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Abstract:

The combination of four-point contact ball bearings (FPCBB) and cylindrical roller bearings (CRB)
is widely used in offshore wind gearbox. Improper structural parameters can lead to a significant
reduction in gearbox performance, especially clearance. Therefore, this paper presents a new
dynamic model of the bearing-rotor system, covering CRBs and FPCBB. The slice method is used
to well addressed the difficulty of the non-uniform contact between the rollers and other components.
The semi-flexible body element perfectly balances the three aspects: rotor flexibility, real-time
coupling, and simultaneous solution of the bearing and rotor models. The differences between the
rigid and flexible models in predicting the system behavior are compared. The effect of the bearing
clearance on the dynamic performance of the system is further investigated. The results show that
the flexible model is capable of predicting stress concentrations in the CRB raceways and multi-
point contact state inside FPCBB compared to the rigid model. The CRB clearance has a more
significant effect on the system dynamic performance: the wider the CRB clearance, the more
pronounced the sliding inside the raceway of the right CRB. The work provides new ideas for
modeling and performance optimization of the bearing-rotor system in offshore wind gearbox.
Keywords: four-point contact ball bearing; semi-flexible body element; contact feature; nonlinear
dynamic response

1. Introduction

Four-point contact ball bearings (FPCBB), featured with a multiple raceway construction, are
frequently specified for the rotating systems with limited design space and demanding requirements,
such as offshore wind gearbox [1-3]. To further enhance the service performance, it is necessary to
combine them with other bearings [4], in particular cylindrical roller bearings (CRB). Since both
types of bearings are sensitive to changes in clearance, the effect of clearance on their dynamic
performance should be considered before using such structures [5]. Numerical modeling is required
to elucidate this mechanism due to the limitations of experimental testing conditions and
impossibility to have analytical solutions. Therefore, there is an urgent need to develop a dynamic
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model of the bearing-rotor system covering both FPCBB and CRB.

Since Stribeck first proposed the ball bearing model [6], many mechanical models for the individual
bearing have appeared. These models can be subdivided into static models [7-9], quasi-static models
[10-12], quasi-dynamic models[13-15] and dynamic models[16-20]. Among them, the dynamic
model is widely used in bearing performance studies as most factors are considered. The modeling
of angular contact ball bearings has become increasingly sophisticated, while mature models for
these two types of bearings have not yet appeared. Fortunately, the dynamic model for FPCBB has
been proposed to support the subsequent work [3, 21]. The following discussion would focus on the
CRB modeling. Tu [22-24] presented a dynamic model of CRB by restricting the motion of the
roller and the inner ring in the radial plane. Subsequently, the dynamic behavior on the
roller/raceway interface was investigated under different operating conditions [23]. On this basis,
the complex physical parameters of the lubricant inside CRB were considered by Chen [25-27]. The
effects of factors such as temperature and viscosity on the sliding behavior inside the bearing were
further examined. Regrettably, the degrees of freedom of the moving parts in these models were too
low to accurately simulate their motion. The slice method was used by Han [28-29] to improve these
models to consider the deflection of the roller and ring. He investigated the time-varying frictional
properties of contact interfaces under bias load conditions. However, the nonlinear equations were
used to constrain some of the degrees of freedom of these parts inside CRB. Therefore, it was not
possible to accurately simulate their dynamic behaviors. Discarding these equations, Deng [30-34]
adopted differential equations to determine all motion of each part inside CRB, thus improving the
previous model. He further studied the influence of roller unbalance and Iubricant on the cage
dynamic behavior [32, 34]. There was an important simplification in terms of the contact between
the cage and other components. Besides, Liu et al. [35-38] developed a CRB dynamic model with
raceway defects and investigated the effect of fault size on bearing vibration. Although continuous
improvements have been made to the CRB dynamic model to study its dynamic behavior, these
have been conducted based on individual bearings. As mentioned earlier, it is not possible to
precisely model the bearing dynamic behavior as the interactions between bearings and bearings or
between bearings and system are ignored [39-40].

Numerical simulation model of the bearing-rotor system has been proposed and continuously
improved by some scholars [41-55]. The stiffness coupling method was employed by Ma [41-43]
to construct a dynamic model of the bearing-rotor system. The overall stiffness matrix of the bearing
was obtained by solving the quasi-static model and introduced into the rotor model to obtain the
dynamic response of the system. Since the effects of Iubricant and cage have been ignored, the
dynamic behavior of the system cannot be modeled well [44]. A further improvement of the system
model was made by Cao [44-46], who used the bearing dynamic model instead of the quasi-static
model. The effectiveness of the model predictions is questionable due to the inconsistency of the
solution algorithms for the bearing and rotor models [47]. The same author [47-50] introduced the
concept of rigid elements, which enabled real-time coupling and simultaneous solving of the two
models. The rotor was discretized into a finite number of elements, and the deformation of the rotor
could be simulated by adding springs and damper between these elements. The motion equations
for these elements were the same as those for the bearing components and were solved by the same
algorithm. However, the stiffness of the springs and damping are too empirical, and the deformation
inside the element was ignored [47]. As a result, these models are still unable to accurately simulate
the dynamic behavior of the system despite significant improvements.



In conclusion, as far as the bearing dynamic model is concerned, there is lack of detailed
consideration of the non-homogeneous contact of the roller with other components. In terms of the
bearing-rotor system model, there are no good solutions that consider both the rotor flexibility and
the real-time interaction between the two models. Furthermore, the investigation of bearing
performance is limited to a single bearing model, without considering the effects of other
components in the system. Therefore, taking the input shaft of an offshore wind gearbox as an
example, a CRB dynamic mode is proposed in this paper. The non-homogeneous contact between
the roller and other components is well addressed by the slice method. Combined with the FPCBB
model and semi-flexible element (SFBE) by our team in the early stage [3, 21, 51], a bearing-rotor
system model covering FPCBB and CRB is further presented. The differences between rigid and
flexible models in predicting the dynamic performance of the system are compared. The influence
of different bearing clearances on the dynamic behavior of the system is further investigated.

2. Dynamic modeling of bearing-rotor systems

Figure 1 presents a common bearing-rotor system in offshore wind gearbox, which consists of two
CRBs, an FPCBB and a helical gear [52]. During normal operation of the system, the bearings are
inevitable subjected to combined axial-radial load from the helical gear. Ideally, CRBs carries the
full radial component of this load, while its full axial component is borne by FPCBB. However, in
some cases, such as when FPCBB is unable to eliminate the radial component of the load by radial
movement, CRBs will inevitably have to take on the axial component. The dynamic performance
of the system may be weakened or even damaged as a result. It depends not only on its structural
design, but also to a large extent on the interaction mechanism among the individual bearing
clearances. A dynamic model of the bearing-rotor system is needed to investigate this mechanism,
which is the focus of this section.
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Fig. 1. Sketch of a shaft system consisting of CRBs and FPCBB

2.1 Bearing-rotor system discretization

As shown in Fig. 1, the external load of the system is generated by the helical gear and passes
sequentially through the rotor, the bearings and the housing. In the process, the rotor deforms as the
load is transferred, thus affecting the external load applied to the bearings (especially CRBs).
Therefore, the rotor has to be discretized using SFBE to take into account its flexibility. The
discretized model of the bearing-rotor system is presented in Fig. 2. It consists of two SFBEs, one



with bearings and the other without bearings. Since these two SFBEs have different constraint loads,
their differential equations of motion are quite different. Therefore, they need to be modeled
separately.
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Fig. 2. Discretization of bearing-rotor system based on SFBEs

The SFBEs with bearings are further divided into two categories, one containing FPCBB and the
other containing CRB. The modeling method for the former is described in detail in the previously
published papers of our group [3, 21]. Therefore, the discussion of this section will focus on the
constrained equations of motion for SFBEs with CRB and SFBEs without bearings.

2.2 Dynamic modeling of CRB

The dynamic model for SFBE with CRB includes the definition of the bearing coordinate frame,
the interaction between its components, the differential equations of motion, and so on. Each of
these will be discussed in this part.

2.2.1 Definition of coordinate frame system

Before determining the interactions between the components in CRB, a larger number of coordinate
frames need to be defined to describe their position in space. These coordinate frames are illustrated
in Fig. 3, including the inertial coordinate frame (0-xyz), the /-th SFBE coordinate frame (o-xyiz;),
the inner ring coordinate frame (o;-x;y1zi:), the outer ring coordinate frame (0-x10y10210), the housing
coordinate frame (om-xmymzin), the cage coordinate frame (os-xicyiczic), the j-th roller coordinate
frame (om-xmywjzin;), and the j-th pocket coordinate frame (oi-XiVigzic7). Since the SFBE of the
rotor is fixed to the CRB inner ring, it is considered as the inner ring coordinate frame (o-xzyiizii).
Importantly, it is necessary to establish an azimuthal coordinate system (01-Xi)14z14j) for the roller
so that its position relative to other components can be easily determined.
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Fig. 3. Coordinate frame system of CRB: (a) axial section; (b)Radial section

2.2.2 Interaction between the roller and raceways

The interaction between the roller and raceways is detailed in Fig. 4. Since the load vector applied
to CRB may contain axial load, moments, etc., it can lead to serious non-uniformity in the stress
distribution between them along the roller generatrix. It is therefore necessary to divide the roller
into a certain number of small slices and then calculate the forces between each slice and the raceway.
By superimposing these forces, the interaction force between them can be obtained, known as the

slicing method.
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Fig. 4. Interaction between the roller and raceway based on the slicing method; (a) spatial geometry



relationship; (b) stress distribution on roller; (c) force exerted on 4-th slice.

As shown in Figs. 4(a) and 4(b), for any slice (k-th slice, for example), its position vector in the
roller azimuthal coordinate frame can be expressed as:

)
e =[xg O o]Tz[(—o.5+k+no'5j-Lb 0 o} (1)

where £ is the number of the slice, k=1, 2, 3, -+, n. n denotes the total number of slices. L represents

the roller length.
Before determining the forces on this slice, it is necessary to obtain its position vector in the inner
ring coordinate system.

rklji = [Tli ] : ( rlbj -l ) + [Tnl)lj ]71 [lelgj ]71 ' rkljaj ()
where ry; is the position vector of the j-th roller, and ry is the position vector of the inner ring. 77
denotes the transformation matrix from the inertial coordinate frame to the inner ring coordinate
frame, T, represents the transformation matrix from the inner ring coordinate frame to the j-th
roller coordinate frame, and T "%, represents the transformation matrix from the j-th roller
coordinate frame to its azimuthal coordinate frame.

The interpenetration between this slice and the inner raceway is further determined as follows:
; , 5105
Sy ={(di+DW)/2—[(y'k}2+zl'<}2) —ck} 0} 3)
max

where d; is the diameter of the inner raceway, and D,, is the roller diameter. cx denotes the parameters
for roller profiling, defined by:

[(2k=n-1)/n] - (L,,/L, )’ “n-1)/nT - >
Co=1 1-L, /L, [(@e=n-2)/n] ~(bu/L) >0 o)

0 [(2k=n-2)/n] ~(Lo/1, )" <0

where cmax 1s the maximum convexity of the roller, and Ly, is the roller length without profiling.

(@]

According to Hertz’s theory, the contact load between this slice and the inner raceway can be defined
as:

LEE, LS (5)
1.319-nL8§1[E2(1—Vf)+El(l“’zz)} ’

0 =

where v and E are the Poisson’s ratio and Young’s modulus of the material, respectively.

As shown in Fig. 4(c), in addition to the contact load, the 4-th slice is subjected to friction due to
relative motion with raceway. Since the friction force is determined by velocity and load, it is
necessary to obtain the velocity vector between them. The absolute velocity of the inner raceway at
their contact point is expressed as:

Vig :w'X‘.di/2—w::-xkj+wr'T‘](y§+z|2i)0'5 (6)

I

where w " is the angular velocity of the inner ring in the inertial coordinate frame. w “,, is the

revolution speed around the rotor axis, obtained by:

Wn']z_vi/i.zIi (y|2i+2|2i)+Vlzi'y"/(ys+Z|2i) @



where v is the displacement of the inner ring in the inertial coordinate frame.
Similarly, the absolute velocity of the £-th slice at this point is obtained by:

_ . ) : 05
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where w” is the angular velocity of the j-th roller in the inertial coordinate frame.

The rolling and sliding velocities between the k-th slice and the inner raceway can be expressed
respectively as:
[ i \lbj
Ug = ‘vk} +V! ‘/2
9

il y,lbj
Aij = —ij + Vkij
Considering the effect of the lubricant, the friction force between them can be further determined as

[32]:
=gt .[(A+ B |avl ! )ec\AvL‘;\/uL} N D} sign(av}!) (10)

where A, B, C, and D are lubricant-related coefficients, determined by many parameters such as
velocity, pressure and lubricant viscosity.

Similar to the inner raceway, the interaction force between the k-th slice and the outer raceway can
be found in the same way. All these forces acting on the slices are converted to the roller center and
then summed to further derive the force vector applied on the j-th roller.

|mI om0 ]t
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where Ty represents the transformation matrix from the inertial coordinate frame to the j-th roller
coordinate frame.

2.2.3 External loads on the cage

The excitation loads exerted on the cage come mainly from the rollers and the guiding ring, which
is discussed in detail in this part. Figure 5 presents the interaction forces between the cage pocket
and the roller. Similar to the stresses on the raceway, the stress distribution between the roller and
pocket is very heterogeneous, which also needs to be obtained using the slicing method. As shown
in Figs. 5(a) and 5(b), the position vector of the £-th slice in the pocket coordinate system with
respect to the pocket center can be expressed as:



= [T T (s [T ][] )| 1

where 7 is the position vector of the cage, and r,; is the position vector of the j-th pocket in the
cage coordinate frame. T} is the transformation matrix from the inertial coordinate frame to the cage
coordinate frame, and T is the transformation matrix from the cage coordinate frame to the j-th
pocket coordinate frame.
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Fig. 5. Interaction between the cage pocket and roller based on the slicing method: (a) spatial

geometry relationship; (b) stress distribution on pocket; (c) force analysis on 4-th slice.

As shown in Fig. 5(c), the interference between the pocket wall and the k-th slice on the roller is
further obtained as follows:

5;1_01 _ {[( yIcJZ |c12)°-5 _Ck}_(Dp _ DW)/Z o} (13)

where D, denotes the pocket diameter.
Similar to the contact at the roller/raceway interface, the normal load between this slice and the
pocket is further derived from Hertz’s theory:

e _ L,EE,
K 1.319-nL2'e“[E2(1—Vf)+El(l“’zz)]

Since there is less lubricant in the roller/pocket gap, the friction between the two can be inferred

.S -sign(z ) (14)

from Coulomb friction:
kajC: “Hy qk, S'Qn( Ib]) (15)

where u.r is the Coulomb coefficient of friction between the cage and the roller, varying in time. Its



exact value is determined by the relative sliding velocity between the two contacting objects.
The force vector exerted on the cage from the j-th roller can be further derived as:
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The interaction between the cage and the guiding ring is displayed in Fig. 6. Unlike random collision
between the roller and pocket, once the cage reaches a steady state of operation, a hydrodynamic
film forms between it and the guiding ring. Inevitably, however, the cage is occasionally subjected
to external excitation, which can disrupt this hydrodynamic force and lead to direct contact between
the two. Therefore, both of these possible scenarios need to be considered in the model. In either
model, some parameters between them need to be specified first, such as the gap, velocity, and so
on.
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Fig. 6. Interaction between the cage and guiding ring: (a) spatial geometry relationship; (b)



hydrodynamic interaction; (c) dry contact.

As shown in Fig. 6(a), the position vector of the cage center in the outer ring coordinate frame can
be expressed as:

e =[To] (%~ 1) (17)

where T}, is the transformation matrix from the inertial coordinate frame to the outer coordinate
frame.

The clearness or interference between the cage surface and the guiding surface is then obtained as
follows:

5 =(dy ~Dy)/2-(ye? +22)" (18)

where d,; is the diameter of the guiding surface, and D,; is the cage outer surface diameter.
If there is a gap between the two surfaces (6", > 0), it is assumed to be filled with lubricant. A steady
fluid pressure is formed between them, which can be obtained from the theory of short journal
bearings [53]:
lo] 3 glo2
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where 70 is the viscosity of the lubricant, . and v/ are the rolling and sliding velocities between

them, L. is the cage width.

In some cases, such as external excitation, random excitation during the start-up phase, etc.,
interference between the cage surface and the outer guide surface may occurs (6", < 0). The force
formed between the two surfaces can be predicted by using Hertz’s theory and Coulomb’s law.

Flc = E1E2 Li/s '[_é‘llco jl-ll 1)
* 4 (1-v)+E (1-v;)] L0:39
foo =—tiy - P ~sign(v,'§ ) (22)

where pr is the Coulomb coefficient of friction between the two surfaces, varying in time.
The force vector exerted on the cage from the guiding ring can be further derived as:
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(23)

where 7%/ is the transformation matrix from the outer coordinate frame to the j-th pocket coordinate

frame.



2.2.4 Differential equations for CRB components

Since each component within the bearings is considered a rigid body, the Newton-Euler law can be
used to determine their motion in space.

mX
my
mZ
wax - ( | y = |Z )Wsz = I:external (24)

L, —(1, =1, )w,w,

|ZWZ—(|X—|y)WXWy_

where m is the mass, / is the moment of inertia, X is the linear acceleration, w is the angular
acceleration, and w is the angular speed. Fexerma 18 the force vector exerted on the component.

It is worth noting that all displacement vectors, velocity vectors and acceleration vectors in this
system of equations are obtained in the inertial coordinate frame. Since the loads and motions of the
roller and cage are the most complex and critical components of CRB, they are discussed in detail
in this part. Figure 7 presents the forces exerted on them from other components.
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Fig. 7. Schematic of the load vector exerted on CRB components: (a) loads exerted on the j-th roller;
(b) loads exerted on the cage.

As shown in Fig.7(a), the force vector exerted on the j-th roller from other components can be
expressed as:



[0 +0

Rl e
k=1
F |_ _ Zn: q|c
I:lei jlil 0 I:TI:J')j :lil 0 ’ K ’

=

|
external — I:bjr + < (25)

I o [0 %R

k=1

n
Ic
0 +2 0%
k=1

n
Ic
0 +> i X
k=1

where F'; is the centrifugal force, and F'y is the disturbance resistance of the lubricant.
As shown in Fig.7(b), the force vector exerted on the cage from other components can be expressed
as:

z
I Ibj I
I:e;ternal = Z I:chl + I:Ico (26)
j=1
where Z is the roller number.

2.2.5 Model validation of CRB

A test rig for CRB cage speed has been constructed to validate the present dynamic model. The
structure of this test system is detailed in Fig. 8. As shown in Fig. 8(a), it consists of four parts:
drive motor, support shaft system, test bearing and data acquisition system. The drive speed and
external load of the test CBR are provided by the drive motor and loading equipment. During the
test, the reflective strip is fixed to one side of the CRB cage, and the acquisition system receives
signals for each revolution. In addition, as shown in Fig. 8(b), NU215 is selected as the test bearing,
and its specific structural parameters are listed in Table 1.

Lubrication Prgcetssmg Signal Inner ring
System ystem Acqusition
¥
Frequency
converter Support Shaft

Laser Speed
= — Sensor
DC Motor Test Bearing

Loading Outer ring

(a) (b)
Fig. 8. Schematic diagram of test rig for CRB cage speed: (a) Structure schematic diagram; (b) test

bearing.

Table 1. List of main structural parameters for NU215

CRB component name Structure parameter name Value




. Diameter of raceway d; /mm 88.5
Inner ring .
Width B; /mm 25
) Diameter of raceway d, /mm 118.57
Outer ring .
Width B, /mm 25
Diameter D,, /mm 15
Number Z 18
Roller ]
Width L /mm 17
Width without profiling L. /mm 15.5
Diameter of Outer face D.; /mm 113.5
Width L. /mm 24.2
Cage )
Diameter of pocket D, /mm 16.4
Width of pocket L. /mm 17.3

During the test, the drive speed of the test bearing was kept at 2400 r'min'and 3600 r-min-',
respectively, and the radial load was gradually increased from 500 N to 3000 N. The change curves
of the cage speed with radial load under different drive speeds were further obtained, as shown in
Fig. 9. The results show that the error between the model predictions and the experimental test
values is less than 15%, which proves that the model is reliable. The deviation between the two
remains around 5% when the radial load is greater than 1500N. In the bearing-rotor system, the
radial load applied to CRB is greater than this critical value. Therefore, the present model can be

fully added to the bearing-rotor system model as a bearing constraint function.
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Fig. 9. Comparison between the experimental speed and the current model speed: (a) 2400 r-min’';
(b) 3600 r*min".

2.3 Dynamic modeling of rotor

The rotor flexibility is considered by defining the interactions between its discrete SFBEs. Therefore,
the modeling of these interactions is discussed in detail in this Section. The schematic diagram of
the interaction between neighboring SFBEs in the discrete rotor is presented in Fig. 10. Since the
entire mass of each SFBE is considered to concentrate at its mass center, their motion can be
determined by Newton-Euler law. Importantly, the SFBE at the rotor edges are subject to different
constraints than those located inside it and therefore needs to be discussed separately.
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Fig. 10. Schematic diagram for the rotor flexibility between adjacent SFBEs: (a) rigid rotor; (b)
definition of interaction; (c) discretized rotor.

Firstly, for an SFBE located at the left or right edge of the rotor, the motion is governed by the
following equations:
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where T'i¢n is the transformation matrix from the inertial coordinate frame to the 1(m)-th SFBE
coordinate frame. F" is the force vector exerted on the 1-th SFBE from the 2-th SFBE, and F is the
force vector exerted on the m-th SFBE from the (m-1)-th SFBE, which have been discussed in Ref.
[51]. F. is the force vector acting on the SFBE from external components such as bearings and gears,
and M. is the moment vector. F. is eccentric load vector due to the presence of eccentric SFBE. G
is the gravitational force of the SFBE.

Secondly, the equations of motion for SFBEs located inside the rotor (for example, 2-th SFBE) are:
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3. Solution of Bearing-rotor model

After the dynamic models for FPCBB, CRB, and rotor have been proposed separately, it is necessary
to sort out the relationship among them to complete the mutual coupling, which will be discussed
in detail in this section. The solution process of the bearing-rotor model is presented in Fig. 11 to

describe it more clearly.
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Fig. 11. Schematic diagram of solution process for the current bearing-rotor model

As shown in Fig. 11, all key parameters of the bearing-rotor system need to be input into these
models firstly. The SFBE theory is used to discretize the system structure according to its specific
structure. The motion state of the bearing components needs to be initialized by its quasi-static
model to ensure the solution accuracy. With the help of the CRB, FPCBB [3], and rotor models, the
motion state are converted to interactions between these components, which are further introduced
into the differential equations. Newmark-£ is used to solve these equations to obtain the motion state
of these components at the current instant of time. If the set has not yet been reached, this state is
used as the initial solution for the next moment and a new iteration is performed. Otherwise, the
dynamic response of system component in the time domain is entered. In this process, the bearing



model converts the motion constraints into force vector, which in turn applied to the SFBE on the

rotor.

4. Comparation between the rigid and flexible model

In this section, the key parameters of the input shaft in offshore wind gearbox, which is the most
prone to failure in a gearbox, are entered into the bearing-rotor model as an example. Its dynamic
performance is further derived after the solution process in Section 3. Finally, the effect of rotor

flexibility on the system dynamic response is investigated.

4.1 Determination of system parameters

The system parameters include two categories: structural parameters and operating conditions. In
terms of structure, they consist of the structural parameters of CRB, FPCBB, and rotor. Among these
components, NU215 is selected as CRB and QJ215 as FPCBB, whose structural parameters can be
obtained in Section 2.2 of [3]. Therefore, the structural parameters of the rotor are presented in this
Section. The structural diagram of the rotor is further illustrated in Fig. 12, where the dimensional

parameters of main structure are labeled.
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Fig. 12. Schematic diagram of key structural parameters for input shaft
According to the rotor structure shown in Fig. 12, the critical nodal information after discretization
using SFBE theory are listed in Table 2. The bearings are located at nodes 11, 43 and 44. The

external load is transmitted by the gear and is therefore applied at node 27.

Table 2. List of key structural parameters for input shaft

Number Position /mm Length * number /mm Diameter /mm
0
10.75*%10
1 75
107.5
25*1 (L_CRB)




132.5
9.5%15 77
2 230
40%1 100
3 270
9.5%15 77
4 367.5
25*1 (R_CRB)
392.5
5 25%1 (R_FPCBB) 75
418.5
11.25%2
440

The input operating conditions for offshore wind gearbox were used as the system service conditions
[54], listed in Table 3.

Table 3. List of working condition parameters for input shaft in offshore wind gearbox

Drive speed Torque External load /N
/ r'min’! /N'm Circumferential (F¢) Axial (Fy) Radial ()
1000 9523.8 3094.5 3644.8
3875 1500 14286.0 4641.7 5467.2
2000 19048.0 6188.9 7289.5

The information in Table 2 was used to discretize the whole system to obtain its dynamic model,
while its input operating conditions were provided by the data in Table 3. The system parameters
are thus determined.

4.2 Comparation of prediction results

The rotor is first considered as a rigid body and therefore a rigid rotor model is proposed. Then, the
node information in Table 2 is used to discretize the rotor and construct a flexible rotor model. The
effect of rotor flexibility on the dynamic behavior of the system is investigated by comparing the
prediction results of the two models.

For avoiding the influence of bearing clearance on the predictions, the bearing clearance was
determined to be 0.4 mm for CRB and 0.7 mm for FPCBB. Additionally, the dynamic behavior of
the system mainly consists of the displacement of the nodes on the rotor and the load inside the
bearing.

The nodal displacements on the rotor under different torques are presented in Fig. 13. As shown in
Fig.13(a), the nodal displacements increase with the gradual increment in the transmitted torque.
Additionally, the nodal displacements predicted by the flexible model have an inverted “U” shape,
while the displacements predicted by the rigid model has a linear shape. It is because the
displacement predicted by the flexible model incorporates the elastic deformation of the rotor. The
spatial motion of these node for a torque of 1500N is displayed in Fig. 13(b) to further investigate



the dynamic behavior of the rotor predicted by both models. As can be seen from Fig. 13(b), the
node motion is not a circular motion around the system axis, but a reciprocal motion around a point.

The predictions of the two models are consistent in this regard, which may be due to the heavier
external load.
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Fig. 13. Effect of rotor flexibility on the node displacement under different torques: (a) nodal
displacement; (b) T-1500 N-mm.

It can be seen from Fig. 13 that the nodal displacements are strongly influenced by the bearing
constraints. The inner ring orbits of the bearing in the radial plane for different torques are further
presented in Fig. 14. For the left CRB (L_CRB), the effect of rotor flexibility on their orbits is
almost negligible. However, it has a significant effect on the inner ring orbits of FPCBB (R_FPCBB).
As the transmitted torque increases, the orbits of both CRBs gradually move to the upper left. For
FPCBB, the orbit of inner ring predicted by the rigid model is in the same direction as that of CRB,
but the orbit predicted by the flexible model is in the opposite direction.
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Fig. 14. Eftect of rotor flexibility on the bearing displacement under different torques: (a) L_CRB;
(b) R_CRB; (c) R_FPCBB.

The effect of rotor flexibility on the bearing dynamic behaviors cannot be fully reflected by the orbit
of the bearing inner ring alone. It is necessary to further investigate it from the contact features at
the rolling element/raceway interface. The contact features inside the left CRB (L_CRB) are firstly
presented in Fig. 15. As shown in Fig. 15(a), there is almost no significant difference in the



prediction of contact load between the two models. However, as shown in Figs. 15(b) and (d),
significant stress concentration in the inner raceway are predicted by the flexible model. The rigid
model, on the other hand, performs poorly in this regard. It could potentially lead to incorrect
estimation of bearing life. A similar phenomenon exists for the stress distribution in the outer
raceway in Figs. 15(c) and (e).
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Fig. 15. Effect of rotor flexibility on contact feature inside L CRB at 1500 N-mm: (a) load
distribution inside L._CRB; (b) stress at inner raceway (RM); (c) stress at outer raceway (RM); (d)
stress at inner raceway (FM); (e) stress at outer raceway (FM).

The effect of rotor flexibility on the contact feature inside the right CRB (R_CRB) is displayed in
Fig. 16. Fig. 16(a) shows that the contact load predicted by the rigid model is heavier than that of
the flexible model. This may due to the fact that the rotor deformation under external loads is sensed
by the flexible model, and hence the load distributed on this bearing is slight. The stress aggregation
predicted by the flexible model is still present as can be seen in Figs. 16(b), (c), (d), and (e).



Although a heavier contact load can be simulated by the rigid model, the maximum contact stress
of the flexible model is greater than that of the rigid model duo to stress aggregation.
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Fig. 16. Effect of rotor flexibility on contact feature inside R_ CRB at 1500 N-mm; (a) load
distribution inside R_CRB; (b) stress at inner raceway (RM); (c) stress at outer raceway (RM); (d)
stress at inner raceway (FM); (e) stress at outer raceway (FM).

For the right FPCBB (R_FPCBB), the difference between the two model predictions is presented in
Fig. 17. As shown in Figs. 17(a) and (b), the difference between the contact loads predicted by the
two models is not considerable. Notably, its multi-point contact state is only sensed by the flexible
model. Once the bearing is in this state, the heat generation inside the bearing increases dramatically,
leading to premature bearing failure. As can be seen in Figs. 17(c) and (d), the two models differed
significantly in predicting the contact angle on outer raceway, but not much in predicting the inner

raceway contact angle.
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In conclusion, compared with the rigid model, the flexible model is able to sense the elastic
deformation of the rotor under external loads, and therefore its prediction results are closer to the
actual operating state of the system. In addition, the system fatigue life predicted by the rigid model
may deviate from the actual life due to the inability to sense the raceway’s uneven wear.

5. Investigation on bearing clearance matching

Bearing clearances have a great influence on the dynamic behavior of the bearing-rotor system,
especially the interaction among bearings with different clearances on the same rotor. Therefore, the
effect of CRB and FPCBB clearances on the system performance is discussed in this Section, where
a flexible rotor is considered. A drive speed of 3875 r-min"' and a transmission torque of 1500 N-m
have been applied to the input shaft of the gearbox. Nodal displacement of the rotor, contact features,

sliding velocities and fatigue life of the bearing have been picked as performance indicators.

5.1 Effect of FPCBB clearance

Firstly, the effect of FPCBB with different clearances on the system performance is investigated.
While the clearance of CRB is kept constant at 0.070 mm, the clearance of FPCBB is uniformly
distributed between 0.030 mm and 0.110 mm. The variation of nodal displacement with FPCBB
clearance is presented in Fig. 18. As shown in Fig. 18(a), as the clearance increases, the nodes on
the left side of L RCB move closer to the system axis, while the nodes on its right side move away
from the axis. To explore this issue further, the inner ring’s motion of three bearings at different



clearances is given in Figs. 18(b), (¢) and (d). Compared to the two bearings on the right (R_CRB
and R_FPCBB), L_CRB motion is slightly affected by FPCBB clearance. The position change of
the two bearings decreases as the clearance increases.
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Fig. 18. Variation of node displacement with different FPCBB clearances: (a) nodal displacement;
(b) L CRB; (c) R_CRB; (d) R FPCBB.

Variations in FPCBB clearance can change the displacement of the inner ring of these bearings, thus
seriously affecting the contact characteristics inside them. Therefore, the effect of FPCBB clearance
on the contact features of L_CRB is discussed first, as shown in Fig. 19. By observing Figs. 19(a)
and (b), it can be seen that the effect of the clearance on contact force of L CRB is very slightly.
This may be due to the poor ability of the ring displacement of this bearing to sense the change in
FCPBB clearance. As for the contact stress at the inner raceway, as presented in Figs. 19(c) and (d),
its distribution along the roller generatrix seems to be influenced by FPCBB clearances. As the
clearance increases, stress concentrations tend to occur on this raceway. A similar phenomenon is

shown for the outer raceway in Figs. 19(e) and (f). The stress concentration appears to be more
pronounced.
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Fig. 19. Effect of FPCBB clearance on contact feature inside L_CRB: (a) contact load at different
azimuths; (b) contact load radar diagram; (c) stress at inner raceway (F_Cr = 0.030); (d) stress at
inner raceway (F_Cr=0.110); (e) stress at outer raceway (F_Cr = 0.030); (f) stress at outer raceway
(F_Cr=0.110).

The contact features inside R_CRB under different FPCBB clearances is displayed in Fig. 20. From
Figs. 20(a) and (b), FPCBB clearance has a significant effect on the contact load inside L CRB. As
the clearance increases, the load applied to the roller becomes heavier. When FPCBB clearance is
0.030 mm, it takes almost all the load, resulting in no load on R_CRB. This is also illustrated in
Figs. 20(c) and (e), where there is no stress exerted on the roller at any azimuth. It means that there
is significant sliding inside R_CRB, which affects the quality of the raceway surface. The stress
distribution in the roller inside R_CRB for FPCBB clearance of 0.110 mm is presented in Figs. 20(d)
and (f). Although the sliding inside R CRB is suppressed to some extent, there is an abnormal

concentration of stress on the inner and outer raceways.
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Fig. 20. Effect of FPCBB clearance on contact feature inside R_CRB: (a) contact load at different
azimuths; (b) contact load radar diagram; (c) stress at inner raceway (F_Cr = 0.030); (d) stress at
outer raceway (F_Cr=0.110); (e) stress at outer raceway (F_Cr = 0.030); (f) stress at outer raceway
(F_Cr=0.110).

As for R_FPCBB, the effect of the clearance on its contact features is illustrated in Fig. 21. As
shown in Figs. 21(a) and (b), there is insignificant effect of the clearance on the load of the main-
contact pair, while its influence on that of the sub-contact pair is abnormally pronounced. Variations
in the clearance will result in changes in the contact state within FPCBB. For example, as the
clearance increases, the ball will gradually move out of contact with the C-th raceway at certain
azimuths. The smaller the clearance, the heavier the maximum contact load at the C-th raceway.

From Figs. 21(c) and (d), with increasing clearance, the contact angles of the sub-contact pair tend



to increase, while that of the sub-contact pair show the opposite trend. This indicates that the ball

displacement is significantly shifted as the clearance changes.
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Fig. 21. Effect of FPCBB clearance on contact feature inside R_FPCBB: (a) load distribution at
main-contact pair; (b) load distribution at sub-contact pair; (c¢) contact angle at main-contact pair;

(d) contact angle at sub-contact pair.

Since the bearing dynamic performance cannot be determined exclusively by its contact features, it
is necessary to investigate the effect of the clearance on its internal sliding. The speed characteristics
of the three bearings for different clearances are presented in Fig. 22. As shown in Figs. 22(a) and
(b), the speed feature of the roller in L_CRB is not much affect by the clearance in the load zone.
However, for R_CRB, as shown in Figs. 22(c) and (d), as FPCBB clearance increases, the sliding
on its raceway is greatly inhibited, thus significantly reducing the risk of failure. At a clearance of
0.030 mm, the roller inside R_CRB hardly move at all, resulting in severe scoring of the raceway
surface. This is all due to an inappropriate choice of clearance, which results in the external loads
applied to the bearing not being able to completely inhibit its internal sliding. Figs. 22(e) and (f)
presents the variations of the speed features inside R_ FPCBB with different clearances. The area
with most severe sliding inside this bearing is the entrance to the load zone. The higher the selected
clearance, the more serious the sliding. In some cases of clearance, the sliding velocity on the
raceway can reach at 6 m-s!. Therefore, the sliding inside the two right bearings should be taken

into account when determining FCPBB clearance.



——F _Cr=0.030 mm ——F_Cr=0.050 mm F Cr=0.070 mm
——F _Cr=0.090 mm ——F_Cr=0.110 mm

o o B
© o
T

Sliding velocity [mm s
S (o))

0.2
0.38 | . . : 0.0 ! . !
0 180 360 540 720 0 180 360 540 720
Azimuth [9 Azimuth []
(a) (b)

042 L Unload Unload 12
— 0.39 11 F
; = —

WOrbltaI
o o
[
N ()]
T %\
Sliding velocity [mm s7]
(SN

0.00 - - - 4 or ; . .
0 180 360 540 720 0 180 360 540 720
Azimuth [] Azimuth []
(d)
6
w
S
Eqf
2
8
2T
>
2 —
:-§ 0 1 1
0 180 360 540 720 » 0 180 360 540 720
Azimuth [9 Azimuth []
(e) ®

Fig. 22. Sliding features inside the bearing under different FPCBB clearances: (a) roller’s orbital
speed (L_CRB); (b) sliding velocity of raceway (L_CRB); (c) roller’s orbital speed (R_CRB); (d)
sliding velocity of raceway (R_CRB); (e) ball’s orbital r speed (R_FPCBB); (f) sliding velocity of
raceway (R_FPCBB).

The equivalent load and fatigue life of these three bearings at different clearances are further given
in Fig. 23. As can be seen from Figs. 23(a) and (b), the effect of FPCBB on these indicators of
L CRB is very slight, both in terms of load and life. Figs. 23(c) and (d) show that equivalent load
exerted on R_CRB becomes heavier as the clearance increases. It means that the fatigue life of this
bearing is considerably reduced. However, due to the significant sliding within the bearing, its
fatigue life may increase with increasing clearance. As shown in Figs. 23(e) and (f), with a gradual
increment in clearance, the equivalent load applied to R_FPCBB is reduced. It is in contrast to the
trend of contact load changes in some raceways. The reason for this is the introduction of new



contact points inside R_FPCBB, which reduces the probability of fatigue failure.
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Fig. 23. Effect of FPCBB clearance on bearing fatigue life: (a) equivalent load (L__CRB); (b) fatigue
life (L_CRB); (c) equivalent load (R_CRB); (d) fatigue life (R_CRB); (e) equivalent load (R _
FPCBB); () fatigue life (R_FPCBB).

In summary, changes in FPCBB clearance have little effect on L CRB. In contrast, both R CEB
and R_FPCBB are very sensitive to its changes. Considering the effect of raceway sliding on bearing
fatigue life, the service life of both bearings in the right-hand side increases with growing FPCBB
clearance. However, R_FPCBB has a high risk of raceway scuffing at the entrance of the load zone.

5.2 Effect of CRB clearance

The influence of CRB clearance on the dynamic behavior of the bearing-rotor system is then
considered. The clearance of both CRB is picked up evenly between 0.030 mm and 0.110 mm, while
the FPCBB clearance is fixed at 0.070 mm. Similar to FPCBB clearance, the investigation is
concerned with the dynamic performance of rotor and bearings.

Fig. 24 presents the nodal displacements on the rotor for different CRB clearances. As shown in Fig.



24(a), the CRB clearance has much significant effect on its node displacement compared to FPCBB
clearance. The displacement of each node on the rotor expands with the increment of CRB clearance.
As shown in Figs. 24(b), (¢) and (d), the effect of CRB clearance on the displacement of the three
bearings is not uniform in intensity. For R CRB and R_FPCBB, the rate of change in their
displacements reduces considerably when the clearance exceeds a certain value. In contrast, the
displacement of L_CRB maintains the same upward trend as the clearance increases.
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Fig. 24. Variation of node displacement with different CRB clearances: (a) nodal displacement; (b)
L CRB; (c) R CRB; (d) R FPCBB.

The contact characteristics of the roller inside L_CRB with different CRB clearances are presented
in Fig. 25. As shown in Figs. 25(a) and (b), the contact load on the roller becomes progressively
heavier and the load area is reduced as the clearance increase. It has the potential to shorten the
bearing fatigue life and lead to premature failure of the system. As can be seen in Figs. 25(c), (d),
(e) and (f), excessive clearance in CRB significantly increases the maximum stress on the contact

interface between the roller and the two raceways, but also considerably reduces their stress
concentration.
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Fig. 25. Effect of CRB clearance on contact feature inside L _CRB: (a) contact load at different
azimuths; (b) contact load radar diagram; (c) stress at inner raceway (C_Cr = 0.030); (d) stress at

inner raceway (C_Cr=0.110); (e) stress at outer raceway (C_Cr = 0.030); (f) stress at outer raceway
(C_Cr=0.110).

Figure 26 illustrates the variation of contact feature inside R_CRB with different CRB clearances.
Excessive clearance can considerably reduce the contact load and load area inside this bearing,
which can be seen in Figs. 26(a) and (b). Once the clearance exceeds 0.070 mm, the external load
applied to R_CRB is virtually non-existent, resulting in a loss of load on the roller. Bearing sliding
can be very serious and lead to premature bearing failure, as discussed in detailed below. Figs. 26(c)
and (e) show that there is a serious unevenness of wear on the both raceways with a clearance of
0.030 mm. As shown in Figs. 26(d) and (f), when the clearance is 0.110 mm, there is no stress

between the raceways and roller, which means that the bearing is not affected by external loads.
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Fig. 26. Effect of CRB clearance on contact feature inside R_CRB: (a) contact load at different
azimuths; (b) contact load radar diagram; (c) stress at inner raceway (C_Cr = 0.030); (d) stress at
inner raceway (C_Cr=0.110); (e) stress at outer raceway (C_Cr = 0.030); (f) stress at outer raceway
(C_Cr=0.110).

The effect of CRB clearance on contact feature inside R_FPCBB is presented in Fig. 27. As shown
in Figs. 27(a) and (b), as the clearance increases, the load distribution inside R_ FPCBB becomes
severely uneven and its load zone tends to shrink. The maximum load inside it becomes
progressively heavier, which may lead to premature its fatigue failure. Furthermore, once the
clearance is exceeding 0.030 mm, a third contact point begins to appear inside this bearing. In this
case, the influence of the clearance on the contact angle of the main-contact pair is reduced,
especially in the unloaded zone, as shown in Fig. 27(c). As for the contact angle of the sub-contact



pair in Fig. 27(d), the contact angle of the inner raceway is always greater than that of the outer
raceway, and both are greatly affect by CRB clearance.
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Fig. 27. Effect of CRB clearance on contact feature inside R_FPCBB: (a) load distribution at main-
contact pair; (b) load distribution at sub-contact pair; (c¢) contact angle at main-contact pair; (d)
contact angle at sub-contact pair.

Figure 28 further displays the effect of CRB clearance on the sliding feature inside these bearings.
As can be seen from Figs. 28(a) and (b), the sliding within the loaded zone of L _CRB is slight
regardless of the clearance. This indicates that there is no serious sliding within this bearing, which
is loss for the bearing life. However, as shown in Figs. 28(c) and (d), there is always severe sliding
within R_CRB. The severity of the sliding increases as the clearance gradually grows. A similar
phenomenon can be observed inside R_FPCBB, presented in Figs. 28 (e) and (f). Also, there is an
interesting phenomenon in R_FPCBB where the sliding is increasing in the non-load zone. Once

the load zoned is reached, the sliding velocity starts to decrease to a minimum value.
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Fig. 28. Sliding features inside the bearing under different CRB clearances: (a) roller’s orbital speed
(L_CRB); (b) sliding velocity of raceway (L_CRB); (c) roller’s orbital speed (R_CRB); (d) sliding
velocity of raceway (R_CRB); (e) roller’s orbital speed (R_FPCBB); (f) sliding velocity of raceway
(R_FPCBB).

Finally, the effect of clearance on the equivalent load and fatigue life of these three bearings is
investigated in Fig. 29. Figs. 29(a) and (b) indicates that as the clearance increases, the equivalent
load on L_CRB grows while its fatigue life continues to decrease. However, the bearing life feature
of R_CRB in Figs. 29(c) and (d) show the opposite phenomenon. As the serious sliding significantly
reduces the bearing fatigue life, its life does not always extend. As shown in Figs. 29(e) and (f),
similar to L CRB, the CRB clearance is positive correlated with equivalent load and negatively
correlated with fatigue life of R_FPCBB.
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Fig. 29. Effect of CRB clearance on bearing fatigue life: (a) equivalent load (L_CRB); (b) fatigue
life (L_CRB); (c) equivalent load (R_CRB); (d) fatigue life (R_CRB); (e) equivalent load (R _
FPCBB); () fatigue life (R_FPCBB).

Regardless of characteristics, all three bearings are greatly affected by CRB clearance. The life of
L CRB always decreases as the clearance increases, although stress concentrations are mitigated.
In the case of R_FPCBB, there is a third contact point, which is detrimental to its fatigue life.
Therefore, it is recommended that a smaller CRB clearance be selected to help improve system

service performance.

6. Conclusion

Considering the non-inform contact between the roller and other parts, a CRB dynamic model was
established by the slice method. Combining the previous works by our team, the dynamic model of
the bearing-rotor system covering CRBs and FPCBB in offshore wind gearbox was further
presented. The differences between the rigid and flexible models in predicting the system response



were compared. The effects of the bearing clearance on the dynamic behavior of the system were
further investigated. The following conclusions were drawn.

(1) Due to the rotor elastic deformation, stress concentrations occur in the raceways of CRB, which
can only be sensed by the flexible model.

(2) The wider the clearance, the greater the range of node displacements. And the CRB clearance
has a more significant effect on the node displacement of the rotor.

(3) Improper clearance could lead to pronounced sliding on the raceways of CRB, combined with
FPCBB.

(4) If it considers the influence of bearing sliding on its fatigue life, the larger the clearance of the
CRB, the longer the service life of the bearing-rotor system.
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