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Abstract. A lumped-parameter coupled nonlinear dynamic model for one large multi-stage wind
turbine gearbox transmission system is established comprehensively including wind varying load,
mesh stiffness, dynamic transmission error, gravity, and bearing nonlinear characteristics to obtain
the gearbox dynamic response. The vibration differential equations of the drive-train are deduced
through the Lagrange’s equation. On the basis of that, the dynamics of wind turbine gearbox is
investigated by a Runge-Kutta numerical method that includes simultaneous internal and external
excitations. The results show that the dynamic response of the partial component is mainly
superposed by high-frequency component caused by the internal excitation and low-frequency
component caused by the external excitation. In medium-speed stage and high-speed stage, the
vibration amplitude has obvious fluctuation, and the multiple frequency and random frequency
components become increasingly obvious with increasing rotational speed and eccentricity at gear
and bearing positions. Axial vibrations of the system also have some fluctuation. The bearing has
self-variable stiffness frequency, which should be avoided in engineering design stage. The study
results provide a theoretical foundation for dynamical characteristics evaluation and dynamic
optimization of a large wind turbine gearbox transmission system.

Keywords: wind turbine gearbox, dynamical model, coupled vibration, dynamic response.
1. Introduction

The gearbox transmission plays an important role in wind power industry. A failure of the
transmission may cause breakdown of the whole machinery and major economic loss. Wind
turbine is being increasingly deployed in remote onshore and offshore areas due to the richer wind
resource and the advantages of mitigating the land use and visual impact issues. In addition, it is
complex aerodynamic, mechanical and electrical machines incorporating sophisticated control
systems. Therefore, dynamic coupled vibration analysis of a large wind turbine gearbox is a key
research topic in the operation and maintenance of the gearbox system, which is consist of
housing, shaft, gear, support bearing and so on. The study of the vibration characteristics of
individual component has been established an important part of the design. However the vibration
characteristics of an individual component can change considerably when these components are
assembled together to form one system, due to the coupled vibration effects among these
constituent components. The gearbox is the key equipment of the synthetically mechanized wind
turbine equipment, the dynamic performance impacts on the reliability and safety of the whole
wind turbine. The accuracy dynamic response analysis of the wind turbine gearbox transmission
is also gradually increased due to the development of power for the wind turbine train system
towards the MW. Hence, the research of the coupled nonlinear dynamics an important theoretical
significance and engineering application value for the large wind turbine gearbox provides. A
number of models were proposed in past to describe the dynamic behavior of the wind turbine
gearbox transmission system, and also achieved some remarkable achievements [1-19].
Riziotis V. A. [4] and Thomsen K. [5] established the coupled nonlinear dynamic model of a
multi-stage gear-rotor-bearing transmission system by considering the internal and external
excitation, and the dynamic response of the typical system is calculated and analyzed with modal
superposition method. Peeters J. [6] presented three types of multi-body models for the
investigation of a drive train in a wind turbine, and a comparison of the different modeling
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techniques is discussed for a wind turbine’s drive train with a helical parallel high speed stage,
two planetary stages and a flexible rotor. Yang [7] developed an effective method for processing
raw SCADA data from wind turbine, proposed an alternative condition monitoring technique
based on investigating the correlations among relevant SCADA data, and realized the quantitative
assessment of the health condition of a turbine under varying operational conditions. Pérez J. [§]
categorized the main designs, focusing on their reliability by bringing together and comparing
data from a selection of major studies due to wind turbine manufacturers are continuing to develop
a range of configurations with different combinations of pitch control, rotor speeds, gearboxes,
generators and converters. Tavner P. J. [9] and Zhou [10] discussed the practical methods of
predicting large-wind-turbine reliability using grouped survey data from wind stats and show the
turbine design, turbine configuration, time, weather and possibly maintenance can affect the
extracted results. Zhu [11] and Bartelmus [12] analyzed the transmission system of gearbox used
in a large-scaled wind-driven generator with application of the theory of engagement, gear system
dynamics and nonlinear dynamics, and the nonlinear coupling dynamic system with multi-speed
gear-driven, which includes the gears, shafts and housing, was established including time-varying
stiffness, running clearance and manufacturing errors. Besides, the dynamic behaviors of the
coupled system were analyzed when the internal excitation to the system was considered. Qin
[13, 14] developed a mathematical model of a horizontal wind turbine drive-train by applying the
flexible multi-body dynamics theory based on the Lagrange’s equation. The natural frequencies
and modes were calculated, and the effects of bearing stiffness on those modes were examined.
The rotational vibrations of the sun gears as well as the tooth contact forces between the sun and
planet and the ring and planet were analyzed in detail. Xu [15] established the dynamic model of
overall gearbox train system by lumped parameter method including the time-varying,
comprehensive mesh stiffness, meshing error, and coupled vibration. But this article did not give
the corresponding numerical simulation. Helsen [16-17] and John [18] focused on the gearbox
model behavior assessment by means of three more complex modeling techniques of varying
complexity. Both simulation and experimental results were discussed. Typical mode categories
for traditional wind turbine gearboxes were defined. Moreover the challenge of the definition of
an accurate approach to condense finite element models for representing the flexible components
in the flexible multi-body models was overcome. Shi [19] established a mathematical model for a
horizontal axial wind turbine drive-train using the torsional multi-body dynamic model. The
differential equation was solved numerically by direct numerical integration, and dynamic
analysis was carried out to investigate the transient response of the drive-train system. It can be
seen that the references made summaries, comparison, and researches on the dynamical
characteristics of the gearbox transmission system in the past, the coupled dynamic model of the
gearbox system for wind turbine which considers the external load excitation, meshing stiffness,
input and output torques, meshing error, nonlinear characteristics of the support bearing and
gravity is rare. In order to analyze the dynamic characteristics of the gearbox transmission system
more accurately, it is necessary to establish precise dynamic model of the gearbox transmission
system. A requirement for reliable gearbox design calculations is sufficient insight in the dynamics
of the entire wind turbine drive train.

Accurate analytical modeling, including mesh relationships and detailed characterization of
the nonlinear dynamics of wind turbine gearbox, is needed to estimate gearbox vibration and
predict dynamic forces in industrial applications. Little work has been done to characterize for the
nonlinear effects of the support bearing and gravity on gearbox dynamics. The lack of experiment
studies to understand the complex dynamics of gearbox. In this paper, characterize the complex,
nonlinear dynamics of gearbox transmission system by lumped-parameter method propose an
analytical model, which is systematically studied the vibration characteristics of wind turbine
gearbox transmission system.
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2. Dynamic model and equations of gearbox

The theoretical system structure and the physical model are shown in the Fig. 1(a) and (b)
respectively. The MW wind turbine gearbox transmission system that will be studied in this paper,
as shown in Fig. 2, is a structural diagram that is a multi-mesh gear train. The drive-train in this
study consisted of a low-speed planetary gear stage (three identical planets with spur teeth, sun
and fixed ring gears) and two high-speed helical gear stages. This typical arrangement has been
commonly used in the wind turbine industry.

Model of the
gearbox dynamic
T

Planetary gear tranin Helical gear tranin Helical gear tranin
Coupled model planetary Coupled model helical Coupled model helical
transverse-torsional gear-rotor-bearing gear-rotor-bearing

a) The basic theory of wind turbine gearbox
T Planetary m Helical 1,2 m Helical 3,4 %T
""f gear train = gear train - gear train out
b) Physics model of the gear transmission system
Fig. 1. The theoretical model of wind turbine gearbox

In Fig. 2, T}, is the input torque, T,,,; represents the output torque, P; indicates the planet gear,
c is the carrier, r indicates the ring gear, s is the sun gear, 1 and 2 represent the driving and driven
gears of intermediate-speed stage, 3 and 4 are the driving and driven gears of high-speed stage.
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Fig. 2. Structure diagram of wind turbine gearbox;ansmission
2.1. Lumped-parameter analytical model of helical gear

Considering the influence of input/output and support bearing, et al., the static model of helical
gear-shaft-bearing system is shown in Fig. 3. The dynamic model of the transmission system, as
shown in Fig. 4, is established. m; and m, are the equivalent mass of helical gears respectively.
J; and J, represent moment of inertia; my; (i = 1-4) is equivalent mass at bearing position. J; and
J; indicate moment of inertia in input/output terminal. p; and p, represent the eccentricity. F;,
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Fy; and F; (i = 1-4) are nonlinear bearing forces in x, y and z directions.
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Fig. 3. Static model of helical gear-rotor-bearing system

Fig. 4. Dynamic mode of helical gear-rotor-bearing system

In Fig. 3, the fixed coordinate system A;-x;y;z; (i = 1, 2) is set up at A;, which is the ideal
center of the helical gears. B; (i = 1-4) represents the ideal center of bearing. 0, (x4, ¥1,2,) and
0,(x5,y,,2,) are the geometric rotational centers of the driving and driven gears;
G1(Xg1,Yg1,2g1) and G,(xg2,¥g2,Z4,) Tepresent centroid respectively. To deduce kinetic
equations of the helical gear-shaft-bearing system, the stress of the cylindrical gear with helical
teeth should be analyzed primarily. Therefore, the dynamic model of gear meshing is shown in
Fig. 4. @, and 6, (j = 1, 2, d, I) are the rotation angle and angular vibration displacement of
driving gear, driven gear, input terminal and output terminal. 13, and 13,, are the base radius of
driving and driven gears respectively; F;, F. and F, represent the tangential force; radial force and
axial force. a; and «a,, are the pressure angles of the pitch circle in the end face and normal
direction. 8 and f3; are helix angles of pitch circle and base circle. @; indicates the angle between
center line and vertical direction.

According to the previous geometrical relationship, the angle displacements of the
input/output, driving and driven gears can be expressed by the following equations:

¢d = (i)lt + gdt ¢l = (l)zt + 9[, ¢1 = (l)lt + 91, ¢2 = a)zt + 92. (1)

The relationships between Gl(xgl,ygl,zgl), G2(Xg2, Vg2, 252) and the 0;(xy,y1,21),
0,(x3,¥,,z,) are expressed as follows:

2808 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. SEP 2015, VOLUME 17, ISSUE 6. ISSN 1392-8716



1717. DYNAMIC COUPLED VIBRATION ANALYSIS OF A LARGE WIND TURBINE GEARBOX TRANSMISSION SYSTEM.
ZHAOHUI REN, SHIHUA ZHOU, BANGCHUN WEN

Xg1 = X1+ p1cos(—@1), Xg2 = Xz + p2COSP,,
Vg1 = Y1+ p1Singy, Ygo =y, + pasin(—¢,), )
Zgl = Zl' Zgz = Zz.

In order to ensure the contact of teeth surface on meshing performance, it is assumed that the
relative deformation of gear pair is completely changed into elastic deformation on teeth surface
along with the meshing direction. The meshing gear pair is connected through the spring and
damper [20]. Therefore, the comprehensive deformation of two helical gears in the meshing
direction is expressed as:

8 = (1p101 — 1262) + [(x1 + pycosdy) — (x, + ppcosp,)] cos(ay — a;) 3)
+[(y1 — p1sing,) — (v, + pzsing,)] - sin(ay — a,) + (z; — z;)tanp — e(t).

Based on the viscoelasticity theory, the meshing force of gear can be described as:
F = c,8 + k6, “)

where k,, and c,, represent the average meshing stiffness and damping; r3,; and 13, indicate the
base radius of helical gears; e(t) is the meshing error.

It is assumed that the dynamic meshing force which is from the driving gear to the driven gear
is positive. So the meshing forces in x, y and z directions can be described respectively as:

F, = Fcos(a, — a;), F, = Fsin(e; — a;), F, = Ftanp. (5)
2.2. Lumped-parameter analytical model of planetary gear

The planet carrier is regarded as the input terminal, and the sun gear is the output terminal.
The gear mesh is modeled as linear spring acting along the pressure line direction. The other
supports/bearings are modeled as nonlinear springs. The friction forces due to gear teeth contact
and other dissipative effects are captured using modal damping. Therefore the
translational-rotational model of the planetary gear system is shown in Fig. 5.

Fig. 5. The dynamic model of planetary transmission system

In Fig. 5, the OXY is the fixed-coordinate system. Oxy represents the motional-coordinate
system of the planet carrier. The Ox; points to the theory center of the planet gear, and the ideal
angular velocity of the carrier is w,. s, 7, ¢, p; are the subscripts of the sun, ring, carrier and planet
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respectively, and the subscripts from 1—i (i =1, 2, 3) designate the planets. x;, y; (j = s, 7, ¢)
represent the lateral displacements (the projections in the fixed coordinate system OXY). x,;, ¥p;
(i =1, 2, 3) indicate the vibration displacements projections of the ith planet gear in 0p;xp,;Vp;
coordinate system. 1,; (j =S, 1, ¢, p;) is the base radius of gears or radius of the carries. 6;
(j=s,r, c, p;) represents the rotational displacement of the sun, ring, carrier and planet
respectively. Besides, it is assumed that the counterclockwise is the positive direction. ¢; is the
circumferential position of the ith planet around the sun gear and ¢; = 2n(i — 1)/n, a is the
sun-planet and ring-planet operating pressure angles. kg, ¢5; (j =, t, b) are the bending,
torsional of sun gear and the bearing stiffness and damping in x -direction and y -direction
respectively, k., ¢,j (j =s, t) represent the bending of ring and the bearing stiffness and
damping in x-direction and y-direction, k., ¢.; (j = s, t, b) indicate the bending, torsional of the
carrier and the bearing stiffness and damping in x-direction and y-direction respectively, Kpyp;,
Cppi are the ith bearing stiffness and damping of planet gear in lateral-direction, ks, Cpis, Kpir
Cpir are the mesh stiffness and damping of sun-planet and ring-planet in the pressure line direction.

2.2.1. The elastic deformation of sun-planet in the pressure line direction

In the paper X, y, are the linear displacements of the sun gear in x-direction and y-direction,
and the 6473, is the circumferential angular displacement. x,Singg;, —yscos@g; and —6¢13,¢ are the
projections of sun-planet along the pressure line direction. x,;, y; are the linear displacement of
the planet gear in x-direction and y-direction, and the 8),7},; is the circumferential angular
displacement. x,;sina, —yp;cosa and —6,,;1pp,; are the projections of sun-planet along the pressure
line direction. So the compressive deflections in the sun-planet mesh spring can be expressed as
follows:

Bpis = XsSINQg; — YsCOSQg; — TpsBs + XpiSina + yp;c08a — 135,60

pis 6
Psi = Qi — . ©
2.2.2. The elastic deformation of ring-planet in the pressure line direction

X, Yy are the linear displacement of the ring in x-direction and y-direction, and the 8,13, is
the circumferential angular displacement. x,.sing,.;, —y,.cos@,; and —8,.1;,,- are the projections of
ring-planet along the pressure line direction. x,;, y,; are the linear displacement of the planet gear
in x -direction and y -direction, and the 6p;7py; is the circumferential angular displacement.
~XpiSina, yp;cosa and 0,,7y,,; are the projections of ring-planet along the pressure line direction.
So the compressive deflections in the ring-planet mesh spring can be expressed as follows:

Opir = Xy SINQy; — YrCOSPr; — Ty by — Xp;SINA + Yp,;€OSA + T 0.

P ™)
Pri =@ ta
2.2.3. The relative elastic deformation between planet gear and carrier

Opix and &y, are the relative displacement between planet gear and carrier in the ox;y;
coordinate system, the elastic deformations are:

6pix = Xpi — XCOSQ; — }’cSimPi: 6piy = Ypi + chin‘Pi — YcCOSQY; — rbL'gC' (8)
2.3. Vibration differential equations of the wind turbine gearbox transmission system

Based on the dynamic models of the helical gear and the planetary gear transmission, a
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generalized displacement vector of the whole gearbox transmission system can be defined with
respect to the global co-ordinate system by:

A=ri+1,+y,—dp, )

where 0; (i =c, 1, p;, S, 1, 2, 3, 4) represent the angular vibration displacement respectively, x;,
vi,zi (i=c,71,p; 8, 1,2,3,4) are the linear vibration displacements in x, y, z directions.
According to the dynamic analysis of the wind turbine gearbox, taking into the mesh stiffness,
input/output torque, the kinetic energy T, the potential energy U and the dissipation function R,
are established of the gearbox system. Utilizing the Lagrange equation, the differential equations
of the train system can be expressed as follows:
The vibration differential equation of the carrier:

3
mcjc.c + chs(xc - xbc) - Z Cpi(SpixCOSQOi - SpixCOS(pi) + chs(xc - xbc)

i=1

- Z kpi((spixcosqoi - SpixCOSQDi) = Fyexr

i=1

mcj}c + chs(}./c - ch) - Z Cpi(SpixSin(pi + SpixCOS(pi) + chs(yc - YDC) (10)

i=1

B Z(kpiapixSimPi + kpi‘spixcos‘l’i) = Fpey —Meg,

i=1
3

. 2 A
Icec + Cctrbcgc - Z Cplyrbc(SpLy + kctrbc Z kpzyrbc ply Td-

i=1

The vibration differential equation of the ring gear:

3
m.xX, + c X, — Z cpir(?pir sin(p; + a) + k,x, — Z kyir8pir sin(e; + a) = 0,
l=1 1—1
m;y, + ¢, yr + Z Cpir plTCOS((pL +a) +ky + Z kpl‘r(spl‘rcos((pl +a)=-m.g, (11
i=1

3
.. 2 A _
]rer + Crtrbrgr - Z Cplrrbrgplr + k‘rtrbr Z kaTTbT pir —

i=1
The vibration differential equation of the ith planet gear:
mpi(jépi - chypi - ngpi) + CpiSpix + (CpiSSpiS - Cpirgpir)sina + kpi5pix
+(kpi56pis - kpir6pir)51na = Q' ) )
ms(jipi + 2w Xp; — a)czypi) + CpiGpiy + (cpiS(SpiS + cpirdpir)cosa + kpiGpiy (12)
+(km-56m-S + kpir(ﬁpir)cosa = —myg,

]piepi - Cpisrbpi(spis + Cpirrbpigpir - kpisrbpi(spis + kpirrbpigpir =0.

The vibration differential equation of the sun gear:
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3
meks — Z Cpisé.‘pis Sin((pi - a) - Z kpis6pis Sin(q)i - CZ) = Fysxr

i=1 i=1
3 3

mgys + Z Cpisé.‘piscos((pi - CZ) + Z kpis6piscos((pi - CZ) = Fbsy —mgg, (13)
i=1 i=1

3
. 2 4 _
/sgs + Cstrbsgs - Z Cptsrbsgpts + kstrbs Z kplSTbS pis —

i=1

The vibration differential equation of the intermediate-speed driving gear:

my¥y + ks + kg Xy = —Fyy +mypy6;sing; +myp; (0 + 6;)? cosgy,
myY1 + Y1 + kyyy = —Fyp —myg — myp161c059; + myp; (w; + 6;)%sing,, (14)
myZy + €71 + kyyzy = _le'

U+ mlp%)él + Ctlél + k161 = mypi¥iSingy — mypyyicos@y — Fitpy.
The vibration differential equation of the intermediate-speed driven gear:

Myy + CyaXy + kyoXy = sz + myp,0,sing, + myp, (w; + 6,)? Cos¢y,

MyYy + €Yo + Kyp Y, = — My g — Myp,B,c089, + Myp,(w, + 6,)2sing,, (15)
MyZy + CppZy + kpp2y = FZZ,

Uz + myp3)0; + €120, + k20, = MypaXysing, — myp, 3,059, — Fyly,.

The vibration differential equation of the high-speed driving gear:

M3X3 + Cx3X3 + Kyzxz = Fx3 + m3p303sing; + maps(ws + 65)? CosQs,
M3Y3 + Cy3Y3 + Ky3ys = —Fy3 —mgzg — M3p30308¢3 + myps(ws + 03)?sings, (16)
M3qZ3 + Cp3Z3 + k323 = Fz3'

(Js + m3p2)0s + 1305 + k303 = mapskssings — mapsizcos@s — Farps.

The vibration differential equation of the high-speed driven gear:

MyXy + CraXy + kyaxy = Fx4- + m4p494smg04 + mypy(wy + 94) COSQPy,

MyYy + CypaYs + Kyays = —myg — m4p494cos<p4 + mypy(wy + 94) singy, (17)
myZ, + cz4z'4.+ Iczétz‘.L =F,4,

Ua + mypZ)bs + craby + k404 = Ty + Mypa¥asing, — mypayacos@, — Fyrps.

3. Dynamic excitation of wind turbine turbine gearbox

The gearbox transmission system withstands internal and external excitations. The external
excitation mainly refers to the external influence factors, which cause the gearbox vibration. For
example, the rotating blade vibration causes the gearbox vibration. The internal excitation mainly
refers to gear meshing stiffness, meshing error and so on.

3.1. External excitation

According to the aecrodynamic theory [21-22], taking the AR wind speed model as an external
excitation, the excitation can be expressed as follows:

1
Pin = 5 PTRSD(DC,, (18)
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where P;, is the input power of the wind turbine, p represents the air density, R indicates the
radius of the wind turbine, v(t) is the stochastic wind speed, C, is power coefficient.

The input torque and output torque of the wind turbine can be expressed by the following
equations:

Tin = j' Tout = %; (19)

where w is the angular velocity of the wind turbine, i represents the transmission ratio of the
gearbox.

According to the foregoing formulas, the simulation results of the wind speed and the wind
turbine input torque are shown in Fig. 6.
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2

5 5 0.
0 100 200 a8 06, 5 10
Time #/s Time #/s
a) Waveform of wind speed b) Waveform of input torque

Fig. 6. Random wind speed and driving torque
3.2. Internal excitation
3.2.1. Dynamic model of the angular contact rolling bearing

Angular contact ball bearing model is shown in Fig. 7. Bearing outer ring is fixed in bearing
chock, and inner ring is fixed in shaft. The balls are uniformly distributed between outer ring and
inner ring. The velocities v; and v at the contact point between the rolling ball and outer/inner
ring was analyzed, which can be expressed as:

v, = w;T, V, = w,R, (20)

where R and r represent the radius of the bearing outer and inner rings; w; and w,, are the angular
velocities.

Assuming that it is the pure rolling between ball and outer/inner ring, and the velocity of cage
can be expressed:

Wy +v)  (woR + wyr)

5 5 2n

Up

Generally, the bearing inner ring rotates together with shaft, and the bearing outer ring is fixed.
Utilizing the relationships w, = 0, w; = w. So the angular velocity of the cage is as follows:

2y, wyr 22)
@b = (R+7r) (R+71)
The rotation angle ¢; of the ith rolling ball at t moment can be expressed:
2r(i—1
Q; = wbt+%, (l = 1,2, 3,...,Nb), (23)
b

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. SEP 2015, VOLUME 17, ISSUE 6. ISSN 1392-8716 2813



1717. DYNAMIC COUPLED VIBRATION ANALYSIS OF A LARGE WIND TURBINE GEARBOX TRANSMISSION SYSTEM.
ZHAOHUI REN, SHIHUA ZHOU, BANGCHUN WEN

where N, represents the number of rolling ball.

In Fig. 7, dj, is the diameter of rolling ball, d indicates the diameter of shaft, d; and d,
represent the diameters of the bearing outer and inner orbits, d,, is the diameter of pitch circle,
andd,, = (d; +d,)/2.
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Fig. 7. Schematic diagram of angular contact rolling bearing

When the angular contact ball bearing is at a low speed, the centrifugal force and gyroscopic
moment can be neglected. F. and F, represent the radial force and axial force of bearing
respectively. The ball bearing and geometric deformation of different position are shown in Fig. 8.
a, is the initial contacting angular of before being loaded, a; indicates the angular after being
loaded; P, represents the center of the bearing outer ring before being loaded; Py is the one after
being loaded. Because the outer ring is fixed, the P, and P, are the same position; P; is the center
of inner ring before being loaded; P; represents the after being loaded; 6,;, 6,; and 8; are the axial
deformation, radial deformation and angular deformation respectively; R; is the curvature radius
of inner orbit; ¢; is the position angular; §;, §, and §); represent the contacting deformation and
total deformation between rolling ball and outer and inner orbits.

0,+Rb,cosp,
P

a) Before being loaded b) After being loaded ¢) Geometric deformation relation
Fig. 8. Ball bearing and deformation of different positions

Because the centrifugal force and gyroscopic moment are ignored, the contacting angular
between rolling ball and bearing orbit and the contacting force are the same. In Fig. 8(b), the
deformation of rolling ball at position angular ¢; can be expressed as:

8pi =8; + 6, =5 — A. (24)
According to geometric relationship in Fig. 8(c), the distance S between the curvature center
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of inner orbit and outer orbit can be expressed by the following equation:
S = [(Asina, + z + R;0;c0s¢;)? + (Acosa, + xcosp; + ysing;)?] /2. (25)

The normal contacting deformation between the ith rolling ball and the bearing orbit is as
follow:

8y =S — A = [(4sina, + 8, + R;0;cosp;)? + (Acosa, + 8,)%]'/% — A. (26)
Utilizing the relationships 6, = z, 8, = xcosg; + ysing;, the Eq. (26) can be expressed by:
8p; =S — A = [(Asina, + z + R;0;cos¢;)? + (Acosa, + xcosg; + ysing;)?|/? — 4,  (27)

where x, y and z represent the linear vibration displacement respectively;
Ry =dp,/2+ (ri —(dp/ 2))cosa0; A is the initial distance between curvature center of inner
orbit and outer orbit, and A = r; + 1y + Yo — dp,.

At the positon angular ¢;, the actually contacting angular a; can be expressed as:

, Asina, + z + R;0;cosg;
tana, = —, (28)
Acosa,, + xcos@; + ysing;

According to nonlinear Hertz contact theory, the contact force between the ith rolling ball and
the bearing orbits is f3,;, at the same time, the normal stress can be only generated between the
rolling ball and the bearing orbits when the §;; is more than zero. So the force can be expressed
by:

foi = Ke(8p)*% - H(8py)
= K {[(Asina, + z + R;0;cos¢;)? + (Acosa, + xcosg; + ysing;)?]*/% — A}3/2 29)
- H{[(Asina, + z + R;0;cos¢;)? + (Acosa, + xcosg; + ysing;)2]*/% — A}.

The normal load can be known by the Eq. (29), and the axial and radial forces can be expressed
as below:

fri = foicosay = Ko (8p;)/?cosay, fai = foisinay = K.(8p:)% *sinay. 30

So the bearing forces (Fpy, F,y and Fy,;) in x, y and z directions can be expressed by:

Np Np
Fpy = Z fricosg; = Z K (8p:)*/*cosag H(8p;)cos;,
i=1 i=1
Np Np
Fyy = Z frising; = Z K (8p:)*/*cosayH (8p)sing;, G
i=1 i=1
Np Np

i=

Fyy = Zfai =
=1

3.2.2. Error excitation

K. (85:)3/?sinagH (8p;).
1

Using the harmonic function [23], the error excitation can be described as follows:
e(t) = eg + e, sin(wet + @), (32)
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where e, and e, represent the mean and amplitude of meshing error; ¢, is initial position angle.
we = 2mn,2,/60. z; indicates the tooth number of driving gear.

4. Nonlinear dynamic response of gearbox system

From the previous conclusions and results, it can be seen that the wind turbine gearbox is a
complicated system with the strong nonlinearity, multi-speed gear-driven, time variance and the
support bearing. Therefore it is necessary to give a detailed analysis of the wind turbine gearbox.
The dynamic behaviors of system are investigated by Runge-Kutta numerical simulation method.

On this basis, the gearbox geometry parameters of the transmission system analyzed in this paper
are given in Table 1.

Table 1. Geometric parameters of the wind gearbox transmission system

Ring gear Sun gear Planet gear Modulus |Pressure angle
Low-speed planetary gear stage 123 27 3 2 275
. . Driving gear 1|Driven gear 2|Normal modules|Helix angle|Pressure angle
Medium-speed helical gear stage 104 23 10 35 25
. . Driving gear 3|Driven gear 4|Normal modules{Helix angle|Pressure angle
High-speed helical gear stage 08 25 65 5 20

4.1. Dynamic response of the wind turbine gearbox

By applying the coupled vibration model of a wind turbine gearbox transmission system, the
vibration analysis and calculations are carried out. In this paper, the dynamic response of the MW
wind turbine gearbox with the external load excitation, meshing stiffness, input and output
torques, meshing error, nonlinear characteristics of the support bearing and gravity effects are
investigated using the Runge-Kutta numerical simulation method that includes simultaneous
internal and external excitations. This method using the elastic mechanics theory is applied to a
lumped-parameter wind turbine gearbox model. The coupled dynamic mechanical analysis of the
system is performed so as to include all the components of influence factors.

—

p p 2.5

X X

£ £

= s

£-0.3 g O

5] 5]

Q Q

< ]

& &

kS kS

o =2-2.5 —

15y 8 £ 6 8
Time #/s Time #/s
al) bl)

T 1 9

= o

X X

E E

s =

£ g 0

3 3

= =

5 &

< < .5

A 2 T4 8

. Time #/s - Time #/s
a2) b2)

Fig. 9. Vibration waveform of the planet and sun
Fig. 9-Fig. 11 and Fig. 12-Fig. 14 show the vibration response of the partial component in x,

2816

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. SEP 2015, VOLUME 17, ISSUE 6. ISSN 1392-8716



1717. DYNAMIC COUPLED VIBRATION ANALYSIS OF A LARGE WIND TURBINE GEARBOX TRANSMISSION SYSTEM.
ZHAOHUI REN, SHIHUA ZHOU, BANGCHUN WEN

y, 6 directions, in which the carrier driver, having a rated speed of 17 r.p.m., drives the wind
turbine gearbox to rotate. The response curves (vibration waveform and spectrum) of components
are made appropriate interception in order to analyze the dynamic characteristics of the wind
turbine gearbox train system more accurately. The lateral vibration displacement response of
planet gear and sun gear in the low-speed stage is shown in Fig. 9. The negative value in figure
indicates the opposite direction with respect to the predetermined positive direction in the model.
In this paper, it can be found from comparison with Fig. 9-Fig. 11 that the planet gear has the
minimum vibration amplitude, the vibration amplitude of medium-speed helical gear stage takes
second place, and the vibration amplitude of high-speed helical gear stage has the maximum. In
addition, the vibration waveform of each component in the train system presents a different
changing trend due to the influences of the internal and external excitations.
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Fig. 10. Vibration waveform of the gear in medium-speed stage and high-speed stage

It can be seen from Fig. 9 that the dynamic characteristics of the planet gear and sun gear in
low-speed stage become more complex due to the time-varying load and nonlinear characteristics
of the support bearing. The vibration responses of the planet and sun are significant higher than
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others in low-speed planetary gear stage. (Because of the limited space, this paper only gives the
vibration response of planet and sun). Moreover, high-harmonic components are significant shown
in time-domain response. It can be found from comparison Fig. 9 with Fig. 6 that the vibration
responses of the planet and sun are similar change with the external excitation.

Fig. 10 shows the lateral and axial vibration displacement responses of the medium-speed
helical gear stage and high-speed helical gear stage. It can be seen from Fig. 10 that the vibration
responses of driving gear in x, y, z directions are slight higher than one of the driven gear.
Comparing Fig. 10 with Fig. 9, it can be seen that the vibration response of the medium-speed
helical gear stage become more complex due to the effects on the low-speed planetary gear stage
and high-speed helical gear. In addition, it can be also found the low-speed stage is mainly affected
by the external load, and the vibration of the high-speed stage mainly causes by load. The vibration
amplitudes are also obviously increasing and the magnitude of amplitude reach the 0.1 mm due to
the effects of the internal and external excitation. The support bearings in the low-speed stage and
high-speed stage inevitability stand heavy dynamic load due to the effect of the gear eccentricity,
mesh error and gravity. Hence, the bearing appears earlier failure. The dynamic response analysis
for the wind turbine gearbox should fully be considered the influences of the bending vibration,
torsional vibration, axial vibration and coupled vibration.

Fig. 11 shows angular vibration displacement response of the partial component. This
comparison proves that the torsional vibration displacement of each component is obviously
higher than those of lateral and axial vibration displacement response. So the torsional vibration
is the main vibration and torsional amplitude obviously appears different vibration features due to
the effects of the external excitation. In addition, the torsional vibration responses of the
components appear complex vibration characteristics, which are caused by the nonlinear features
of the support bearing and other excitations. In fact, bearing is one of main factor controlling
vibration in a power transmission system because they play a key role in determining the system’s
natural frequencies, and they can also be responsible for vibration amplification and transmission
to other parts.
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Fig. 11. Torsional vibration of the partial component in gearbox
4.2. Frequency response of the gearbox

In order to accurately analyze the dynamic of the wind turbine gearbox transmission system,
Figs. 12-14 show the frequency domain response of the partial component in lateral-direction,
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axial-direction and torsional-direction. It can be seen that the frequency domain response appear
a lot of frequency multiplication and frequency combination components. The meshing frequency
component of the low-speed stage is f;,, (f,n = fozr = 29.45 Hz), medium-meshing frequency
component i8 fi1 (fin1 = 21n1/60 = 163.6Hz), and the meshing frequency component of the
high-speed stage fi2 (finz = z3n3/60 = 707 Hz) in the wind turbine gearbox transmission
system. Fig. 12 show the lateral frequency domain response of planet gear and sun gear in the
low-speed stage. Analysis of the Fig. 12(a), (b) shows that there is a certain degree of continuous
spectrum at low-frequency stage due to the effects of the support bearing and the meshing between
the gears, which mainly includes frequency combination 2fy, + foe,  4fm + fops
Sfm + 3fvop + foc».-.) and frequency multiplication. Besides, it also appears a high-harmonic
component 536.5 Hz (18f,, + 3f; + f,). For the sun gear spectrum Fig. 12(c), (d), the frequency
components are relatively simple, but it also appears complex frequency combination (2f;, + f5,
4fm + 10f,, Sfin + 3fps — fs,--.) and frequency multiplication. In addition to the high-harmonic
component 536.5 Hz, there is also another obvious high-harmonic component 571.5 Hz
(19fn + fps)- The result indicate that the vibration frequency low-speed stage has a very obvious
probability distribution, which is mainly concentrated in the frequency range below 200 Hz. This

phenomenon is caused by the nonlinear characteristics of the support bearing and external
excitation.
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Fig. 12. Lateral spectrogram of the planet and sun in gearbox

Fig. 13 shows the lateral and axial frequency domain response of the medium-speed helical
gear stage and high-speed helical gear stage. It can be seen from Fig. 13 that the own rotating
frequency and the rotating frequency with meshing gear are the main frequencies in x, y, z
directions. For example, the driving rotating frequency f; (f; = n,/60 = 1.57 Hz) and the driven
rotating frequency f, (f; = n,/60 = 7.13 Hz) in medium-speed helical gear stage. The driving
rotating frequency f; (f3 =n3/60=7.13Hz) and the driven rotating frequency f,
(fa =n,/60 = 28.71 Hz) in high-speed helical gear stage. The meshing frequencies f,;
(fin1 = zyn1/60 = 163.6 Hz) and (f;,, = z3n3/60 = 707 Hz) are not immediately obvious,
which aren’t mark in the spectrogram.

It can be seen from the medium-speed helical gear stage that the driving shaft rotating
frequency f; is the main frequency component in x-direction and y-direction, and the driven shaft
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rotating frequency f, is the main frequency component in y-direction. The bearing variable
stiffness frequencies fp; (17.17 Hz) and f;, (58.59 Hz) also appear in three directions. In
addition, the frequency combination (f, — fi, fo + f1, fo1 + f1> fo2 + f1,-..) and frequency
multiplication (2f;, 2f5, 2fp1, 2fp2,--.) make the spectrogram become more complex in x and y
directions. What’s more, the frequency components are relatively simple in z direction. The
rotating frequency and frequency combination are the main components and the bearing variable
stiffness frequencies do not obviously appear. So the bearing has a larger effect on the lateral
vibration. (High-speed train stage also has the same properties, be limited by the space restrict

can’t write all go into detail).

Fig. 13. Lateral and axial spectrogram of medium-speed stage and high-speed stage in gearbox
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Fig. 14 shows torsional frequency domain response of the partial component in gearbox.
Through the contrastive analysis, it may discover that with the increase of the speed, the amplitude
distribution becomes complex gradually, where the frequency combination and frequency
multiplication also appear (it is similar with the forgoing waveform). The further analysis shows
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that these phenomena are caused by the influences of the external excitation, the characteristics of
assembly, the gear geometry parameters and the non-linear characteristics of the support bearing.

5. Conclusion

The drive-train in this study is consisted of a low-speed planetary gear stage and two
high-speed helical gear stages. Based on the theory of elasticity mechanics, a lumped-parameter
mathematical model is used to more precisely analyze the nonlinear dynamic model of coupled
vibration for the wind turbine gearbox transmission system. The main conclusions are as follows:

1) The dynamic response of the each component in the gearbox transmission system is mainly
superposed by high-frequency component caused by the internal excitation and low-frequency
component caused by the external excitation. The vibration frequency of the wind power planetary

gear transmission system has a very obvious probability distribution, which is mainly concentrated
in the frequency range below 200 Hz.
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Fig. 14. Torsional spectrogram of the partial component in gearbox

2) This comparison proves that the angular vibration displacement of each component is
obviously higher than those of lateral and axial vibration displacement response. So the torsional
vibration is the main vibration, which is similar change with the external excitation. The planet
gear has the minimum vibration amplitude, the vibration amplitude of medium-speed helical gear
stage takes second place, and the vibration amplitude of high-speed helical gear stage has the
maximum.

3) In medium-level and high-level transmissions, an obvious component of rotational
frequency of driven shaft exists in the driving shaft due to the coupled lateral-torsional-axial
vibration, and the rotating frequency and the frequency combination components are more obvious
showed in torsional direction. Bearing is one of main factor controlling vibration in a power
transmission system because they play a key role in determining the system’s natural frequencies,
and they can also be responsible for vibration amplification and transmission to other parts. In
addition, the bearing has its own variable stiffness frequency, which should be avoided in
engineering system design stage.
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