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Abstract 
 
Gearbox for wind turbine must be designed to have the sufficient structural strength to sustain the extreme torque and forces trans-

ferred from rotor blades. Traditionally, the structural analysis of gearbox has been made using the simplified FEM models in which the 
contacts between gear teeth are replaced with the equivalent forces acting on the gear shafts, because the consideration of the detailed 
internal gear transmission system requires a huge number of degrees of freedom. But, the traditional method can neither accurately reflect 
the gear transmission forces, nor is it preferable for the dynamic analysis. In order to solve these problems, a structural analysis method 
considering the tooth contact of internal gear system is introduced in this paper. The actual tooth contact between a pair of gears is mod-
eled with spring elements and the spring constants are determined through the stiffness analysis of gear teeth. The current analysis tech-
nique is justified through the comparison with the simplified gear system model and applied to the structural analysis of a 2-stage differ-
ential-type gearbox for wind turbine.   
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1. Introduction 

As natural gas and oil are getting exhausted, the demand of 
renewable energies such as solar-, wind- and hydro-powers 
and fuel cell is increasing all over the world [1]. Among them, 
wind power draws the intensive attention thanks to its poten-
tial to generate a huge amount of electricity from plenty of 
winds around us. Wind energy is transformed into electricity 
by wind turbine which is composed of rotor blades, step-up 
gear system, generator, nacelle and tower [2-4]. The step-up 
gear system is introduced between rotor blades and generator 
because the rotation number of rotor blades is extremely low 
to operate the generator. It is installed within a specially de-
signed gearbox case which is in turn assembled to the nacelle 
[4]. Here, the gearbox is meant by a structural system com-
posed of gears, shafts and case. 

Wind turbine is not only subject to various unexpected wind 
loadings like a gust of wind, but it also experiences various 
operation conditions such as emergency stop and start up [4-6]. 
As a result, the resulting dangerous torque and forces gener-
ated by rotor blades are delivered directly to the step-up gear 

transmission system, which may result in the structural failure 
of not only gearbox case but also the internal gear system 
unless the gearbox case has the sufficient structural strength. 
In this context, the structural design and evaluation of gearbox 
becomes an important task in the development of high-durable 
wind turbine [7], and this task is made based upon the extreme 
torques and forces which are specified for a number of wind 
loading and operation conditions [4]. 

The wind-induced torque supplied to the step-up gear 
transmission system transfers to the gearbox via gear shafts, 
while the external forces stemming from the weight of rotor 
blades and the interaction between gearbox and generator act 
directly to the gearbox. Here, the forces acting on the gear 
shafts which are resulted from the tooth contact between a pair 
of gears can be analytically derived using the power-speed 
relation and the force equilibrium. Since the structural analysis 
using the detailed FEM model including all the components 
within a gearbox requires a painstaking meshing job and leads 
to a huge number of finite elements, the actual tooth contact 
has been traditionally replaced with the forces acting on the 
gear shafts. However, this traditional method can neither re-
flect the gear flexibility and the accurate gear transmission 
forces, nor is it recommendable for the dynamic analysis be-
cause the distributed gear mass should be lumped to the gear 
shaft [8]. 
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According to our literature survey, Ramamurti et. al [9] 
used the simplest model to analyze the displacement and natu-
ral frequencies of a two-stage gearbox, in which only the 
gearbox case was modeled and the shaft reactions on bearings 
were applied to the inner surfaces of bearing fitting holes. 
Musial et al. [7] numerically analyzed the internal gear and 
bearing load reactions and internal displacements and motion 
of 2.5MW wind turbine gearbox. They constructed the 3D full 
finite element model including the detailed teeth of gears us-
ing SimPackTM software. Lethé et al. [10] carried out the de-
tailed and integrated 3D multibody simulation of the whole 
wind turbine using LMS Virtual Lab to numerically assess the 
structural stability under the extreme and unpredictable loads. 
They used the full gearbox model by considering the detailed 
gear teeth as well as the complex case geometry, bearings and 
gear shafts. Ooi et al. [11] applied the full gearbox model to 
the modal and stress analyses of portal axle. 

Meanwhile, Li et al. [12] numerically investigated the dy-
namic behavior of a speed-increase gearbox using a 3-D finite 
element model. The tooth contact was modeled by the mesh-
ing stiffness and the profile and pitch errors of gear tooth, and 
the meshing stiffness of all stages of the gear transmission 
were evaluated by a 3-D contact FEM analysis. Peeters et al. 
[13] presented a 3-D flexible multibody dynamics model of a 
three-stage planetary gearbox in a wind turbine to simulate 
natural frequencies and model shapes. They considered the 
bearing flexibility and modeled the tooth contact by the gear 
meshing stiffness, and the spring stiffness was defined accord-
ing to DIN 3990 as the normal distributed tooth force in the 
normal plane causing the deformation over a distance of 1 mµ . 
The gear meshing stiffness between two gears was evaluated 
by loading one gear with the other fixed. Drew and Stone [14] 
presented a simplified method for determining the test gear-
box damping level, for which the torsional natural frequency 
associated mainly with gear tooth flexure was identified using 
a numerical model of the test gearbox along. They modeled 
the tooth contact by a combination of linear spring and dash-
pot. 

The main purpose of this paper is to introduce an effective 
and reliable structural analysis method using finite element 
method for analyzing the displacement and stress at the de-
tailed component level within wind turbine gearbox in which 
not only the helical gear flexibility but the tooth contact is 
effectively considered. A gear up to the base circle is modeled 
as a 3-D linear elastic body, and the tooth contact between a 
pair of gears is modeled by spring elements with the spring 
constant equivalent to the stiffness of gear tooth which is 
evaluated by the finite element analysis. Using a simple gear-
box example, the numerical accuracy and DOF-efficiency of 
the proposed analysis technique are justified from the com-
parison of the maximum displacement and natural frequencies 
and mode shapes with those of the simple and full gearbox 
models. As well, the present analysis method is applied to the 
structural analysis of three-stage 5 MW wind turbine gearbox 
to illustrate its successful and effective application to real 

complex gearbox in engineering applications. 
 

2. Problem description 

2.1 Gearbox for wind turbine 

Wind turbines are classified largely into horizontal- and ver-
tical-axis types according to the direction of rotor axis align-
ment [2, 3]. Fig. 1(a) depicts a horizontal-axis wind turbine 
(HAWT), where fan-like rotor blades, gearbox and generator 
which are parallel to the rotor axis are assembled using hub 
and nacelle. Meanwhile, the vertical-axis wind turbine 
(VAWT) is characterized by a circle ring-type assembly of 
vertical blades which is rotating with the vertical tower as the 
center of rotation. However, almost all of the large-capacity 
wind turbines are horizontal-axis type because not only it has 
higher structural stability but it is more advantageous for 
scale-up and application at sea. The role of gearbox case is to 
ensure the smooth tooth contact between gears, by maintain-
ing the allowable tolerance of the radial distance between 
gears and by suppressing the misalignment of gear shafts [15]. 
In this regard, gearbox must be designed to have the sufficient 
structural strength against the extreme wind loading and ab-
normal operation conditions, not the only for preventing the 
structural failure. 

Referring to Fig. 1(b), a pair of torque arms is attached to 
the gearbox case to prevent the axial rotation of gearbox, and 

 
(a) 

 

 
(b) 

 
Fig. 1. Horizontal-axis wind turbine: (a) configuration; (b) detailed 
components. 
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the front rotor bearing and the rear output axis are to suppress 
the remaining degrees of freedom of gearbox. The configura-
tion of gearbox and its supporting method are of course 
somewhat different depending on manufacturer and the power 
capacity. The power-capacities of current wind turbines are 
from several kWs to several MWs at most [5]. In general, the 
number of revolutions of rotor blades ranges between 10 to 
20rpm while that of the output axis reaches more than 
1,000rpm, implying that the step-up ratio of the wind turbine 
gearbox should range between 50 to 100 [4]. Wind turbine 
gearbox is a heavy large-scale structural system of several 
tons with the characteristic dimension reaching several meters 
at most, subject to the severe fluctuating external torques and 
forces. Thus, the structural and fatigue strength of wind tur-
bine gearbox under such unstable extreme loadings is the most 
important requirement for the stable and accurate transmission 
of wind load to the generator. 

 

2.2 External forces and moments 

As mentioned above, wind turbine is subject to various un-
stable dynamic loads caused by gust and abnormal operating 
conditions like emergency stop. Since the height of wind tur-
bine reaches several ten and hundred meters, even the normal 
wind produces the remarkable variation of wind velocity in 
the vertical direction [16]. Referring to Fig. 2, external mo-
ment and force acting on the wind turbine can be decomposed 
using a Cartesian coordinate system with the origin at the 
mass center of wind turbine and one axis aligned along the 
rotor axis. Here, 

x
M  denotes the driving toque applied to the 

gear transmission system by the rotation of rotor blades, and 

z
M  and 

y
F  are owing mainly to the wind flow component 

inclined to the rotor axis. In addition, 
x

F  and 
z

F  are caused 
by the total axial pressure of wind and the total weight of the 
hub assembly while 

y
M  is mostly produced by the differ-

ence in the wind pressure distributions of three rotor blades. 
Among these moment and force components, the driving 
torque 

x
M  and the vertical force 

z
F  give rise to a strong 

impact on the structural failure of gearbox. 
 

3. Finite element structural analysis techniques 

3.1 Simple and present models for wind turbine gearbox 

Let us consider the traditional simple approaches to model 
the gear transmission force delivered through the tooth contact 
between a pair of gears shown in Fig. 3(a). The transmitted 
force ( )P kg  can be analytically calculated by 

 

( )
2T

P kg
D

=                                    (1) 

 
with ( )T kgf m⋅  and ( )D m  being the applied torque by 
wind and the pitch circle of helical gear. Letting α  and β  
be the pressure and helix angles of helical gear, the normal, 
tangential and axial force components of the gear transmission 
force P  are calculated by 
 

/ / /

tan
, , tan .

cos
N T A

a b a b a b

P
F F P F P

α
β

β
= = =           (2) 

 
The subscript a/b indicates the gear contact force acting on 

gear A by gear B, and the law of action and reaction implies 

/ /a b b a
F F=− . When the gear shafts are included in the simple 
structural analysis model shown in Fig. 3(b), these two force 
components are directly applied to the gear shafts as either 
point loads or uniformly distributed loads. Meanwhile, when 
the gear shafts are further excluded, the reaction force compo-
nents NR  and AR  calculated by the elementary static equi-
librium are applied to the inner surface of the bearing support-
ing holes [9], as represented in Fig. 3(c). 

The structural analysis model adopted for the current study 
is represented in Fig. 4, where gears are modeled as solid discs 
with the outer surfaces being the base circles. The contact 
between gear teeth is modeled using a line spring element 

 
 
Fig. 2. Moment and force components in Cartesian coordinates. 

 

 
(a) 

 

    
              (b)                           (c) 
 
Fig. 3. Simple modeling of the tooth contact forces: (a) full model; (b) 
simple model 1(to the gear shaft); (c) simple model 2 (to the bearing 
hole). 
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which connects the left corner of one gear and the right corner 
of the other gear along the helix line. The stiffness coefficient 

eq
k  (i.e., spring constant) of the line element is calculated by 
the finite element analysis of gear tooth described in section 
3.2. By connecting two gear surfaces along the helix angle β , 
three components of the gear transmission force are numeri-
cally implemented. 

 

3.2 Evaluation of the stiffness coefficient of gear tooth 

Referring to Fig. 5, let us consider a contact between a pair 
of helical gear teeth for the sake of simple explanation. By 
denoting 

A
k  and 

B
k  be the stiffness coefficients of each 

tooth of helical gears A and B respectively, the equivalent 
stiffness coefficient of the tooth contact between a pair of 
helical gears with the contact ratio 

c
ℓ  is calculated by 

 

( )/ .
eq c A B A B
k k k k kℓ= +                        (3) 

 
In the current study, the stiffness coefficient of a single 

tooth of helical gear is evaluated by the finite element analysis. 
The main gear body beneath the base circle is assumed to be 
rigid and the uniform distributed contact force q  is applied 
to the contact line between a pair of helical gears. The contact 
line is chosen at the pitch circle and the direction of the dis-
tributed load coincides with the line of action (LOA). Then, 
the stiffness coefficient of a single tooth of helical gear is cal-
culated by [12] 

 
/ cos

A

LOA

qb
k

β

δ
=                               (4) 

 
in which b  is the width of gear tooth and 

LOA
δ  is the deflec-

tion of gear tooth at the pitch circle in the direction of LOA. 

4. Numerical study 

Two gearbox models are considered for the numerical 
study: a simple gearbox model for the verification of the pro-
posed structural analysis technique and a three-stage wind 
turbine gearbox for the application purpose. The justification 
and effectiveness of the proposed method are examined by 
comparing the displacement and effective stress values and 
the total number of elements. 

 
4.1 Numerical example 

Fig. 6 shows a simple gearbox model composed of four 
helical gears and three shafts, where the driving shaft is sub-
jected to an applied torque 3,820T kN m= ⋅  and the output 
shaft is not allowed to rotate. The four edges of the right plate 
of the gearbox with the uniform thickness t  of 40 mm  are 
clamped, and the body forces of individual components are 
considered. The gearbox is assumed to be linearly elastic 
and isotropic and the density, Young’s modulus and Pois-
son’s ratio are as follows: 36,920 / ,kg mρ= 169.0E GPa=  
and 0.275ν =  for gearbox case, 37,800 / ,kg mρ = E =  
205.0 GPa  and 0.29ν =  for idle 2 and output gears, and 

37,870 / ,kg mρ= 200.0E GPa=  and 0.29ν =  for the 
remaining gears and shafts. Bearings are not included in finite 
element modeling by replacing them with the frictionless slid-
ing contact between shafts with disc stoppers and the gearbox 
holes. 

In order to compare the displacements and effective stresses, 
the full and simple analysis models as well as the model con-
sidering the tooth stiffness coefficient are constructed. The 
simple model shown in Fig. 3(b) is constructed by specifying 
the normal and axial forces onto the gear shafts, while the 
frictionless bi-directional sliding condition is specified to the 
tooth surfaces in contact. The finite element meshes of the full 
and simple models are generated with 10-node tetrahedron 
elements and the total numbers of elements are 1,025,647 and 
64,400 respectively. 

The major specifications of gear components are given in 
Table 1 and the contact ratios of each pair of helical gears are 
given as follows: 2.0508 between driving gear and idle 1 and 
2.3989 idle 2 and output gear. The tooth deformations of each 
helical gear are obtained by the finite element analysis de-

 
 
Fig. 4. Gear tooth contact modeling using spring element. 

 

 
 
Fig. 5. FE model for evaluating the tooth stiffness coefficient. 

 

 
 
Fig. 6. A simple gear transmission system composed three gear shafts 
(unit: mm ). 
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scribed in section 3.2 and the tooth stiffness coefficients k  of 
four helical gears which are computed using Eq. (4) are given 
in Table 2. The gearbox model considering the tooth stiffness 
coefficient is discretized with the total of 90,306 10-node tet-
rahedron elements. 

Finite element analyses were carried out by midas NFX, 
commercial FEM software [17]. The displacement and the 
effective stress distributions of the gearbox case of the model 
considering the tooth stiffness coefficient are represented in 
Fig. 7. Referring to Fig. 6, the peak displacement is observed 
at point 1P  near the output gear shaft as expected, and the 
peak effective stress is occurred at point 2P  on the clamed 
edge. From the numerical results of other two simple models, 
it has been observed that three different analysis models lead 
to almost the same displacement and stress distributions. But, 
the maximum values are different for three models, as given in 
Table 3, where the values in parenthesis indicate the relative 
difference with respect to the values of the full model. Com-
pared with the full model, it has been confirmed that the pro-
posed method provides the numerical accuracy close to the 
full model with only the total number of elements close to the 
simple model. 

4.2 Application to a wind turbine gearbox 

Fig. 8(a) shows a 5 MW wind turbine gearbox composed of 
first- and second-stage planetary gear sets and third-stage driv-
ing/driven gears. The rated input speed is 12.5rpm and the 
speed up ratio is 100. Each of first- and second-stage planetary 
gear sets consists of a fixed ring gear, four planetary gears and 
a sun gear. The contact angle 20oα=  is same for all the 
fourteen helical gears, but the helix angle β  is set stage-wise 
such that 5oβ =  for the first stage, 7oβ =  for the second 
stage and 8oβ =  for the third stage, respectively. The den-
sity, Young’s modulus and Poisson’s ratio are set as follows: 

36,920 / , 169kg m E GPaρ= =  and 0.275ν =  for gearbox 
case, 37,800 / ,kg mρ=  206E GPa=  and 0.3ν =  for 
ring gears, and 37,860 / , 200kg m E GPaρ= =  and ν =  
0.29  for the remaining gears and shafts, respectively. 
Referring to Fig. 8(b), the bottom surfaces of two torque 

arms are supported by linear springs with the spring constant 

TA
k  of 300 /kN mm  and the side surfaces of two torque 
arms are constrained in the direction normal to the guide 
plates. The torque T  corresponding to 5.0 MW  is applied 

Table 1. Major specifications of gear componenets. 
 

Gear 
Teeth 
number 

Mod-
ule 

Pitch circle 
diameter 
(mm) 

Tooth 
width 
(mm) 

Pressure 
angle 
(deg) 

Helix 
angle 
(deg) 

Driving 70 1,1131.007 250 

Idle 1 25 403.931 250 
8 

Idle 2 18 290.163 340 

Output 34 

16 

548.085 340 

20 

7 

 
Table 2. The tooth stiffness and equivalent stiffness coefficients. 
 

Gear 
Tooth stiffness 

coefficient 

( )/k kN mm  

Contact 
ratio 

c
ℓ  

Equivalent stiffness 
coefficient 

( )/
eq
k kN mm  

Driving 100.22 

Idle 1 105.77 
2.0508 105.53 

Idle 2 93.22 

Output 92.16 
2.3989 111.18 

 
 

 
           (a)                            (b) 
 
Fig. 7. Numerical results of the present analysis model: (a) deformed 
configuration; (b) effective stress distribution. 

 

Table 3. Comparison of the maximum displacements and effective 
stresses and the total numbers of elements. 
 

Maximum values of FEM results 
Analysis 
model Displacement 

( )mm  
Effective stress 

( )2/N mm  

Total number 
of elements 

Full model 20.31 484.23 1,025,647 

Simple model 
20.91 

(+2.95%) 
542.91 

(+12.14%) 
64,400 

(-93.72%) 

Present model 
20.49 

(+0.89%) 
493.99  

(+2.02%) 
90,306  

(-91.20%) 

 

 
(a) 

 

 
(b) 

 
Fig. 8. A 3-stage 5 MW wind turbine gearbox: (a) internal gear system; 
(b) FEM model. 
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to the input shaft which is constrained in the radial direction 
and the output shaft is constrained not to rotate. The tooth 
stiffness coefficients of all the helical gears are calculated 
according to the numerical technique described in section 3.2, 
and the finite element model considering the tooth contact in 
the present study is constructed with the total of 542,561 10-
node tetrahedron elements. Meanwhile, both the normal and 
axial forces acting on the gear shafts of the simple model as 
shown in Fig. 3(b) are calculated using Eqs. (1) and (2), and 
those are divided by the gear widths and applied to the gear 
shaft surfaces as uniform distributed loads. The simple model 
is discretized with the total of 394,723 10-node tetrahedron 
elements. 

The tooth stiffness coefficients obtained by the finite ele-
ment analysis of a single tooth of each helical gear are given 
in Table 4, where sun gear in the first-stage planetary gear set 
shows the highest value because of its small pitch circle but 
large tooth width. The effective stress distributions, together 
with the deformed configurations, of the present and simple 
analysis models are comparatively represented in Fig. 9. In 
both models, the peak displacements occur at the tip of the 
right torque arm and the maximum effective stresses are ob-
served at the upper corner of the right torque arm. As given in 
Table 5, the simple analysis model predicts higher displace-
ment and effective stress by 17.6 and 11.37% than the present 
analysis model. The comparison between two analysis models 

is quite consistent with that given in Table 3 for the simple 
gearbox model. The present analysis model requires more 
finite elements than the simple analysis model, but the in-
crease of the total element number is not significant, consider-
ing that the full analysis model requires the total of 1,570,654 
elements. 

 
5. Conclusions 

A structural analysis model of wind turbine gearbox consid-
ering the tooth contact of internal gear transmission system 
has been introduced. The tooth stiffness coefficients of helical 
gears were evaluated by finite element analysis, and the tooth 
contact between a pair of helical gears was modeled by line-
arly connecting two spring elements which represent the tooth 
stiffness of each gear. The contact ratio between a pair of heli-
cal gears was also considered into the equivalent spring con-
stant. Through the benchmark study using a simple gearbox 
model, it has been observed that the present structural analysis 
model provides the numerical accuracy with the relative error 
less than 3% with the significantly reduced total number of 
elements, when compared with the full analysis model consid-
ering the detailed gear teeth. The proposed model successfully 
applied to the structural analysis of 5 MW wind turbine gear-
box, and the displacement and stress distributions of the whole 
wind turbine gearbox were obtained with only the total num-
ber of elements reduced by three times, compared to the total 
number of elements required for the full gearbox model. 
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