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Abstract 
 
The reliability and service life of wind turbines are directly influenced by the dynamic performance of the gearbox under the time-

varying wind loads. The control of vibration behavior is essential for the achievement of a 20-year service life. We developed a rigid-
flexible coupled dynamic model for a wind turbine gearbox. The planet carrier, the housing, and the bedplate are modelled as flexibilities 
while other components are assumed as rigid bodies. The actual three points elastic supporting are considered and a strip based mesh 
model is used to represent the engagement of the gear pairs. The effects of gear tooth modifications on the dynamics were investigated. 
Finally, we conducted a dynamic test for the wind turbine gearbox in the wind field. Results showed that the contact characteristics of 
gear pairs were improved significantly; the peak-to-peak value of transmission error of each gear pair was reduced; the amplitudes of the 
vibration acceleration and the structural noise of the wind turbine gearbox were lowered after suitable tooth modification.   
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1. Introduction 

The rapid development of the global wind energy market in 
recent years has fueled significant growth in the power output 
of the wind turbine. Since the wind turbine gearbox is in-
stalled in the narrow space of a nacelle on top of a high tower, 
it has the highest failure rate due to the varying and random 
wind loads [1]. The reliability and durability of wind turbine 
gearboxes has attracted more and more attention. Gear modi-
fication can reduce the gear meshing impact and improve load 
distribution performance. Meanwhile, it is helpful to decrease 
the vibration and noise.                                    

In recent years, several studies have been conducted on the 
vibration and noise behaviors of wind turbine drive trains. 
Using the flexible multibody modeling technique, the reliabil-
ity, noise and vibration behavior based on three different con-
figurations (threepoint mounting, double bearing configura-
tion, and hydraulic damper system) were investigated by Hel-
sen et al. [2]. They illustrated that different suspension meth-
ods and variation of support parameters had a great influence 
on the dynamic performance of the gearbox. In addition, they 
studied gearbox modal behaviors using three different models: 
The purely torsional, rigid six degree of freedom with discrete 

flexibility and flexible multibody technique [3]. Park et al. [4] 
developed a 1.5 MW wind turbine gearbox dynamic model 
considering the flexibilities of housing, planet carriers and ring 
gears, the nonlinear mesh stiffness of gears and the nonlinear 
stiffness of bearings. Then, the effects of helix modification on 
tooth surface load distribution and load sharing were analyzed. 
Ma et al. [5] developed a mesh stiffness model for profile 
shifted gears with addendum modifications and tooth profile 
modifications and determined the optimum modification 
curves under different tooth profile modifications. A finite 
element based dynamic model of high speed gear-rotor-
bearing system was developed by Hu et al. [6] and the effects 
of tooth profile modification on dynamic responses were stud-
ied. Parker et al. [7] developed a nonlinear analytical model 
considering the dynamic load distribution between individual 
gear teeth, the time-varying mesh stiffness, profile modifica-
tions and contact loss. Then, the effects of tooth profile modi-
fication on multi-mesh gear set vibration were studied. Yu et 
al. [8] proposed a new theory called compensated conjugation 
for gear conjugation and PPTE reduction. They offered a very 
general criterion for proper modification rather than being 
limited to a certain type of modification or geometry. Wu et al. 
[9] used a finite element analysis software ANSYS to analyze 
the gear tooth deformation on influence of gear meshing 
transmission performance. Velex et al. [10] used a modular 
three-dimensional model of multi-mesh gears to analyze theo-
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retically the link between dynamic mesh excitations and 
transmission errors. Li et al. [11] investigated the effects of 
tooth profile modification and lead relieving on tooth en-
gagements of a pair of spur gears and the effects of misalign-
ment error of gear shafts on the plane of action, tooth lead 
crowing and transmitted torque on tooth mesh stiffness. Bahk 
et al. [12] developed an analytical tooth profile modification 
model for planetary gears, and evaluated its accuracy for dy-
namic analysis by comparisons with a benchmark finite ele-
ment analysis. Zhu et al. [13, 14] developed a dynamic model 
of a wind turbine gearbox with flexible pins and investigated 
the effect of such pins on the dynamic behavior of wind tur-
bine planetary gear drives. A drive train model of wind turbine 
was also established and the dynamic characteristics based on 
the measured load spectrum were investigated by them. 
Petković et al. [15, 16] proposed a wind generator equipped 
with CVT, and proposed the application of Adaptive neuro-
fuzzy inference system (ANFIS) to control the CVT ratio to 
extract the maximal wind energy through the wind turbine. In 
addition, they adapted the ANFIS to estimate optimal coeffi-
cient value of the wind turbines. Shamshirband et al. [17, 18] 
presented a Support vector regression (SVR) technique to 
estimate the wind turbine power coefficient and to predict the 
optimal values of the wind turbine reaction torque. The results 
showed that an improvement in predictive accuracy and capa-
bility of generalization can be achieved by the SVR approach. 
Nikolic et al. [19] established an adaptive neuro-fuzzy method 
for the estimation of wind turbine rotor performances, power 
output, torque output and rotor rotational speed in regard to 
diffuser effect and wind input speed. Wan et al. [20, 21] per-
formed a systematic study to comprehensively model the 
ploughing mechanism in the milling process, and the plough-
ing mechanism was modeled in a generalized way to be suit-
able for predicting both static and dynamic cuts. They also 
studied the stability lobe prediction methods for the milling 
process with multiple delays, and highlighted the influences of 
different cutting force models on stability lobes. However, 
little work has been conducted on the effects of gear tooth 
modifications on the dynamic performance of wind turbine 
gearbox considering the actual three points elastic supporting 
of the gearbox with the actual measured wind load spectrum 
and the related experimental verification. 

 
2. Transmission principles and dynamic modeling of 

the wind turbine transmission system 

2.1 Transmission principles 

The selected wind turbine gearbox consists of a planetary 
stage and two parallel stages with an overall transmission ratio 
of 1:115.25. The basic structure of the gear transmission sys-
tem is shown in Fig. 1. For the first stage, power is transmitted 
to the carrier through the blades, rotor and main shaft and then 
transmitted to the sun gear via planets and ring. For the second 
stage, the power is transmitted to the middle stage gear pair 
(g1-g2) by sun gear before it’s finally delivered to the high-

speed shaft through the high-speed gear pair (g3-g4). As 
shown in Fig. 1, the symbols v, Tin and Tout represent the wind 
speed, the input torque, and the output torque, respectively. 
The detailed parameters of the transmission system are listed 
in Table 1. 

 
2.2 Dynamic modeling 

The wind turbine gearbox used in this study is a conven-
tional gearbox for a 2200 KW wind turbine system. The main 
components of the wind turbine transmission system are the 
hub, the main shaft, the gearbox, and the generator. The wind 

Table 1. The geometric parameters of wind turbine gear transmission 
system. 
 

Stage Item Ring gear Sun 
gear Planet gear 

Number of teeth 96 21 96 

Module (mm) 15 15 15 

Pressure angle (°) 25 25 25 
1st 

Helix angle (°) 8 8 8 

Item Wheel Pinion 

Number of teeth 97 23 

Module (mm) 11 11 

Pressure angle (°) 20 20 

2nd 

Helix angle (°) 10 10 

Number of teeth 103 21 

Module (mm) 8 8 

Pressure angle (°) 20 20 
3rd 

Helix angle (°) 10 10 

 

1st stage

Tin

wind

3rd stage

Tout2nd stage

c

r
pi

s
g1

g2

g3

g4

 
 
Note: r- the internal ring; c- the carrier; pi- the planet gears; s- the sun 
gear; g1 and g2- the wheel and the gear of the intermediate gear stage, 
respectively; g3 and g4- the wheel and the gear of the high-speed gear 
stage, respectively. 
 
Fig. 1. The diagram of transmission principle of wind turbine transmis-
sion. 
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turbine transmission system applies a three-point supporting 
configuration, where the main shaft is supported by a main 
bearing and the gearbox is connected to the nacelle by means 
of torque arms. Important components of the system are 
shown in Fig. 2 and the symbols in Fig. 2 are described in 
Table 2 [2].  

The flexibility of the bearing is very important for the wind 
turbine drive train [3, 22]. Bearings are usually modelled in a 
discrete fashion by means of stiffness and damping relation-
ships [23]. However, this approach neglects the off-diagonal 
stiffness terms in the bearing stiffness matrix. This is because 
it does not consider the coupling effects between the different 
degrees of freedom, which has a great influence on the dy-
namic behaviors on the system [24]. Considering all off-
diagonal cross stiffness terms, the stiffness matrix of the bear-
ings in the gearbox and main bearing in this study can be rep-
resented by 
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The bushing element for the torque arm can be represented 

by a single 6×6 spring-damping relation and only the diagonal 
terms were considered.  
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where x, y and z represent the three translational degrees of 
freedom. u, v and w represent the three rotational degrees of 
freedom around x axes, y axes and z axes, respectively. 

Gear mesh stiffness is traditionally represented by a single 
spring element along the line of action. However, this method 
cannot consider the variation of tooth surface pressure along 
the direction of tooth width. To analyze the gear contact more 
accurately, we used a strip-based mesh model as shown in Fig. 
3. It assumes that each gear is divided into several strips 
across the contact line [25, 26]. Then the stiffness between 
each pair of strips of the pinion and gear is calculated by the 
ISO 6336 [27]. Then, the synthesized mesh stiffness for the 
gear pair can be obtained. 

All structural components are considered to be rigid except 
for the planet carrier, housing and bedplate. These three com-
ponents are represented by finite element models. Then the 

finite element models are condensed to the reduced stiffness 
matrices and are coupled with the transmission system com-
ponents through interface nodes. The rigid-flexible coupled 
multi-body dynamic model has been developed using the 
commercial software Masta [28], as shown in Fig. 4. 

 
3. Gear tooth modifications and tooth contact analy-

sis 

Suitable gear tooth modification can improve the tooth con-
tact performance and further decrease the vibration and struc-
tural noise of the wind turbine transmission system effectively. 
To perform gear tooth modification effectively in most work-
ing conditions, it is essential to consider the actual load spec-
trum for the gear tooth modification. A real-time load test was 
conducted to capture the time-history of the wind load within 
a period and the time-history load can be condensed to obtain 
a load spectrum as shown in Fig. 5. 

Table 2. Symbols in the topological graph of the wind turbine drive 
train. 
 

Symbols Meaning Symbols Meaning 

R Rotor MB Main shaft bearing bearing 

S Shaft B Bushing 

GR Generator CP Coupling 

G Outer gear P Planet gear 

SG Sun gear C Carrier 

GB Gearbox   

 
Nacelle

GR

SG

P

C G1

G2G3

G4

MB S1

B S2
6 DOF 

Bearings
Gear Mesh 
Stiffness

S3

S4

CP

S5GB

R

 
 
Fig. 2. Topological graph of the wind turbine drive train. 
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Fig. 3. The slices model of gear. 
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First, tooth modification is optimized automatically by the 
commercial software Masta according to the measured load 
spectrum. The optimization target for gear modification is the 
contact stress, and the max contact stress can be represented 
by Eq. (3). The initial relief amount can be determined by 
the mins∑ . 

 
1 1 2 2= + +  + n nk k ks s s s∑ … ,                      (3) 

 

where nk  is the weight ratio of the n-th condition of the load 
spectrum ( 1 2= =  = nk k k… )，and ns  (MPa) is the maximum 
tooth surface contact stress of the n-th condition in load spec-
trum.  

For the automatic tooth modification, the combined lead 
and profile modifications are used. For lead modification, it 
contains crowning modification, helix angle modification and 
gear flank end modification. For the profile modification, it 
contains barreling modification, pressure angle modification, 
gear tip and gear root modification. Then, the contact pattern, 
contact pressure and the transmission error are analyzed. 
Based on the analysis results, the tooth modification parame-
ters are manually adjusted to make the contact pattern larger 
and transmission error lower. The final relief amount of each 
gear pair can be seen in Figs. 6-8. 

The calculated contact patterns with and without gear tooth 
modification under rating condition are shown in Figs. 9-11. 

 
 
Fig. 6. Relief of the planetary gear pair (Sun-planet). 

 

  
 
Fig. 7. Relief of the planetary gear pair (Annulus-planet). 

 

 
 
Fig. 8. Relief of the high-speed stage gear pair. 
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Fig. 9. Contact patterns of sun-planet meshes. 
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Fig. 10. Contact patterns of annulus-planet meshes. 
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Fig. 11. Contact patterns of pinion-wheel meshes of high-speed stage. 
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Fig. 4. Dynamic model of the wind turbine transmission system. 

 

 
 
Fig. 5. Load spectrum of megawatt level wind turbine gearbox. 
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The maximum contact pressure value and face load factor for 
each gear pair with and without modification can be seen in 
Tables 3 and 4, respectively. According to the results, when 
the modification is applied, the maximum load zone on the 
contact pattern shifts to the center of tooth surface, the edge 
contact originally seen in the gear tooth surface disappears, the 
distribution of loads on the tooth surface becomes uniform, 
and the maximum contact stress and face load factor of the 
tooth surface decrease for each gear pair. 

Generally, Transmission error (TE) is considered to be the 
main source of noise and vibration of gear transmission sys-
tem. The calculated time-varying transmission error of gear 
pairs with and without modifications is shown in Fig. 12. The 
peak-peak values of the transmission error are listed in Table 5. 
It can be seen that the peak-to-peak value of TE for each gear 
pair and system is reduced significantly due to gear tooth 
modification. 

 
4. Dynamics analysis of the wind turbine gearbox 

Using the proposed coupled drive train dynamic model, the 
dynamic responses are computed and analyzed subsequently. 
The acceleration response of high-speed stage bearing housing 
for the down wind direction is studied under the rating condi-
tion. Fig. 13 illustrates the dynamic response at the measured 
point. The excitation frequencies (i.e., meshing frequencies of 
gear pairs and their harmonics) under rating condition are 
listed in Table 6. 

From the results shown in Fig. 13, the peak values of accel-
eration response corresponding to the first order and second 
order meshing frequencies of the high-speed stage are larger 
than others without modification. In addition, their reduction 
corresponding to the two typical frequencies is also larger than 
others with and without modification. It illustrates that the 
excitations from the two typical frequencies can produce a 
greater impact on the dynamic behavior of the gearbox. The 
maximum vibration acceleration values at the mentioned 
measured point excited by the two typical frequencies can be 

seen in Table 7. 
To reflect the effect of the tooth modification on the dynam-

ics of the gearbox more accurately, it is necessary to analyze 
the acceleration response at the measured point within the 
whole operation range. The excitation frequencies HM_1p 
and HM_2p are displayed in Table 8 and the results are shown 
in Fig. 14. The maximum acceleration of three orthotropic 
directions at the measured point with and without modifica-
tion is listed in Table 9. According to the results shown in Fig. 
14 and Table 9, the amplitudes of acceleration at three 
orthotropic directions are reduced within a large speed range 
with tooth modification. However, the extent of the reduction 

Table 3. Max contact pressure value with/without modification. 
 

Max contact pressure 
(Mpa) SP AP WP (2nd) WP (3rd) 

Without modification 1566 684 1750 1531 

With modification 1191 516 1265 1122 

Percentage reduction 23.95 % 24.56 % 27.71 % 26.71 % 

Note: SP- Planet-sun gear pair; AP- Annulus-planet gear pair; WP- 
Wheel-pinion gear pair. 

 
Table 4. Face load factor with/without modification. 
 

Face load factor SP AP WP (2nd) WP (3rd) 

Without modification 1.6252 1.7059 1.4726 1.4357 

With modification 1.3150 1.2786 1.2819 1.2744 

Percentage reduction 19.09 % 25.05 % 12.95 % 11.23 % 

  
 

Table 5. Peak-to-peak value of TE with/without modification. 
 

Peak-to-peak value (μm) SP AP WP (2nd) 

Without modification 16.186 17.675 12.898 

With modification 8.961 6.946 5.259 

Percentage reduction 44.637 % 60.702 % 59.226 % 

Peak-to-peak value (μm) WP(3rd) System (mRad) 

Without modification 7.317 6.25 

With modification 3.726 2.18 

Percentage reduction 49.077 % 65.120 % 

 
Table 6. Excitation frequencies under rating condition. 
 

Generator speed (r/min) 1830 

LM_1p LM_2p LM_3p 
Excitation frequencies (kHz) 

0.0309 0.0618 0.0927 

IM_1p IM_2p IM_3p 
Excitation frequencies (kHz) 

0.143 0.286 0.429 

HM_1p HM_2p HM_3p 
Excitation frequencies (kHz) 

0.6405 1.281 1.9215 

Note: LM_ip- meshing frequency of the low-speed stage; IM_ip- meshing 
frequency of the intermediate-speed stage; HM_ip- meshing frequency of 
the high-speed stage. i = 1 for lst order, i = 2 for 2nd order and i = 3 for the 
3rd order. 
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      (a) Planet-annulus gear pair         (b) Middle stage gear pair 
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      (c) High speed stage gear pair       (d) System transmission error 
 
Fig. 12. Transmission error of each gear pairs and system. 
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is different under different excitation frequencies. Compared 
with the reduction amount of first-order acceleration response, 
larger amount of decrease can be noticed for the second order. 
The reduction percentages of first-order acceleration response 
at three orthotropic directions are 44.7 % approximately, while 
it reaches about 80.5 % for the second order. It indicates that 
dynamic performance of the gearbox has been improved sig-
nificantly. 

The structural noise caused by vibration is the main source 
of the radiation noise of the gearbox. The vibration accelera-
tion response histories shown in Fig. 14 were processed by 1/3 
multiple frequency, and then, the structural noises at the 
measured point were acquired within the working speed range 

by Eq. (4), as shown in Fig. 15. 
 

2

2
0 0

10log 20loga

a aL
a a

= = ,                 (4)  

Table 8. Excitation frequencies under different rotational speeds. 
 

Cut-in speed Cut-out speed Different speed 
(r/min) 1050 1900 

HM_1p (kHz) 0.3675 0.665 

HM_2p (kHz) 0.735 1.330 

 
Table 9. Maximum acceleration value (m/s2) at high-speed bearing 
housing in downwind direction within a large speed range. 
 

X Y Directions and 
frequencies HM_1p HM_2p HM_1p HM_2p 

Without modification 7.52 4.31 4.39 7.56 

With modification 4.16 0.84 2.42 1.47 

Reduction percentage 44.7 % 80.5 % 44.9 % 80.6 % 

Z  Directions and  
frequencies HM_1p HM_2p   

Without modification 3.98 5.86   

With modification 2.21 1.14   

Reduction percentage 44.5 % 80.5 %   
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      (a) X direction-HM_1p           (b) X direction-HM_2p 
 

  
      (c) Y direction-HM_1p           (d) Y direction-HM_2p 
 

  
       (e) Z direction-HM_1p           (f) Z direction-HM_2p 
 
Fig. 14. The vibration acceleration response within a large speed range 
with and without modification. 

 

Table 7. Maximum acceleration (m/s2) at high-speed bearing housing 
in downwind direction under the rating condition. 
 

X Y Directions and 
frequencies HM_1p HM_2p HM_1p HM_2p 

Without modification 2.86 4.12 1.73 1.38 

With modification 1.59 0.79 0.96 0.27 

Reduction percentage 44.4 % 80.8 % 44.5 % 80.4 % 

Z  Directions and 
frequencies HM_1p HM_2p   

Without modification 3.26 2.80   

With modification 1.81 0.54   

Reduction percentage 44.5 % 80.7 %   

 

 
(a) X direction-without modification   (b) X direction-with modification 
 

   

(c) Y direction-without modification    (d) Y direction-with modification 
 

   

(e) Z direction-without modification (f) Z direction-with modification 
 
Fig. 13. The vibration acceleration response of high-speed shaft bear-
ing housing of down wind direction with and without modification. 
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where La-1/3 harmonic structure noise of acceleration level, 
unit (dB); a- the effective value of the acceleration in a fre-
quency band that taking a certain frequency as the center fre-
quency, unit (m/s2); a0- datum acceleration, a0=10-6 m/s2. 

From the results in Fig. 15, the structural noise of first-order 
and second-order at the measured point are reduced with 
modification. The maximum values of structural noise at the 
three orthotropic directions within the whole working range 
are listed in Table 10. It indicates that the maximum structural 
noise of first-order is reduced by 5 dB approximately, and the 
reduction percentage is about 4 % with modification. How-
ever, the reduction of second-order is higher than the first-

order and it reaches 10.5 %. 
 

5. Vibration test of the wind turbine gearbox 

To verify the simulated results, We did a vibration test of 
the actual gearbox. The measurement system and the ar-
rangement of measuring points corresponding to the test are 
shown in Fig. 16. A real-time measurement system was de-
veloped using WindCon [29], which is a condition monitoring 
system designed by SKF for wind turbines. The vibration 
signals were collected through the sensors installed on the 
bearing housings of some key components of gearbox, such as 
torque arms, ring, low-speed shaft and high-speed shaft and so 
on. Then, the collected data was transmitted to the computer 
by Ethernet cable for the online monitoring and data process-
ing. The locations of the measuring points in the test field are 
shown in Fig. 17. 

To verify the simulation results convincingly, a rated work-
ing condition was selected – with the speed of the high-speed 
shaft being 1830 r/min and the generator power being 2200 
kw, which is consistent with the working condition applied in 
the simulation model. The detailed excitation frequencies on 
the working condition can be viewed through the Table 6.  

The vibration accelerations in time-domain and the fre-
quency-domain of the high-speed shaft bearing housing in 

Table 10. Maximum structural noise (dB) at high-speed bearing hous-
ing in downwind direction within a large speed range. 
 

X Y Directions and 
frequencies HM_1p HM_2p HM_1p HM_2p 

Without modification 137.8 131.4 127.0 137.6 

With modification 132.4 117.2 122.1 123.3 

Reduction percentage 3.92 % 10.81 % 3.86 % 10.39 % 

Z  Directions and 
frequencies HM_1p HM_2p   

Without modification 120.0 135.3   

With modification 114.4 121.2   

Reduction percentage 4.67 % 10.50 %   

 

 
        (a) X direction-HM_1p         (b) X direction-HM_2p 
 

 
        (c) Y direction-HM_1p          (d) Y direction-HM_2p 
 

 
        (e) Z direction-HM_1p          (f) Z direction-HM_2p 
 
Fig. 15. The structural noise response within a large speed range with 
and without modification. 
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Fig. 16. Diagram of the experimental measurement system and ar-
rangement of measuring points. 
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Fig. 17. Locations of the measuring points in the test field. 
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downwind direction with and without gear modification are 
shown in Fig. 18. From the results, the main frequency com-
ponents of the accelerations are the high-speed mesh fre-
quency and its second-harmonic. It indicates that the first-
order and second-order mesh frequencies of high-speed stage 
have great contribution to the response of the measured point. 
The peak values of the first- and second-order acceleration 
response at three orthotropic directions with and without gear 
modification are listed in Table 11. It indicates that the reduc-
tion of the first-order acceleration response peak is less than 

the second-order. The reduction percentage of first-order vi-
bration acceleration response peaks at three orthotropic direc-
tions are about 39 %-45 %, while they are about 75 %-85 % 
for the second-order. In addition, the first-order vibration ac-
celeration response peaks at three orthotropic directions are 
greater than the second-order with gear tooth modification. 
Therefore, with the gear tooth modification, dynamic per-
formance of the gearbox is improved significantly. 

The effects of tooth modification which can be represented 
by the reduction of the vibration response peak are compared 
between the computed results and the experimental results in 
the Table 12. The maximum of the percentage deviation be-
tween simulated and experimental results is 11.0 %. Further-
more, through the comparison of the vibration response be-
tween the simulated results in Fig. 13 and the experimental 
results in Fig. 18, both the positions and the values of the typi-
cal frequencies correlate well. So, the simulated results agree 
well with the experimental results. 

 
6. Conclusions 

A rigid-flexible coupling model of wind turbine gearbox 
considering the three points mounting has been developed. An 
actual load spectrum was considered to perform the tooth 
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(a) X direction-without modification (b) X direction-with modification 
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(c) Y direction-without modification (d) Y direction-with modification 
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(e) Z direction-without modification  (f) Z direction-with modification 
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Fig. 18. The time-domain and frequency-domain acceleration response 
at the high-speed bearing housing in downwind direction under rating 
condition. 

 

Table 11. Maximum acceleration (m/s2) at high-speed bearing housing 
in downwind direction under the rating condition. 
 

X Y Directions and 
frequencies HM_1p HM_2p HM_1p HM_2p 

Without modification 3.355 5.361 1.869 3.821 

With modification 1.927 1.277 1.128 0.878 

Reduction percentage 42.6 % 76.2 % 39.6 % 77.0 % 

Z  Directions and 
frequencies HM_1p HM_2p   

Without modification 4.301 6.111   

With modification 2.394 0.935   

Reduction percentage 44.3 % 84.7 %   

 
Table 12. The comparison of the simulation results in Table 7 and the 
experiments results in Table 11. 
 

X Y Directions and 
frequencies HM_1p HM_2p HM_1p HM_2p 

Simulation results 44.4 % 80.8 % 44.5 % 80.4 % 

Experiments results 42.6 % 76.2 % 39.6 % 77.0 % 

Percentage deviation 4.1 % 5.7 % 11.0 % 4.2 % 

Z  Directions and 
frequencies HM_1p HM_2p   

Simulation results 44.5 % 80.7 %   

Experiments results 44.3 % 84.7 %   

Percentage deviation 0.4 % 4.7 %   

Note: The simulation results and experimental results are corresponding to 
the reduction percentage in Tables 7 and 11, respectively. 
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modification. Then the effects of the tooth modification on the 
dynamics were investigated. Based on the results presented, 
the following conclusions can be drawn. 

(1) With gear tooth modification, the maximum contact 
pressure and face load factor are decreased. The maximum 
load zone on the contact pattern shifts to the center of the 
tooth surface, which makes the contact situation better. In 
addition, the peak-to-peak value of transmission error for each 
gear pair is reduced. 

(2) The vibration response, excitations from the first-order 
and second-order meshing frequencies of the high-speed stage 
can produce a greater impact on the dynamic behaviors of the 
gearbox. The vibration acceleration and structural noise ampli-
tudes at three orthotropic directions are decreased significantly 
within a large speed range with gear tooth modification. It 
indicates that gearbox dynamic performance has been im-
proved significantly due to the gear tooth modification. 

(3) An experimental real-time measurement system was de-
veloped to monitor the vibration of the wind turbine gearbox. 
The simulated results agree well with the experimental results. 
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