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Abstract: Different from the concentrated load, the sliding bearing-wind turbine gearbox coupling
interface load is a time-space coupling distributed dynamic load that need to be represented by
variables in both temporal and spatial dimensions. In order to apply directly the general shafting
transient response method based on concentrated load to analysis transient response of sliding
bearing- wind turbine gearbox, a decoupling method for coupling interface load based on POD
decomposition algorithm was established to address the spatiotemporal coupling characteristics. In
which coupling interface load is decoupled into several sets of space-time independent sub-
distributed loads composed of time history and spatial distribution function. The Chebyshev
polynomial is used to transformed the spatial distribution function into the concentrated load acting
on the limited action point of the shaft system. The improved method is verified by comparing with
the results coming from finite element software.

Keywords: sliding bearing- wind turbine gearbox; transient response analysis; distributed dynamic
load; Dop decoupling; Chebyshev polynomial

1. Introduction

In recent years, “Replacing rolling with sliding” is the future development trend of high-power
wind turbine gearboxes. Sliding bearings are the supporting components of high-power wind turbine
gearbox transmission systems and are crucial for maintaining stable operation of wind power
equipment [1,2]. Bearing capacity and vibration signals are an important indicator for the healthy
operation and maintenance of high-power wind power equipment, which is crucial for dynamic
design, vibration reduction and isolation design, and reliability analysis. Ding Jiayu proposed an
improved linear regression radial basis function neural network method based on principal
component analysis. The sliding window residual statistics method is used to monitor the running
state of the unit in real time, and the gearbox bearing fault is effectively predicted. Jun Wang [3] used
the vibration signals to diagnosis bearing Fault. Pan Qiaobo [5] accurately determines the
corresponding position of transient components through the generator displacement vibration
information of wind turbine. Su Guoliang [6] and others use the gradient algorithm of integrated
machine learning algorithm and the key information of key vibration displacement signals as an
important basis for wind turbine generator fault diagnosis. The vibration displacement signals from
the transient response analysis under sliding bearing- wind turbine gearbox coupling interface load
are the focus of attention.

Different from the rolling bearing, the oil film thickness of the sliding bearing with oil wedge
bearing pressure changes with time and space, so that the sliding bearing- wind turbine gearbox
coupling interface load is no longer a concentrated dynamic load but a space-time coupling
distribution dynamic load. Liu [7] established the oil film load model of rotor-bearing system, and
the results show that oil film load is closely related to the change of rotor speed. According to the
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study of Wang [8], the bearing capacity of oil film varies with position and time. Ling Han [9] obtains
the change law of oil film load. Yao Li [10] and others studied the influence of crack coordinate
position and rotational speed on sliding bearing. It is known that the oil film load on the wind power
gearbox during operation [11] is not only related to the space position, but also related to the running
time, showing the characteristics of space dimension and time dimension, which is a kind of space-
time coupling distribution load. The vibration displacement response under coupling interface load
expressed by variables of time and space dimensions cannot be directly analyzed by Newmark and
other concentrated time-domain load transient response analysis method [12-15].

The intrinsic orthogonal decomposition (proper orthogonal decomposition, POD) [16-18] is a
space-time separation analysis method, which decomposes the space-time coupling load into a linear
combination of time-dependent principal coordinates and space-dependent covariance matrix
eigenmodes. The main feature of the POD method is that the original multi-dimensional coupling
load can be expressed by the first few load modes containing most of the load information. In this
paper, a transient response analysis method under the sliding bearing-wind turbine gearbox coupling
interface load is developed based on POD, and the characteristics of spatial dimension are fitted by
Chebyshev polynomials. The transferred coupling interface load is a concentrated load at multiple
action points on the shafting.

2. Converting the Coupling Interface Load into Concentrated Load
2.1. The Coupling Interface Load Decoupling

The coupling interface load can be expressed as a two-dimensional matrix with N rows and M
columns characterized by time t and oil film thickness h. As shown in Eq. (1) , Each row represents
the size of the coupling interface load associated with the oil film thickness at a certain time point.

[,z f(t.25) fCtzy)
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Feh@)=| " : : :
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where F(h(t,z)) is the coupling interface load. The spatial dimension is discretized into M discrete
points, and the time dimension is discretized into N discrete points.

According to the POD decomposition principle [19], the covariance matrix R of the coupling
interface load is first established, and then diagonalized r.v-p.v,v is the coordinate transformation
matrix. By searching the orthogonal coordinate system, the projection of the coupling interface load
vector on each coordinate axis is maximized, that is composed of the orthogonal basis selected by
v=[01,92,9,]. 0;,i=123,-m is a set of standard orthogonal bases, representing the eigenmode
matrix that only depends on space in the covariance matrix. Solving {¢}, makes the mean square value

of the principal coordinate which only depends on time take the stationary value on the eigen vector
of the covariance matrix. And each stationary value is the eigenvalue D. Suppose that the eigenmode
matrix in the covariance matrix which only depends on the space is regularized, the eigenmode
matrix is defined as [¢]={lo}.{0},,--{o},] and the principal coordinate matrix is

1O} = ) L)1)} »  Then the time-dependent principal coordinates of the space-time coupling
interface load can be obtained by the following Eq. (2).

0} =lol Fle.1()) 2)

Thus, the coupling interface load is divided into the superposition of m sub-coupling interface
loads, as shown in Eq. (3). The sub-coupling interface load is composed of the independent time
history and the spatial distribution function.

F(t.h(z)= éhkwk(t) 3)
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where [, (¢) is expressed as the k-th time history, #,(z) isexpressed as the k-th spatial distribution

function.

2.2. Chebyshev Orthogonal Polynomial Fitting Spatial Distribution Function

Spatial distribution function g (2

can be approximated and fitted by a set of linearly
independent functions. Chebyshev orthogonal polynomial [20,21] with excellent characteristics such
as orthogonality and convergence are used to fit the spatial distribution function. First six specific
forms of the Chebyshev polynomial of the first kind [22]. R, ,(z)=22zR;(z)- R, ,(z)are R/(z)=1,R,(z)="z,
Ry(z)=222 —1,R,(z)=42> —32,Rs(z) =82* —822 -1, and R4(z)=162" —20z° + 5z. Oil film thickness space of the
coupling interface load is fitted with the m-term Chebyshev generalized polynomial; the Eq. (3)
becomes as follows:

M M m

F(t,h(2)))= D0 ()= Y1, (- a; RY (4)

k=1 k=1 i=1
where R, is the i-th Chebyshev orthogonal polynomial, a;; is the coefficient before the i-th term
Chebyshev generalized polynomial of the k-th distribution space function.

Then, a group sub-coupling interface load / (z)l; () is equivalent to the concentrated load acting

on the n limited action point of the sliding bearing-wind turbine gearbox shaft system. The equivalent
concentrated load conversion is as follows:

F [ Ay ]
k1 ni 2 Nm || 9K
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where F,, , 4,, respectively represents the equivalent concentrated load and the equivalent

amplitude coefficient coming from k-th group sub-coupling interface load equivalent to the n-th
action point. r,;; is the equivalent amplitude coefficient coming from the i-th Chebyshev generalized

polynomial function equivalent to the n-th action point.
Then, the coupling interface load composed of M group sub-distributed loads is converted to

the n-th action point can be shown as Eq. (6).
T

k, 4 4 4, L
Fou | | 4 Ay, Ay, || LW ©)
Fyl| A Az 0 A [

where Fy;,, Ay, respectively represents the equivalent concentrated load and the equivalent

amplitude coefficient coming from M-th group sub-coupling interface load equivalent to the n-th
action point.

Through the Dop decoupling and Chebyshev polynomial fitting above mentioned, the coupling
interface load is transformed into a series of concentrated loads acting on the limited points of the
sliding bearing-wind turbine gearbox shaft system. Then, the conventional concentrated load
transient response analysis method can be used to calculate the transient response under sliding
bearing- wind turbine gearbox coupling interface load.

3. An improved Transient Response Analysis Method

3.1. modal Distribution

The dynamic differential equation of the wind turbine gearbox shafting system subjected to
coupling interface load can be expressed as Eq. (7), which is similar to the concentrated dynamic load.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Mii + Cu + Ku = F(h(t,2)) )

where, M Kand € represent the mass, stiffness, and damping matrices respectively. and uou
and " are the acceleration, velocity, and displacement responses of the wind turbine gearbox
shafting, respectively.

Modal analysis [23] is essentially a coordinate transformation. From a computational view, the
complex and coupled motion equations as Eq. (7) in the rational space are projected into the modal
space by eigenvalue solution and modal transformation equation. The motion equations of a set of
decoupled single-degree-of-freedom systems in the modal space are as follows:

0 0(0) 1 OG04 k000 = ()
D)+ 240+ £ 0= ()

_ ®)
G0+ Mg k) 6) = o)

where, ml), @) and cl) represent the i-order modal mass stiffness and damping respectively.
4"(:) and pl)(¢) represent the corresponding modal displacement response and modal load,
respectively. N is the number of structural degrees of freedom.

According to the modal transformation, the modal load shown in Eq. (7) and the k-th group sub-
coupling interface load shown in Eq. (3) has the following form:

() [(D(l)(x)]f A0
p(z)(t) _ [@(2)()5)]7 h (Z)]k (t): ﬂ(z)
oV )(t) [(D(N)(x)]T sW)

where, [(D(i)(x)]r represents ith-order modal shape of x position. B is the inner product coming

0, (¢) )

from the ith-order structure modal shape and Spatial distribution function #;(z), which is a
constant.

It can be seen from Eq. (9) that each order modal loads have the same form of time history /; ()

, but their amplitude coefficients B are different.

3.2. Transient Response Analysis
According to the modal superposition method, the response u,, (t) onthe any freedom degree &

can be expressed as the superposition to the product of the modal response on each order and the
modal shape coefficient. (DS{_) is the j-th order modal shape coefficient to the «r, -th freedom degree.
g (=00 00)+ P20+ o)) = S0l () (10)

; ok

Compared the Eq. (5) with Eq. (9), it can be found that the equivalent concentrated load

equivalent for the sub-coupling interface load is the same as the modal load, and has the same form
as the time history /; (1), but the coefficients are different. So, the transient response ¢ (¢) calculated

by the concentrated load transient response analysis method [24] coming from the equivalent
concentrated load F,, F, - F,, is the same as that the transient response u,(r) under the

sub-coupling interface load, and there is a certain proportion a . That is u (t)=aq, (¢). Therefore, the

concentrated transient response analysis method can be used to quickly evaluate the transient
response of the wind turbine gearbox shafting under the coupling interface load and Provide
displacement monitoring information.

In summary, the transient response analysis process under sliding bearing- wind turbine
gearbox coupling interface load can be shown as the Figure 1.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Transient response analysis process under coupling interface load.

4. Numerical Simulations

The sliding bearing-wind turbine gearbox shafting and corresponding finite element model
(FEA) as shown in Figure 2, the shaft system is divided into 19 nodes with 18 units. The material
properties are displayed as follows: the elastic modulus is 125GPa, Poisson ’s ratio is 0.335, the density
is 8850kg / m 3. It is assumed that the coupling interface load is

F(t.1(2)) = (400sin(=%¢ )+ 600sin(z'¢2 )+ 1000sinle? )} 1000

te [0,2] s, ze[0,0.2]mwith a diameter of 260 mm and a length of 200 mm is perpendicular to

the left end of the shaft along the y direction.

y
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(a) Sliding bearing structure diagram (b) Transfer matrix mode

Figure 2. Structure and FEA model.

4.1. Equivalented Sub-Coupling Interface Load

The coupling interface load is decoupled into the sub- coupling interface load with independent
time history and spatial distribution function by the POD. When M =3, the error is very small

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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compared with the assumed coupling interface load. Figure 3 show the sub-coupling interface load
combined linearly by independent time history and spatial distribution function. It can be seen from
Figure 3 that the absolute error fluctuates between -100N and 100N, and the overall relative error is

calculated to be only RE = 3.18E-5, which proves the accuracy and effectiveness of DOP to coupling
interface load.

9 %108
. ! " mmsThe fi == 1The first group
017 ‘... ans Thz ;ﬁaﬂﬁ:ﬁnup ar e Th: s‘:::und group e ]
0.15¢ ., = The third group 7 = The third group I \
0.13 - 1 e i 1
0.11 5 H 1
= 0.09 [
€ 007 - P
5005 z i
g =
3 o003 £ I !
E 001 2 0 =z ot H
£-0.01 = A Mo B A
5 -0.03 £ .2 N, ; Y
§-005 = 3t 9 I -
&.0.07 g4 bY ! !
2-0.09 S 5. \, H 1
L =) \ ] [}
5-0.11 S 5 \ 1 i
8-0.13 & 7 \ 7 '
2-015 8- % K L
-0.17 -9 N y H
-0.19 -10 % 1
-0.21 A1- ~7 \
-0.23 A2 \
0 0.020.040.060.08 0.1 0.120.140.160.18 0.2 0 0.150.30450.60.75091.051.21.351.5 165 1.81.9 2
Z (m) Time (s)
(@)
6 ~ 108
10
£X10 E * RE=3.18e-5
<13 s 14 100 ]
T 12 = 12 80,
o 1y o 1. 60
© 08. £ 08, 1
806, 2 06 40
8 04 2 04. o 20
£02. B 02, g 0
2.9 2 0. 5 20
502 8 .02 =
5.04. 8 g4 w40
(=] L S
0.6, 2 06, -60,
B-08 =
-0.8 -80.
E -1, @
@ = I -100
a2 SIS
{ pul 2 %
28 e
b 15 02 45
e
7

(b)

Figure 3. The POD decomposition and error evaluation.
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4.2. Spatial Distribution Function Fitting

The six term Chebyshev polynomials are used to fit the three groups spatial distribution
functions 4 (z), h,(z) and hy(z) shown in Figure 3.The coefficient a;, is shown in Table 1. The
relative errors shown in Table 1 and Figure.4 show that the fitted and uncoupled spatial distribution
functions are consistent. The first and second group spatial distribution function show a linear
function relationship, and the third group shows a quadratic function relationship. It shows that
Chebyshev polynomials can fit the nonlinear space function with high precision.

Table 1. Coefficients before Chebyshev polynomial.

Spatial
distribution a %) a3 g as e RE},
function
(2D -0.0994 -0.0067 -6.78E-05 1.67E-05 -3.24E-07 -2.89E-08 5.01E-09
hy(z) 0.0041 -0.1702 0.0004 0.0006 -7.62E-06 -6.77E-07  1.17E-07
hy(2) -0.0518 -0.0114 -0.1622 -0.0197 0.0004 4.15E-05 4.61E-06
0092 ‘—-Decoupled 0.2 ' l==Decoupled 0.15 |=sDecoupled
-0.093 N = fitted 0.18 £ efited 013 - fitted
anent % . 016 0.1 -~
\ = 014/ \ © 009- F oy 1
2'0-095 N =012} \ Z 007 / A\
S.0006r  \ S o1 \ S 0.05- / . S
5 -0.097 N 2 008r - 5 003 l \
o \ = \ a
B b \ % 0.06 \ T 0.01- / \ A
0 ° L B
5 % S 0.04 \ - 001 / \
5 009 \ S 002/ % - m003 | 3
8 .01r \ & o % 8005 [ 1 1
0-0.101 - \ 2-0.02 \ a-007- | \ -
2 0102 \ | &0Ddr \ - goos |/ ki
5 \ - -0.06 | \ 011 [ \
B0 \ g -0.08 \ 013 \1
g0 \\ g -01r \ 1 S5 |
F 0105 \ 2012 \\ =047 1
0.106 F-014- \ -0.19 \
016 0.21 -
2307 -0.18 0.23 ‘|
-0.108 ! 4 ‘ - 4 : :
0 005 01 015 02 %0 o005 01 o015 02 20 oo 01 015 02
Z(m) Z(m) Z(m)

Figure 4. Chebyshev fits three groups of oil film spatial distribution functions.

4.3. Concentrated Load Equivalent

The six Chebyshev polynomials used to fit three group spatial distribution function are
transformed into 1-5 nodes as shown in Figure 2 through the concentrated load equivalent finite
element method [25], and the equivalent amplitude coefficients as r,; can be obtained (shown in

Table 2). According to the Eq. (5) and Eq. (6), the equivalent amplitude coefficients as 4,,, is obtained
by combining r,.and q,;shown in Table 1. they are shown in Table 2. Therefore, the three-group

spatial distribution function of sub-coupling interface load are equivalent to the concentrated load
acting on the shafting nodes 1-5. The five concentrated loads are respectively:
-0.0928,(¢)+0.17411()—0.18344;()

-0.19217(£)+ 017914, (¢£)+0.028415¢)
-0.19884,(£)+0.0073L, (£)+0.219815¢)
-0.20561(¢)-0.16361, (r)+ 0.084315¢)
-0.10624(t)-0.1651, (¢)- 0.24541,(¢)
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As shown in Figure 5, the three groups sub-coupling interface load are transformed into the
concentrated loads at the five load points.

Table 2. Equivalent amplitude coefficient.

n-loadnode 7y Tn2 "3 Tnd Tus Tu6 Ay 4,2 4,3
1 1 -1 1 -1 -1 -1 -0.0928 0.1741 -0.1834
2 2 -1 -1 2 -5 1 -0.1921 0.1791 0.0284
3 2 -0 -2 0 -2- 0 -0.1988 0.0073 0.2198
4 2 -1 -1 -2 -5 1 -0.2056 -0.1636 0.0843
5 1 1 1 1 -1 1 -0.1062 -0.1651 -0.2454
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Figure 5. Three-group sub-coupling interface load and equivalent concentrated loads.

4.4. Transient Response Analysis

The equivalent concentrated loads acting on the 1-5 node are applied to the corresponding nodes
respectively, and the displacement response (named as: concentrated response) on the node 6-11
under the time of 0-2s is obtained based on the concentrated load transient response analysis method.
Compared together with the transient response (named as: coupled response) coming from coupling
interface load and the linear superposition transient response (named as: superimposed response)
coming from sub-coupling interface load based on the finite element analysis software [26], these
results are shown in Figure 6.The coupled and superimposed response of displacement responses of
the six nodes are equal, which proves the effectiveness of POD decomposition. That shows that the

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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decoupled sub-coupling interface load can be used to replace the coupling interface load for transient
response analysis to sliding bearing-wind turbine gearbox shafting system. There are the same
vibration form and different amplitude coefficients between the concentrated response with coupled
response. This relationship shows that the equivalent concentrated load can be used to quickly
analyze the shaft displacement information.

node 6 node 7 node 8
1000 == coupling interface load 800 500 == coupling interface load —‘
900~ sub-coupling interface load == sub-coupling interface load
equivalent concentrated loads 700 700 equivalent concentrated loads
800 ™ C6*equivalent concenlraled loads 600 == C8%equivalent concentrated loads
600 - 1
700 500
—_ ~ 500
g 600 g 400 - A g
% 500 1T 3 400 ]
400 - 1 L |
g g 200 1 & 08
8 300 8 3
= = 100 - 2 200- 1
g 200 > 5
& 100 & & a0
3 : o o
% () st ‘_QU_ gﬁ_ () e ———
@ 25} @ @2 18
=100 720 -° ® 100 2
200 s | o o . 200- 3
0 0.5 1 1.5 2 - r A
-300 ’_gr 7 -400 == caupling interface load ,%
| == sub-coupling interface load = -5
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800 === coupling interface load 800 600 == coupling interface load
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Figure 6. Transient response analysis of coupling interface load, sub-coupling interface load and equivalent

concentrated load.

5. Conclusions

Aiming at the problem that the time-space coupling interface load cannot directly call the

conventional concentrated load transient response analysis method to calculate the displacement
response of the wind turbine gearbox shaft system, this paper combines DOP decoupling and
Chebyshev polynomials fitting to convert the coupling interface load into a series of concentrated
loads. Numerical examples show that the superposition effect of displacement response under three
sets of sub-coupling interface load coming from DOP is consistent with the displacement response
under coupling interface load. Chebyshev polynomials can well fit the spatial distribution function
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in the sub-load. A series of equivalent concentrated loads can be used to quickly calculate the
displacement response and provide displacement information for wind power fault diagnosis.
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are shown in the relevant Figure and tables in the article.
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