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Abstract. In this paper, we propose a novel megawatt-class wind turbine gear
train optimal design method based on genetic algorithm. Firstly, we construct an
objective function to obtain the optimal quality of gear train with the constrain
conditions of ratio, adjacency, assemble, gear bending fatigue and gear surface
contact fatigue limitations. Then, genetic algorithm is applied to achieve the
optimal parameter of the objective function. Finally, the finite element analysis
method is taken to verify the feasibility of the optimization results. One type of
wind turbine gearbox is given as the detail example to verify the effective of
proposed method, and the verification results show that the presented method
can achieve good effect for wind turbine gearbox.

Keywords: Genetic algorithm � Wind turbine gear train � Optimal design �
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1 Introduction

Gearbox, which locates between the impeller and the generator, is one of the most
important subsystem for wind turbine drive train. The main function of gearbox is to
transfer power from the low speed impeller to the high speed generator, and converts a
large torque to a low torque. Thus, a large ratio is needed between impeller and
generator. To achieve the high transmission ratio requirement, megawatt-class wind
turbine gear trains are commonly configured with three stages, such as one planetary
stage followed by two parallel stages, or two planetary stages followed by one parallel
stage [1]. Two specific gear train structures are given in Fig. 1. Generally speaking, the
planetary gear train outperforms the parallel gear train under similar operation condi-
tion. The planetary gear also has advantages such as drive efficiency, small size, light
weight, larger transfer ratio, steady and so on.

The design of the gear train in a traditional way mainly depends on the designer’s
intuition, experience and skills. The designer must determine the partial ratio, materials,
the thermal treatment, the hardness, pinion teeth number and a large number operating
parameters for every stage. They also have to ceaselessly check the root bending stress
and tooth surface compressive stress. If these parameters do not meet the requirements,
all of them must be redefined once by once [2]. Even if they are reasonable, we have no
idea whether they are the best. There are lots of blindness to select the appropriate
parameters on gears, which will result in the waste of time and manpower.
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Thus, some optimal design approaches for gear trains have been studies by
researchers and engineers. Qin et al. [3] studied the gear transmission optimization
design and dynamic characteristics analysis method. Gologlu and Zeyveli [4] presented
an automated preliminary design of gear drives by minimizing volume of parallel axis
two stage helical gear trains using a genetic algorithm. Mendi et al. [5] proposed a
genetic algorithm based dimensional optimization approach for spur gears design. In
this paper, we present an optimization design method for megawatt wind turbine gear
train based on genetic algorithm, and we make sure that the volume of designed
gearbox is the minimum. The finite element method analysis is then taken to verify the
feasibility of the proposed optimization method.

2 GA-Based Wind Turbine Gear Train Optimization Design
Method

The Genetic Algorithm is perhaps the most well-known of all evolution-based search
algorithms, and it has a well global search capability and suitable for solving the high
complexity problems. It can search multiple non-inferior solutions simultaneously and
problems which have a variety of nonlinear constraints. Furthermore, it has simple and
low complexity requirements for optimization object.

2.1 The Objective Function

We take the minimum volume as objective function to optimize the drive train of the
wind turbine which is constituted of three stages. In the paper, the total volume is
composed by three parts, and respectively are sun gears, planetary gears and parallel
gears [6]. Thus, the optimal objective can be given as:

minV ¼ min
Xn
i¼1

nwiVwi

¼ minðna1Va1 þ nb1Vb1 þ na2Va2 þ nb2Vb2 þ na3Va3 þ nb3Vb3Þ ð1Þ

In Eq. (1), V is the total volume of the drive train, n is the total number of the gears,
Vwi is the volume of each gears, and nwi is the number of corresponding gears.

Fig. 1. Common megawatt-class wind turbine gear train
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2.2 The Design Variables

There are numerous parameters for gear train design [7]. In this paper, we select eight
independent parameters as optimal variables, and they are respectively denoted as m1,
za1, zb1, m2, za2, zb2, m3, za3. m1, m2 and m3 are the gear modulus of three stages. za1, za2
and za3 are the teeth number of pinion gears in the three stages, and zb1, zb2 are the teeth
number of big gears.

2.3 The Constraints

Gear train optimal design is a complex process with a large number of constraints [8],
particularly when it considers the multiple interdependencies between the design
variables. In this paper, we consider the design constraints as follows:

(1) Concentric conditions. To ensure the input and the output shaft on the same axis,
the teeth number of the sun gear, planetary gear and the internal gear must meet
the requirements: za þ 2� zb ¼ zc, where, zc is the internal gears’ teeth number.

(2) Transmission ratio conditions. Gear transmission ratio can be determined by the
equation iaH ¼ 1þ zc=za.

(3) Adjacency conditions. The planetary gears are mounted round the sun gear, and
planetary gears can’t collide with each other. Those require a certain distance
between the planetary gears, that is ðza þ zbÞ sin ð180�=nwÞ[ zb þ 2� h�a, where
h�a is the addendum coefficient.

(4) Assembly condition. To make the planetary gears run smoothly, the sum of tooth
number of annular gear and sun gear must be the integral multiple for the number
of planetary gear.

(5) Gear bending fatigue limit. Gear bending fatigue limit can be represented by
equation rF ¼ 2�K�T

b�d�m � YFaYSaYe � ½rF �, where YFa is gear shape factor, YSa is
stress correction factor, Ye is gear overlap coefficient, K is dynamic load factor,
Ta1 is the driving torque of the stage and ½rF � is the maximum bending stress that
material allows.

(6) Gear surface contact fatigue strength limit. This constrain can be denoted by

equation rH ¼ ZHZEZe �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2�K�T
b�d2 � uþ1

u

q
� ½rH �. ZH is pitch circle area coeffi-

cient, ZE is material elasticity coefficient, Ze is coincidence coefficient, ½rH � is the
maximum bending stress of the material, u is the gear transmission ratio of the
stage.

2.4 Genetic Algorithm Settings

Objective function for wind turbine gearbox gear train is given in Eq. (1). The fitness
function is the reciprocal of objective function, and is built as follows:

F ¼ 1
V

ð2Þ
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For the resolution process, the manner of selection, crossover and mutation oper-
ations are used as in reference [5]. The detail GA parameters include evolutionary
generation, crossover probability, mutation probability, and they work as a criterion for
algorithm running until the optimization terminated.

3 Application

A 3.3 MW wind turbine gearbox contained three stages is adopt to verify the proposed
method. The input rotation speed of this gearbox is r ¼ 12:6 r/min. The low speed stage
uses standard NGW structure with four planet gears, and its ratio is i1 ¼ 4:6. The
intermediate speed stage uses standard NGW structure with three planet gears, whose
ratio is i2 ¼ 5:7. The planar gear with ratio being i3 ¼ 3:5 is adopted for the high speed
stages. Then, we choose 17CrNiMo6 as the gear material. The structure of applied wind
turbine gearbox is given in Fig. 2.

The variables are X ¼ ½x1; x2; x3; x4; x5; x6; x7; x8�T ¼ ½m1; za1; zb1;m2; za2; zb2;
m3; za3�T . The objective function can be denoted as

minF Xð Þ ¼ f xð Þ ¼ p � u
4

xð1Þ3xð2Þ3 þ p � uxð1Þ3xð2Þxð3Þ2 þ p � u
4

xð4Þ3xð5Þ3þ
3pu
4

xð4Þ3xð5Þxð6Þ2 þ p � u
4

xð7Þ3xð8Þ3 þ p � u � ði23 þ 1Þ
4

xð7Þ3xð8Þ3

ð3Þ

where, u is the ratio of the diameter and the thickness.

Fig. 2. A wind turbine gearbox structure
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Then, the constraint functions can be computed as follows:

g1 xð Þ ¼ 1þ ðx2 þ 2 � x3Þ=x2 � 4:6j j � 0:04� 0

g2 xð Þ ¼ 1þ ðx5 þ 2 � x6Þ=x5 � 5:7j j � 0:04� 0

g3 xð Þ ¼ 2� 1:3� Ta1
0:85� x22 � x31

� YFaYSaYe � rF½ � � 0

g4 xð Þ ¼ 2� 1:3� Ta2
0:85� x25 � x34

� YFaYSaYe � rF½ � � 0

g5 xð Þ ¼ 2� 1:3� Ta3
0:85� x28 � x39

� YFaYSaYe � rF½ � � 0

g6 xð Þ ¼ ZHZEZe �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� 1:3� Ta1
0:85� x31 � x32

� 2 � x2 þ 2 � x3
x2 þ 2 � x3

s
� ½rH � � 0

g7 xð Þ ¼ ZHZEZe �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� 1:3� Ta2
0:85� x34 � x35

� 2 � x5 þ 2 � x6
x5 þ 2 � x6

s
� ½rH � � 0

g8 xð Þ ¼ ZHZEZe �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� 1:3� Ta3
0:85� x37 � x38

� 5
7

s
� ½rH � � 0

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

ð4Þ

h9 xð Þ ¼ x3 þ 2� 1� ðx2 þ x3Þ sinð180�=4Þ\0

h10 xð Þ ¼ x6 þ 2� 1� ðx5 þ x6Þ sinð180�=3Þ\0

h11 xð Þ ¼ 2 � ðx2 þ x3Þ=4� c1 ¼ 0

h12 xð Þ ¼ 2 � ðx5 þ x6Þ=3� c2 ¼ 0

8>>><
>>>:

ð5Þ

Running the optimization algorithm based on Matlab genetic algorithm toolbox, we
can get some non-integer results, as in Table 1.

In Table 1, we can see that all of the seven optimal results outperform the original
gearbox. The volume of the original gearbox is 6.44 × 108 mm3, and the volume of the
optimal 4 is 5.42 × 108 mm3. The weight of the optimal 4 reduces about 15.83 %, and

Table 1. Optimal results

Groups m1 za1 zb1 m2 za2 zb2 m3 za3
Original 14 29 37 11 20 37 13 25
Optimal 1 14 28 36 11 20 37 14.5 22
Optimal 2 11.5 35 45 12.5 18 33 16 19
Optimal 3 21 19 24 11 20 36 16 19
Optimal 4 14 28 36 12 18 33 17 17
Optimal 5 14 28 36 12.5 18 33 16.5 18
Optimal 6 22 18 23 12.5 18 33 15.5 20
Optimal 7 15 26 33 10 22 41 16 19
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its three stages’ ratio are 4.57, 5.67 and 3.53 respectively. The result shows that there is
a certain redundancy in original design. Comparing the optimal 1 with the optimal 4
and 5, we can see that their low-level gears adapt the same modulus and teeth number.
However, the teeth number and the modulus of the intermediate and high stage are
different. Thus, we can get the result that proper modulus increase can reduce the
volume.

4 Finite Element Analysis

The appearance of finite element technique provides a powerful computational tool for
engineering design, and it plays an important role in almost all areas of engineering.
This method uses a finite model to represent the actual solid, and it uses the response of
finite element model to represent the actual response [9].

The accurate models of gears are firstly built by using PRO/E with parametric
design method [10], but they cannot be directly applied to perform the finite element
analysis. Some small structure must be removed as they always make the meshing
perish or complex [11]. In this paper, we import the reduced model into ANSYS. The
element type of the model uses solid brick 8 nodes 185 and the model meshing in a
smart size, whose linear density is 5. The material properties are set as same value as
the actual operation. All gears’ inner surfaces are imposed with full constraints and
their two sides have the constraints in z axis. The forces are loaded tangential to the
addendum circle. The actual work conditions for gears are complex. There are several
pairs of teeth keeping in touch with each other at one time, and they share these forces.
We perform an extreme condition that the force loads at one tooth. We select pinion
gears of each stage for analysis, and some results are given as follows.

There are some similarities in Figs. 3 and 4. The strains at the middle are smaller
than the two sides in z axis, and they are reduced from the top to root in x axis. The
position of maximum strain is located at the tip of the teeth, and this can result in
excessive wear or breakage of the teeth after a period of work [12], which is similar to

Fig. 3. Strain of original low stage sun gear

328 J. Zhang and Z. Zhang



the real result. Furthermore, the situation of Fig. 3 is closer to the real result because the
inner circle’s constraints are limited as the actual situation. Some little effect constraints
in other gears are not considered to simplify the computational. The detail number of
these strains is given in Table 2.

In Table 2, we know that the optimized tooth strains reduce in the low speed stage
and the high speed stage is except the intermediate speed stage. The gears of the
optimized low and high speed gears can well meet the requirement. The strain of the
optimized intermediate stage gear is larger than original’s, but the value is maintained
in the permissible range. So, the optimized gears are feasible.

As it is shown in Figs. 5 and 6, the stress at the middle is smaller than the two sides
in z axis, and the value increases from the middle to the top and root in x axis. The
maximum stress is located at the tip of the tooth, and the root stress is bigger than other
parts. This due to the most damage of the tooth root bending break and tooth fracture
[13]. The details are given in Table 3.

In Table 3, we can see that the stress of the optimized tooth increases in all three
stages. The largest stress of low speed stage maintains in the permissible range even
though the optimal result increased, so the gears of the optimized low speed gears can
meet the requirement. The largest stress of intermediate and high speed stage are larger

Fig. 4. Strain of optimal low stage sun gear

Table 2. The strains of the teeth

Strain Low speed stage sun
gear (m)

Intermediate speed stage sun
gear (m)

High speed stage pinion
gear (m)

Original Largest 0.164 × 10−6 0.568 × 10−6 0.863 × 10−6

Middle 0.913 × 10−7 0.315 × 10−6 0.479 × 10−6

Optimized Largest 0.126 × 10−6 0.579 × 10−6 0.809 × 10−6

Middle 0.703 × 10−7 0.322 × 10−6 0.449 × 10−6
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Fig. 5. Stress of original low stage sun gear

Fig. 6. Stress of optimal low stage sun gear

Table 3. The stress of the teeth

Stress Low speed stage
sun gear (MPa)

Intermediate speed
stage sun gear (MPa)

High speed stage
pinion gear (MPa)

Original Largest 692.065 2695.72 3234.16
Roots 230–400 900–1497 1078–1437

Optimal Largest 739.413 3576.31 3465.14
Roots 246–410 1192–1589 1155–1540
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than permissible range, but we usually do some chamfer to avoid such local stress in
practical applications, so they cannot reflect the real situation. The root stress value is
close to the real, so we can use the root stress to certificate the gears feasibility, and this
value maintains in the permissible range. Therefore, the optimal gears are feasible.

5 Conclusion

A GA based optimal design method for megawatt-class wind turbine gear train is
proposed and certificated in this paper. It takes the minimum volume as objective
function and the material selection, fabrication restrictions, assembly, bending stress,
contact fatigue stress and fatigue life of gears as constrains according to the real
requirement. The example shows that the given optimal method for the gear train
design can obtain well result. The size of the gears in some places is smaller than
before, while their strain and stress variation cannot affect the normal use of the gears.
This proves that the method has a common sense in designing multi-stage planetary
gear train.
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