pure circle, and
there is no roundness error.

3. The material used for the ball and the rolling body is continuous without pores,
the mechanical properties of all points inside the material are the same, and the
mechanical properties of any point are the same in all directions.

4. The running speed of the slewing bearing is slow, and the influence of centrifugal
force is ignored in the study.

2.1. Geometric Model

Figure 1 shows the sectional view of a single-row of four-point contact ball bearings.
The z-axis is the axial direction of the bearing and the x-axis and y-axis are the radial
direction of the bearing. Each ring of a four-point contact ball bearing consists of two arcs,
each row of raceways having four arcs. Here, “inner upper” raceway is defined as the
upper raceway arc of the inner ring; and “inner lower” raceway as the lower raceway arc
of the inner ring. In like manner, “outer upper” raceway is defined as the upper raceway
arc of the outer ring; and “outer lower” raceway as the lower raceway arc of the outer ring.
The contact of the ball with “inner upper” and “outer lower” raceways forms contact pair
1, and the contact of the ball with “inner lower” and “outer upper” raceways forms contact
pair 2. O0 is the geometric center of the bearing, O is the center of the ball, Dpw is the pitch
diameter of the bearing, Dw is the diameter of the ball, α0 is the original contact angle of
the bearing, g0 is the clearance of the bearing, and id, iu stand for inner ring upper and
lower raceway centers, and od, ou stand for outer ring upper and lower raceway centers,
respectively.oi,r, oi,a, oo,r, oo,a are the nominal radial and axial distances from the center of
the rolling element to the center of the inner and outer raceways, respectively.

oi,r =

(
ri −

Dw

2

)
cos ψ (1)

oi,a =

(
ri −

Dw

2

)
sin ψ (2)

oo,r =

(
ro −

Dw

2

)
cos ψ (3)

oo,a =

(
ro −

Dw

2

)
sin ψ (4)
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Figure 1. Sectional view of single-row four-point contact ball bearing.

In Equations (1)–(4), ψ is the azimuth angle of the bearing rolling element; ri is
the curvature radius of the inner raceway, and ro is the curvature radius of the outer
raceway—the value of which can be calculated according to the curvature coefficient of the
inner and outer raceways and the diameter of the ball given by the bearing parameters [24].

Irregular bearing geometry is specified by the center of the irregularly shaped race-
way [19]. The position relationship between the center of the bearing inner raceway and
the center of the ball is shown in Figure 2. Based on the traditional circular raceway center,
additional radial and axial displacements ∆i,r and ∆i,a are added to represent the arbitrary
geometry of the inner raceway, where the additional displacement a is a function of the
azimuth b of the rolling element, and the functional relationship between them can be
obtained by other methods such as fitting. When a certain functional relationship is given,
any reasonable geometry of the inner raceway of the bearing can be specified. The geomet-
ric shape of the outer raceway is the same, and the corresponding additional displacements
are ∆o,r and ∆o,a.
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Therefore, the raceway center corresponding to any shape of the inner and outer rings
of the bearing can be written as:

→
riu =

→
rou =


(

Dpw
2 ± oi,r

)
cos ψ + ∆i,r
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ψ(

Dpw
2 ± oi,r

)
sin ψ + ∆i,r

∣∣
ψ

oi,a + ∆i,a
∣∣
ψ

1

 (5)

→
rid =

→
rod =


(Dpw

2 ± oo,r

)
cos ψ + ∆o,r

∣∣
ψ(

Dpw
2 ± oo,r

)
sin ψ + ∆o,r

∣∣
ψ

−oo,a + ∆o,a
∣∣
ψ

1

 (6)

where ‘+’ (respectively ‘−’) means that the calculated distance from the center point of the
non-circular raceway to the bearing center O0 is greater (respectively less) than the distance
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from the center point of the circular raceway to the bearing center under the same azimuth
angle (i.e., the radius of the bearing pitch circle).

Since we need to multiply the coordinate transformation matrix in the next section,
the vector extends the fourth component, namely, the scalar 1.

2.2. Bearing Load State

Figure 3 shows the vector description of the bearing after loading. Among them, the
bearing outer ring is fixed; and the loads on the inner ring, Q1, Q2 are the contact force
between ball and raceway in the contact pairs 1 and 2, respectively.
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Before the bearing is loaded, the curvature centers of the inner and outer raceways
can be expressed as:

→
riu =

→
rou =


(

Dpw
2 ± oi,r

)
cos ψ(

Dpw
2 ± oi,r

)
sin ψ

oi,a
1

 (7)

→
rid =

→
rod =


(

Dpw
2 ± oo,r

)
cos ψ(

Dpw
2 ± oo,r

)
sin ψ

−oo,a
1

 (8)

After the bearing is loaded, under the action of axial force Fa, radial force Fr and
overturning moment M, the displacements of the inner raceway relative to the outer
raceway along the x-, y-, and z-axes are u, v, and w, respectively; and the deflection angles
around the x- and y-axes are ϕx and ϕy, respectively. These movements can be given by
the coordinate transformation matrix shown in Formula (9).

T =


cos ϕy sin ϕx sin ϕy cos ϕx sin ϕy u

0 cos ϕx − sin ϕx v
− sin ϕy cos ϕy sin ϕx cos ϕx cos ϕy w

0 0 0 1

 (9)
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Assuming that the deflection angle of the bearing due to load deformation is very
small [17], where sin ϕ = ϕ and cos ϕ = 1, the coordinate transformation matrix T can be
simplified as follows:

T ≈


1 ϕx ϕy ϕy u
0 1 −ϕx v
−ϕy ϕx 1 w

0 0 0 1

 (10)

The position of the curvature center after the inner raceway movement can be de-
scribed as:

→
riu,T = T · →riu

→
rid,T = T · →rid (11)

After the inner raceway movement, the direction of contact force Q1, Q2 can be
expressed by the unit vectors eQ1,T and eQ2,T , respectively.

→
eQ1,T =

→
riu,T −

→
rod∥∥∥ →

riu,T −
→
rod

∥∥∥ →
eQ2,T =

→
rid,T −

→
rou∥∥∥ →rid,T −
→
rou

∥∥∥ (12)

Therefore, after the inner raceway movement, the action point of the contact force on
the inner and outer raceways of the bearing can be calculated as:

Q1 =

{ →
rco1 =

→
rod +

→
eQ1,T · ro

→
rci1,T =

→
riu −

→
eQ1,T · ri

Q2 =

{ →
rco2 =

→
rou +

→
eQ2,T · ro

→
rci2,T =

→
rid −

→
eQ2,T · ri

(13)

The size of the contact force depends on the contact deformation of the raceway and
the rolling element. Therefore, the premise of calculating the contact force is to calculate
the relative approach δ between the inner and outer raceways after bearing loading. Since
the influence of bearing clearance is neglected in this paper, the initial relative approach
degree is the rolling element diameter before bearing loading; after the bearing is loaded,
the relative proximity a can be calculated as:

δ1 = Dw −
∥∥∥ →

rci1,T −
→

rco1

∥∥∥ δ2 = Dw −
∥∥∥ →

rci2,T −
→

rco2

∥∥∥ (14)

When δ ≤ 0, it means that the distance between the two raceways after loading is
greater than the diameter of the rolling element, that is, the ball and the raceway are not in
contact. In this case, the contact force is 0. When δ > 0, it means that there is contact stress
between the rolling element and the raceway. The contact force can be expressed as:

Q =

{
Kδ3/2 δ > 0

0 δ ≤ 0
(15)

where K is the equivalent contact stiffness of the rolling element and raceway. Since this
depends on the contact stiffness between the rolling element and the inner and outer
raceways, the equivalent contact stiffness can be expressed as:

K =

 1(
1
ki

)2/3

+
(

1
ko

)2/3


3/2

(16)

where ki is the contact stiffness between the rolling element and the inner raceway, and ko
is the contact stiffness between the rolling element and the outer raceway. It depends on
the material properties of the contact object and the geometric parameters of the contact
body and can be calculated by Hertz contact theory [25].
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Therefore, the equilibrium equation can be expressed as:

Z

∑
j=1

(
Q1,j ·

→
eQ1,j + Q2,j ·

→
eQ2,j

)
=
→
F (17)

Z

∑
j=1

( →
rco1,j ×

(
Q1,j ·

→
eQ1,j

)
+

→
rco2,j ×

(
Q2,j ·

→
eQ2,j

))
=
→
M (18)

where Z is the number of balls.
Since the bearing rotates around the z-axis in actual operation, the torque balance

along the z-axis is not considered. Thus, Equations (15) and (16) represent a system of five
nonlinear equations with five unknown variables, i.e., displacements u, v, w and rotations
ϕx and ϕy of the inner raceway. These variables are defined in the coordinate transformation
matrix T, and when the corresponding external load is given, the distribution of the contact
load inside the bearing can be obtained by the Newton-Raphson iteration method [26].

3. Maximum Life Optimization of Slewing Ball Bearing
3.1. Life Calculation Equations of Slewing Ball Bearing

Bearing life calculation conforms to L-P theory [27]. The bearings discussed in this
paper are single-row four-point contact ball bearings. When calculating the rated life of the
bearing, the following steps are required: first, the basic rated dynamic load of the bearing
is calculated according to the model of the bearing. Secondly, the equivalent dynamic load
of the corresponding contact of the four-point contact ball bearing on the upper and lower
raceways is calculated according to the contact load obtained by the equilibrium equation;
and the rated life of inner and outer rings of bearing are calculated, where the rated life of a
single ring is the fitted value of two rings in contact with the steel ball. Finally, inner and
outer raceway life are fitted to calculate the rated life of the bearing [28].

For four-point contact ball bearings, the basic rated dynamic load of the bearing ring is:

Qci(o)j = 98.1λη

(
2 fi(o)

2 fi(o) − 1

)0.41
(1∓ γ)1.39

(1± γ)
1/3
·
(

Dw

Dpw

)0.3
Z−1/33.624D1.4

w (19)

The sign above the formula is the rated dynamic load of the inner ring, and the sign
below is that of the outer ring; fi and fo are the curvature coefficients of the inner and
outer raceways of the bearing, λ, respectively; and η is the correction coefficient of the ball
bearing, whose value can be found in [29].

In this article, the outer ring is fixed and the inner ring rotates, so the equivalent roller
load on the inner raceway j is:

Qeuj =

(
1
Z

2π

∑
ψ=0

Q3
jψ

)1/3

(20)

where Qjψ is the rolling contact load, N.
The rated life of each raceway on the inner ring is:

L10ij =

Qcij

/
Qeµj

3

(21)

The rated life of the inner ring is:

L10i =

(
2

∑
j=1

L−10/9
10ij

)−0.9

(22)



Appl. Sci. 2022, 12, 13027 8 of 19

The equivalent roller load on the outer ring raceway j is:

Qevj =

(
1
Z

2π

∑
ψ=0

Q10/3
jψ

)0.3

(23)

The rated life of each raceway on the outer ring is:

L10oj =

Qcoj

/
Qevj

3

(24)

The outer ring rated life is:

L10o =

(
2

∑
j=1

L−10/9
10oj

)−0.9

(25)

The rated life of four-point contact ball bearings can be calculated as:

L10 =
(

L−10/9
10i + L−10/9

10o

)−0.9
(26)

3.2. Optimization Objective Function of Maximum Life

The relationship between the rated life of the bearing and the internal contact load
is given in Equation (27). Taking the maximum rated life as the objective function, and
the static equilibrium equation of the internal contact force of the bearing and the external
load as the constraints, the distribution of the optimal contact force corresponding to the
maximum rated life can be calculated as in [8]. The optimization is expressed as:

Maximize : L10(Q) (27)

This is subject to:

Z

∑
j=1

(
Q1,j cos α1,j + Q2,j cos α2,j

)
cos ψj = Fx (28)

Z

∑
j=1

(
Q1,j cos α1,j + Q2,j cos α2,j

)
sin ψj = Fy (29)

Z

∑
j=1

(
Q1,j sin α1,j −Q2,j sin α2,j

)
= Fz (30)

Z

∑
j=1

(
Q1,j sin α1,j −Q2,j sin α2,j

)Dpw

2
sin ψj = −Mx (31)

Z

∑
j=1

(
Q1,j sin α1,j −Q2,j sin α2,j

)Dpw

2
cos ψj = My (32)

where ψj is the position angle of each roller, and α1,j and α2,j are the angles between
the contact force Q1, Q2 and the xy plane, respectively, which can be obtained from the
geometric model. Since an external load is applied in five directions, the spatial stress
component is considered in equilibrium. The distribution of contact force inside the bearing
under maximum life can be obtained by solving Equations (28)–(32).
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4. Method to Obtain the Non-Circular Inner Raceway

Figure 4 shows the offset distance of inner raceway, comparing it before and after
bearing optimization. The outer raceway of the bearing is fixed, and the inner raceway is
offset under load, where iu and iu′ are the positions of curvature center of inner raceway
before and after optimization. Therefore, the overall offset of the bearing after optimization
is ∆ = Oiu′ −Oiu, and from this, the axial (∆i,a) and radial (∆i,r) non-circular shapes before
and after optimization can be obtained.
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First, the contact force Q and contact deformation δj under the circular raceway are
calculated by the mechanical model, and then the corresponding contact force Q′j and
contact deformation δ′j after life optimization are calculated; and the optimized contact
deformation is taken as the criterion of convergence. Next, comparing δj and δ′j: if the
difference between the two is large, the shape of the raceway is adjusted by the difference
∆ = δj − δ′j. After calculation and convergence, the total raceway offset is the final non-
circular raceway profile parameter.

5. Results Analysis

The slewing bearing model used in this paper is the 787/434G2 single-row four-point
contact ball bearing (toothless). The structural parameters are shown in Table 1, and the
external load is shown in Table 2.

Table 1. Structural parameters of single-row four-point contact slewing ball bearing.

Parameter Value

Ball diameter Dw (mm) 12.7
Bearing pitch diameter Dpw (mm) 545

Ball number Z 101
Nominal contact angle α0 (◦) 30

Inner raceway curvature coefficient fi 0.54
Outer raceway curvature coefficient fo 0.525

Clearance g0 (mm) 0

Table 2. Maximum external loads for single-row four-point contact ball bearing.

Parameter Value

Fx(N) 3000
Fy(N) 4000
Fz(N) 48,000

Mx(N ·mm) −25,000,000
My(N ·mm) 35,000,000

5.1. Bearing Contact under Combined External Loads
5.1.1. Contact Load Distribution before and after Optimization

Figure 6a,b shows the bearing contact force distribution before and after optimization
under the combined action of Table 2, where Qrigid is the contact force before optimization
and Qopt is the optimized contact force. It can be seen from the figure that before opti-
mization, the contact force Q1 is greater than 0 in the range of azimuth 96.2–327.9◦. The
contact force Q2 is greater than 0 in the ranges of 0–110.5◦ and 317.2–356.4◦. The contact
force Q1 and Q2 reach the maximum when the azimuth is 213.9◦ and 32.1◦ respectively
(corresponding to 10,464 N and 10,492 N, respectively).

After optimization, the maximum values of contact force Q1 and Q2 decreased com-
pared with those before optimization, resulting in Q1 of 5410 N (decreased by 5054 N) and
Q2 of 4922 N (decreased by 5569 N). The azimuth angle corresponding to the maximum
contact force did not change, remaining 213.9◦ and 32.1◦, respectively. When the azimuth is
71.3–356.4◦, the contact force Q1 is greater than 0. When the azimuth angle is in the range
of 0–131.9◦ and 303–356.4◦, the contact force Q2 is greater than 0. It can be deduced that
compared with before optimization, the contact force inside the bearing is significantly
reduced after optimization, and the bearing area of the rolling element is increased, which
makes the rolling element load more uniform and effectively improves the bearing capacity.
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5.1.2. Deformation of Bearing Inner Raceway

Figure 7 shows the three-dimensional diagram of the optimized non-circular raceway
and the circular raceway. Figures 7a and 7b represent the inner lower and upper raceways,
respectively, where the red curve represents the traditional circular raceway, and the blue
curve represents the actual shape of the optimized raceway. The three-dimensional diagram
is projected to the bottom surface and the two sides respectively, and the radial and axial
deformation of the non-circular raceway relative to the circular raceway can be clearly seen.
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Figure 7. Three-dimensional diagram of bearing inner raceway: (a) inner lower raceway; and (b) inner
upper raceway.

Figure 8 shows the comparison diagram of the non-circular raceway relative to the
circular raceway after bearing load, where Figures 8a and 8b are the projections of the three-
dimensional graphics in Figure 7a,b towards the bottom surface, respectively, indicating
the radial deformation of the non-circular raceway relative to that of the circular raceway.
Similarly, Figures 8c and 8d are three-dimensional diagrams. From the radial diagrams in
Figure 8a,b, it can be seen that the inner lower raceway of the bearing deforms in the “left
lower” direction relative to the circular raceway, and the inner upper raceway deforms in
the “right upper” direction relative to the circular raceway. Comparing to Figure 6, it can be
seen that the position where the non-circular and circular raceways deform is the very place
where the contact force is different before and after optimization. When the contact force
before optimization is greater than the contact force after optimization, the non-circular
raceway displays “outward” deformation (∆i,r > 0) relative to the circular raceway in
the radial diagram; when the contact force before optimization is less than the optimized
contact force, it displays as an “inward” deformation of the non-circular raceway relative
to the circular raceway (∆i,r < 0). The position where the maximum deformation of the
non-circular raceway relative to the circular raceway occurs is the azimuth corresponding
to the maximum contact force, which is 213.86◦ and 32.08◦, respectively.
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It can be seen from the axial graph on Figure 8c,d that when the contact force before
optimization is greater than the contact force after optimization, the deformation of the non-
circular raceway relative to the circular raceway is different, namely: the inner and lower
raceways undergo “downward” deformation (∆i,a < 0), while an “upward” deformation
(∆i,a > 0) occurs in the inner upper raceway.

By contrast, when the contact force before optimization is less than the contact force
after optimization, the inner and lower raceways have an “upward” deformation relative
to the circular raceway (∆i,a < 0); and a “downward” deformation (∆i,a > 0) occurs in the
inner and lower raceways. In the same way as in the radial diagram, the position where
the maximum deformation occurs is also the position corresponding to the maximum
contact force.

The above discussion reveals the optimal shape of the inner raceway of the bearing
under the combined load in Table 2. Because the radial force of the wind turbine bearing is
small in the working process, this paper mainly studies the influence of the axial force and
overturning moment on the deformation of the bearing’s inner raceway.

5.2. Pure Axial Force
5.2.1. Bearing Contact Load Distribution before and after Optimization

Figure 9a,b shows the bearing contact force distribution before and after optimization
under pure axial force. Under the action of positive axial force, the inner ring of the bearing
is offset upward from the outer ring, so the rolling body will be squeezed and loaded by
the inner lower and outer upper raceways; while in the other direction, it will be separated
from the raceway due to relaxation, that is, Q1 and Q2 as shown in Figure 2 show uniform
load distribution. In addition, there is no substantial change in the contact form between
the rolling body and raceway after optimization, and one side of the rolling body and
raceway is still fully loaded while the other side is completely separated, so Q2 is still 0, and
the constraint condition of optimization is the static equilibrium equation of the bearing
internal contact force and external load. Therefore, when the external load is fixed, Q1
shows almost no change before and after optimization, and the change trend of Q1 and the
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external load is the same, that is, it increases with the increase in external load. When the
axial load received is 12 KN, 24 KN and 48 KN, respectively, the corresponding contact
force Q1 is 231 N, 454N and 900 N, respectively.
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5.2.2. Deformation of Bearing Inner Raceway

Figure 10 shows the deformation of a non-circular raceway relative to that of a cir-
cular raceway, where Figures 10a,b and 10c,d represent the radial and axial deformation,
respectively. It can be seen from the figure that when subjected to pure axial load, the radial
raceway of the two contact alignments corresponding to the maximum bearing life is still
circular, and only the radius of the raceway is changed; moreover, the radial deformation of
the bearing raceway is proportional to the magnitude of the axial load, that is, it increases
with the increase in axial load (inner lower: 1.11 × 10−5, inner upper: 1.1193 × 10−5).
Similar to the radial deformation, the axial shape of the optimal non-circular raceway of
the optimized bearing is only a constant deformation compared with the circular raceway.
The deformation increases with the increase in axial load (inner lower: 8.28× 10−5, inner
upper: 9.3× 10−6), and the deformation is small.
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5.3. Pure Overturning Moment
5.3.1. Bearing Contact Load Distribution before and after Optimization

Figure 11a,b shows the bearing contact force distribution before and after optimization
under the overturning moment. It can be seen from the diagram that before optimization,
each rolling element of the bearing is basically in a normal contact, and the other is in a
two-point contact state with normal separation. The load distribution of the rolling element
is sinusoidal, and the load distribution of the rolling element is symmetrically distributed
along the geometric center of the bearing. When the azimuth is ψ = 181.8◦, the contact force
Q1 reaches the maximum 9209 N; when the azimuth is ψ = 0◦, the contact force Q2 reaches
the maximum 9217 N. After optimization, the contact force in the rolling body has changed
significantly compared with that before optimization. The maximum contact force of Q1
and Q2 is 4005 N and 4007 N, respectively, which is respectively 5205 N and 5210 N lower
than that before optimization. The azimuth of the maximum contact force has not changed.
It can be seen that the optimized increase in the bearing area of the rolling element, making
the load distribution more uniform, effectively improves the bearing capacity.
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5.3.2. Deformation of Bearing Inner Raceway

Figure 12 shows the deformation of a non-circular raceway relative to a circular race-
way, where Figures 12a,b and 12c,d represent the radial and axial deformation, respectively.
Compared with Figure 11, it can be seen that when the contact force before optimization
is greater than the optimized contact force, in the radial diagram, the deformation of the
non-circular raceway is “outward” relative to that of the circular raceway (∆i,r > 0), and the
deformation trend of the deformation and the contact force is the same, which increase with
the increase in overturning moment (inner lower: 1.43× 10−2, inner upper: 1.429× 10−2).

When the contact force before optimization is less than that after optimization, the ra-
dial diagram shows that the non-circular raceway deforms “inward” relative to the circular
raceway (∆i,r < 0), and the deformation also increases with the increase in overturning
moment (inner lower: 1.44× 10−2, inner upper: 1.193× 10−2).

From the axial graph Figure 12c,d, it can be seen that when the contact force before
optimization is greater than the optimized contact force, the inner and lower raceways
have a “downward” deformation relative to the circular raceway (∆i,a < 0), and the inner
upper raceway has an “upward” deformation relative to the circular raceway (∆i,a > 0).
The deformation also increases with the increase in overturning moment (inner lower:
1.322× 10−2, inner upper: 1.991× 10−2).

When the contact force before optimization is less than the contact force after opti-
mization, the inner and lower raceways have “upward” deformation (∆i,a > 0) relative to
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the circular raceway, and the inner and upper raceways have “downward” deformation
(∆i,a < 0) relative to the circular raceway. The deformation also increases with the increase
in overturning moment (inner lower: 1.322× 10−4, inner upper: 1.991× 10−3).
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5.4. Combined Action of Axial Load and Overturning Moment
5.4.1. Bearing Contact Load Distribution before and after Optimization

Figure 13a,b shows the bearing contact force distribution before and after optimization
under the combined action of axial force and overturning moment. As can be seen from
the figure, due to the overturning moment of the bearing compared to its axial load, its
value is very large. Thus, the distribution of the contact force inside the bearing and the
distribution of the contact force under the action of pure overturning moment is basically
the same—namely, the symmetrical load distribution in accordance with the sine law—and
the distribution of contact force is more compact. Before optimization, when the azimuth is
ψ = 181.8◦, the contact force Q1 reaches the maximum; when the azimuth is ψ = 0◦, the
contact force Q2 reaches the maximum. For a certain overturning moment, the maximum
contact force in the bearing will decrease with the increase in axial load, and will increase
the bearing area. Meanwhile, the maximum contact force corresponding to the azimuth
angle did not change, but the bearing contact force was significantly reduced and the
rolling element bearing area increased, effectively improving the bearing capacity of the
ball bearing.
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Figure 13. Contact force distribution before and after optimization: (a) contact force Q1; and (b) con-
tact force Q2.

5.4.2. Deformation of Bearing Inner Raceway

Figure 14 shows the deformation of a non-circular raceway relative to a circular race-
way, where Figures 14a,b and 14c,d represent the radial and axial deformation, respectively.
It can be seen from the figure that under the combined action of axial load and overturning
moment, the shape of the non-circular raceway is roughly the same as that under pure
overturning moment—that is, the deformation of the raceway also occurs at different
positions of contact force before and after optimization.
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Figure 14. Bearing inner raceway of non-circular shape: (a) radial shape of inner lower raceway;
(b) radial shape of inner upper raceway; (c) axial shape of inner lower raceway; and (d) axial shape
of inner upper raceway.
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The difference in this case is that when the contact force before optimization is greater
than the optimized contact force, the maximum deformation of the inner and lower race-
ways decreases with the increase in axial load (radial: −3.1544× 10−2, axial: −5.22× 10−3),
and the deformation of the inner and upper raceways decreases with the increase in axial
load (radial: −2.1764× 10−5, axial: −1.688× 10−3).

When the contact force before optimization is less than the contact force after opti-
mization, the axial deformation of the inner raceway will increase with the increase in axial
load (increment: 8.852× 10−3).

6. Summary and Conclusions

Based on the Hertz contact theory, the equilibrium equation of the bearing under the
action of external load and internal contact load is established by using the vector method,
and the rated life of the single-row four-point contact ball bearing is calculated. The optimal
load distribution inside the bearing is optimized by taking the maximum bearing life as the
objective function. The optimal non-circular deformation of the inner ring corresponding
to the maximum bearing life is studied, and the following conclusions are drawn.

1. Under the influence of pure axial load, the two contact pairs of the bearing correspond
to full load and full separation respectively. There is no obvious change in the contact
force inside the bearing before and after optimization. The deformation of the optimal
raceway is almost 0 compared with that of the traditional circular raceway. At this time,
the circular raceway is the optimal raceway shape corresponding to the maximum life.

2. Under the influence of pure overturning moment, the contact force Q1 and Q2 are
sinusoidally distributed. The position where the raceway deformation occurs is
the position where the contact force before and after optimization is different. The
deformation of the raceway is proportional to the change in overturning moment,
that is, it increases with the increase in overturning moment.

3. Under the combined action of axial load and overturning moment, the distribution
trend of the internal contact force of the bearing is roughly the same as that under the
action of pure overturning moment, that is, it obeys the regular sinusoidal change.
At this time, the corresponding raceway shape is roughly the same as that under the
action of pure overturning moment, and only the amplitude of the raceway shape
variable is changed.

In this paper, a calculation method for a non-circular optimal raceway of a four-point
contact slewing ball bearing is mainly proposed. This method is also applicable to other
bearings. In subsequent research, the actual processing will be carried out based on the
pre-deformation measurements from the current research, and the feasibility of the method
will be verified by experiments.
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Nomenclature

O centre of the ball
ou, od inner upper/lower raceway curvature center
iu, id outer upper/lower raceway curvature center
iu′ outer upper curvature center after optimization
O0 centre of the bearing

oi,r
radial distance between curvature center of inner raceway and ball center in the
case of a bearing without clearance

oi,a
axial distance between inner (outer) upper raceway center and ball center in the
case of a bearing without clearance

oo,r
radial distance between curvature center of outer raceway and ball center in the
case of a bearing without clearance

oo,a
axial distance between inner (outer) lower raceway center and ball center in the
case of a bearing without clearance

Dw rolling element (ball) diameter
Dpw bearing pitch circle diameter
g0 clearance
ψ angle defining circumferential position of the rolling element (ball)
α0 nominal contact angle
C contact point
r raceway curvature radius
f raceway curvature coefficient
T transformation matrix
u, v, w translations of the bearing ring along axes x, y and z
ϕx, ϕy rotations of the bearing ring around axes x and y
x, y, z axes of Cartesian coordinate system
x′ axis in the radial direction of the bearing defining vertical plane at angle ψ

Z number of rolling elements (ball)
δ relative approach of the two opposite raceways
δ′ relative approach of the two opposite raceways after optimization
∆ displacement of the centre of the raceway
→
r position vector
→
e unit vector of the contact force
K contact stiffness
→
F ,
→
M vectors of forces/tilting moments acting on the bearing

Fx, Fy, Fz scalars of radial force/axial force acting on the bearing
Mx, My scalar of overturning moment acting on bearing
Q contact force acting on the raceway in scalar form
Q′ contact force acting on the raceway in scalar form after optimization
Qci(o)j basic rated dynamic load bearing
λ, η correction coefficient of ball bearing
L10 rated life of bearings

γ
Dw cos α0

/
Dpw

Subscripts
i, o inner/outer ring
j subsequent number of contact force
ψ value of parameter at azimuth (angle) ψ
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