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Abstract. Establishment of transmission chain system dynamics equation: the pure torsion elastic dynamic
model of wind turbine transmission chain system is established by using the Dalembert principle. In the process
of establishing the dynamic equations, the time-varying wind torque obtained by the wind wheel is taken as the
external load. The average wind speed is 11m/s, the standard deviation of wind speed is 2.31, the Weibull
distribution scale parameter C is the tie value of the annual average of the three wind towers is 8.179, and the
average value of the annual average of the shape parameter of the three wind towers K is 2.938. Dynamic
response of transmission chain system: usingMATLAB throughRunge-Kuttamethod, programming the system
dynamic response, get the wind turbine transmission system in the external excitation and internal excitation of
the transmission system, such as disc parts vibration displacement, vibration speed, gear between dynamic
engagement force, and the inherent mode of the whole system. Modal analysis of the transmission chain reveals
three key natural frequencies: 18.6Hz (dominantmode from low-speed shaft), 36.4Hz (from first-stage planetary
gears), and 57.8Hz (from high-speed parallel gear). These frequencies are significantly higher than the turbine’s
operational frequency range (0.3–5Hz, corresponding to rotor speed 19 r/min and generator speed 1800 r/min),
confirming no torsional resonance risk during normal operation.

Keywords: Natural wind speed / wind turbine / transmission chain / dynamic response /
finite element analysis
1 Introduction

Energy is related to the development of global human
society, and in the past few centuries, the energy is not only
non-renewable, reserves less and less and cause great
pollution to the global environment, the whole human
survival ecosystem caused the destruction of [1,2]. First,
unlike previous studies focusing on steady-state load
analysis or single-stage gear models, this study establishes
a 13-degree of freedom (DOF) multi-stage torsional model
that covers the entire transmission chain from the hub to
the generator, enabling accurate prediction of load
propagation. Second, the integration of the stochastic
Weibull wind model with active control mechanisms (pitch
and yaw) addresses the deficiency of fixed wind load
assumptions in traditional models [3]. More than 10 times
the total exploitation and utilization on the earth, wind
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energy has great potential. Therefore, rational utilization
of wind energy is an important way to reduce the pressure
of environmental pollution and energy shortage. Wind
power generation is an important form of wind energy
utilization, and is one of the important core ways to realize
the conversion of wind energy into electricity. In the past
10 yr, wind power generation has grown rapidly, and the
annual installed capacity growth rate since 2000 is 20%–
30% [4]. This study addresses three key gaps in existing
literature: First, most prior works focus on either steady-
state wind load analysis or single-component dynamic
modeling, lacking an integrated framework that links
stochastic wind input to multi-stage transmission chain
response. Second, few studies combine lumped-parameter
dynamicmodels with finite element (FE) verification of gear
stress, leading to uncertainties in load prediction accuracy.
Third, the symmetry of torsional vibration in planetary gear
stages—critical for reliability design—has not been system-
atically analyzed under real wind conditions [5,6].
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In the mechanical design part must consider the wind
turbine dynamics, Excluding random changes in external
loads, Wind turbine dynamics is a problem of rigid-flexible
coupled many-body dynamics composed of structure
dynamics and system dynamics, Even though the external
load is a fixed value due to the mutual coupling action of
the various components of the system, System is also an
irregular nonlinear response [7,8], As wind turbines
generally work in remote mountainous areas, coastal
islands, and grassland and pastures with inconvenient
transportation, Its working environment, installation,
carrying technical difficulty mostly determines the high
cost of wind turbine maintenance, This requires the wind
turbines to have high reliability, The wind turbine
transmission chain system composed of blade, wheel
hub, main shaft and gear box is a dangerous component
of frequent wind turbine failure [9,10]. And wind speed in
the real environment is unpredictable, and has a strong
randomness and seasonal, cause the wind turbine external
load irregular changes, therefore, and because the gearbox
transmission system of various internal time-varying mesh
stiffness [11,12].

Third, the combination of Matlab-based dynamic
response simulation and ANSYS finite element analysis
(FEA) of gear pairs provides a more comprehensive
validation than single-method studies. These improve-
ments enhance the reliability of the simulation results and
provide a more practical reference for wind turbine design
[13,14]. Obviously, the measured error value or error
curve function is the best used to reflect the actual
situation, but due to the limitation of the test conditions,
it is difficult to achieve in the actual production.
Moreover, only accuracy requirements, no specific error
value [15,16].

2 Simulation and calculation of natural wind
speed in northwest area

2.1 Mathematical model of two-parameter
Weibull-distribution

The wind is an important index to measure the distribution
characteristics of wind energy resources, as shown
in equation (1). The Weibull distribution scale parameter
(C, unit: m/s) is the average value of the annual averages
of the three wind towers (8.179), and the shape parameter
(K, dimensionless) is the average of the annual averages of
the three wind towers (2.938).
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Wind speed of wind frequency is the wind speed
interval is 1m/s, and then count the number of times
in the wind speed interval, as formula (2), also can
reflect the wind farm a time in the probability of each
wind speed.
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A large number of measured data show that the two-
parameter weibull model distribution of wind speed in a
region is shown in equation (3).
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When using Weibull distribution to represent the wind
frequency distribution of wind speed, the key is to solve the
parameters of weibull distribution, as shown in equation
(4). The solution method mainly includes statistical
estimation method, etc.

s2 ¼ s2 ¼ 1

n

X
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In order to improve the accuracy of wind speed
simulation calculation, this chapter uses the statistical
estimation method and the least squares method to
obtain the two parameters of Weibull, as shown in
equation (5), and then takes the average of the arithmetic
as the final parameter value. Where G is the
Gamma function, which is a key mathematical tool
for calculating the expected value of the Weibull
distribution.
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Both the two parameters are estimated by the
statistical estimation method, as shown in equation (6),
that is, the weibull distribution is estimated by the two
parameters using the average wind speed and the standard
deviation.
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2.2 Parameter estimation of Weibull distribution and
wind-to-torque conversion

Converting wind speed distribution to mechanical torque
input for the drivetrain involves two key steps first
calculating the aerodynamic power captured by the rotor
and second converting this power into torque considering
control mechanisms The aerodynamic power from wind is
determined by a specific relationship where air density is
one point two two five kilograms per cubic meter the rotor
swept area is calculated using the formula for the area of
a circle with a rotor diameter of eighty five meters the
instantaneous wind speed comes from the Weibull model
the wind energy utilization coefficient has a maximum
value of zero point four three in this study the tip speed
ratio is five point seven and the pitch angle is another key
parameter

Parameter estimates of the Weibull distribution of two
parameterswerecalculated fromthe least squaresestimation
method. It is to determine the pending parameters of the
equation according to the principle of minimum sum of



Fig. 1. Vibration model for wind turbine transmission chain.
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square of squares. Equation (7) provides an empirical
approximation.
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The wind wheel produces kinetic energy under the
impetus of the natural wind speed, and this kinetic
energy is the input power of the gearbox. According to
the mathematical model of the wind wheel capture
power, equation (8) calculates the Weibull scale
parameter C.

C ¼ m

G 1þ 1=Kð Þ : ð8Þ

If the wind turbine continues to operate, it will
damage the wind turbine, as shown in formula (9), the
shutdown is forced, so the torque obtained by the gearbox
is also 0.

P n � nAð Þ ¼ 1� exp � nA

C
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As shown in formula (10) and as shown in formula (11),
the wind turbine will ensure that the torque obtained by
the wind turbine reaches the rated value through a series of
actions such as paddle and yaw.

ln ¼ �ln 1� P n � ng

 �� �� 
 ¼ Klnng �KlnC ð10Þ

yi ¼ ln �ln 1� Pið Þ½ �: ð11Þ
The actual time-varying torque and time-varying

speed are obtained by the weibull model distribution
simulation of the wind speed and the joint simulation
of the torque of the wind turbine, as shown in
equation (12).

b ¼
P

xi � xð Þ yi � yð ÞP
xi � xð Þ2 : ð12Þ
3 Mathematical model

3.1 Vibration model of transmission chain system
of wind turbine generator set

Due to the external wind speed is random change, which
causes the wind power gearbox input torque in time
change, because the wind turbine transmission system will
be caused by the random wind load impact, this will make
the whole transmission chain system dynamic load also
changes dramatically, time-varying input torque increased
the transmission chain system of nonlinear dynamic
response [17,18]. Plus, wind turbines as high erection
equipment, generally work in low temperature, traffic
inconvenience, annual average wind speed is larger, the
natural environment of wilderness, coastal shoals, the wind
turbine high transportation cost, maintenance difficulties,
so the mechanical system relative to other mechanical
equipment requirements have higher reliability and service
life of [19,20]. Schematic of the multi-step simulation
process fromwind speedmodeling to dynamic response and
FE verification. The steps are as follows: (1) Input wind
tower data (annual average wind speed, standard devia-
tion) to estimate Weibull parameters via statistical
estimation and least squares; (2) Generate time-varying
wind speed sequences using theWeibull model; (3) Convert
wind speed to aerodynamic torque using the rotor power
formula; (4) Input torque into the 13-DOF torsional model
and solve for dynamic responses using the Runge-Kutta
method; (5) Export time-varying meshing force as a load
for ANSYS FE analysis of gear pairs; (6) Validate dynamic
responses by comparing FE stress results with lumped-
parameter load predictions.

Figure 1 shows the vibration analysis diagram of the
transmission chain system of wind turbine generators.
The establishment of the dynamic process is established by
the different description methods of wind energy resources,
so the different methods will also lead to the change of the
established mathematical model describing the wind speed
[21]. Study of wind energy resources stroke frequency
distribution characteristics is an important basis to
describe the characteristics of wind energy resources, wind
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speed distribution is wind speed statistical probability
distribution, according to previous research found that the
actual wind speed model meet certain statistical law,
commonly used wind frequency model Weibull model [22],
AR model, Rayleigh distribution model, log normal
distribution model, the two parameters of Weibull wind
speed model is the most widely used.

The paper on the whole transmission chain system
greatly simplified, and the dynamic response in the fan is
the most complex, oversimplified after the dynamic
response of the system and the actual system produces a
big difference between [23,24]. Dimension reduction:
Matrix decomposition (via singular value decomposition,
SVD) is applied to identify dominant vibration modes.
Only modes with singular values exceeding 10% of the
maximum are retained, reducing the dataset dimension by
approximately 60% while preserving more than 95% of
response energy. Physical quantity extraction: Vibration
displacement (angular displacement) and velocity are
directly extracted from the reduced-order solution. Gear
meshing forces are calculated using a specific method that
considers the time-varying stiffness between meshing
gears, their relative displacement, the damping coefficient
between them, and their relative angular velocity [25]. Due
to the extreme of the working environment and the severity
of the use conditions, the wind turbine growth rate box is
required to have the following basic characteristics: large
transmission ratio, long life, high efficiency, small volume,
light weight, easy maintenance and so on [26]. Gear
transmission system is the most complex coupling elastic
system in the transmission chain system, through the
analysis of gear transmission coupling system dynamics,
can intuitively display the gearbox internal parts move-
ment rules and dynamic characteristics, help to improve
and guide the study of high-quality gear transmission
system, it is also to improve the transmission chain system
stability and reliability of one of the most important
processes.

3.2 Dynamics equivalent model of the wind turbine
transmission chain system

Equivalent model method refers to the combination of
mathematical theory and practical problems, the real
problems down to the corresponding mathematical prob-
lems, from the perspective of qualitative or quantitative
research object, can solve practical problems to provide
accurate data or reliable guidance method, is the most
basic and indispensable steps in research practical
problems [27,28]. The torsional elastic dynamic equations
are derived using D’Alembert’s principle, which states that
the sum of inertial forces, elastic forces, damping forces,
and external loads equals zero for each component. The
13-DOF system is discretized such that each rotating
component (hub, low-speed shaft, three gear stages, high-
speed shaft, generator rotor) is modelled as an independent
inertia element. In wind power transmission system is gear
transmission is the most complex place, this paper applies
centralized quality method to establish the whole wind
power transmission chain system pure torsion dynamics
model, the system is composed of spring, mass, damping
unit, due to the system of freedom up to 13, if consider the
three directions of the vibration, vibration system degree of
freedom will greatly increase, vibration model will become
very complex. Figure 2 is dynamics analysis diagram, and
according to previous research when the radial support
stiffness ratio of mesh stiffness ratio is more than 10, the
pure torsion model and translation-torsion model analysis
result is very close, and the degree of freedom, so the
transverse and axial elastic deformation of transmission
shaft, and bearing and support elastic deformation of pure
torsion model.The gear is regarded as the mass unit, the
gear vision is used as the spring, the damping unit, and each
shaft is regarded as the torsion spring unit. The growth box
is an important component in the whole transmission chain
system. According to previous experience, the failure ratio
of the gear box is also the largest in the whole wind turbine.

When analysing the elastic deformation of the gear pair,
in order to establish a more accurate elastamics model, it
needs to be equivalent to the gear pair model. Due to the
bonding force and displacement of the gear in the direction
of gear transmission. In order to facilitate the establish-
ment of the dynamic equations, the generalized coordinates
of the gears along the mesh line. Let the rotational angle
displacement of the gear be 9, and the rotational freedom of
the solar wheel is converted into a micro displacement
along the engagement line of the planetary wheel according
to the newly defined rotation coordinate. There are
four methods to establish system dynamics equations:
Dalamembert principle (Newton’s equation of motion),
Lagrangian method, influence coefficient method and
Hamilletian method. The four methods only differ and
get the same results. D ’Lambert’s principle is a method to
establish analytical model according to the balance
condition of force between the mass blocks; the general
form of Lagrangian equation is applicable to both
conservative and non-conservative systems, so the equa-
tion of motion is derived on the basis of the force equation
or the matrix form of the flexibility influence coefficient;
Hamillton principle is a method of applying the Lagrangian
function to derive the differential equation of motion
according to the variation principle. To generate time-
varying wind speed sequences, random samples are drawn
from the Weibull distribution using these parameters.
These speed values are then converted to aerodynamic
torque through a specific calculation method. A larger scale
parameter increases the average wind speed and thus the
mean torque input, while a higher shape parameter reduces
torque fluctuations by narrowing the wind speed range.
This is critical for predicting fatigue loads, as narrower
speed distributions decrease cyclic stress amplitude.

4 Modality dynamic response analysis

4.1 Inherent characteristics of the transmission chain
system

Gear transmission system is a complex elastic mechanical
system. Because the gear system is coupled to each other,
even under the action of constant external force load, each
gear inside the growth box also produces a dynamic load
that changes with time. Different from other gearboxes,



Fig. 3. Inherent characteristics analysis of transmission chain system.

Fig. 2. Dynamics analysis schematic of wind turbine transmission chain.
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the wind power growth box is mainly reflected in that
the external load of the gearbox is randomly changed. The
dynamic load generated and the internal time-varying
excitation of the gearbox are the main reasons for the
vibration of the gear in the process of meshing. Figure 3 is
chain system analysis diagram, and because the gear
coincidence is not an integer, so the gear involved in the
number is periodically over time, resulting in the meshing



Fig. 4. Dynamic response characteristic analysis diagram.
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stiffness changes periodically with time, so in the gear
transmission process is a dynamic meshing process over
time. External and internal excitations are distinguished
by their origins and frequency characteristics. External
excitations arise from environmental and operational
factors external to the drivetrain itself, with the primary
source being time-varying aerodynamic torque induced
by random wind speed fluctuations (modeled via the
Weibull distribution). Additional external loads
include tower shadow effects and wind shear, which
introduce low-frequency variations (0.1–1Hz) aligned with
rotor rotation.

Each drivetrain component is represented as follows:
Rotor hub and generator rotor are lumped inertia elements
that capture the rotational mass distribution. Shafts,
including low-speed, intermediate, and high-speed ones,
are spring-damper pairs with stiffness and damping
coefficient values specific to each component, which are
summarized in it. Gearbox stages: each gear, such as
planetary, sun, and ring gears, is modeled as an inertia
element, with meshing interfaces represented by time-
varying spring-damper pairs where stiffness is updated
according to the meshing angle. In this paper, finally
displays it into the Fourier series and arranges the time-
varying meshing stiffness of the gear pair after neglecting
the higher order term. During the gear process. Because the
error is chronotropic, this forms a displacement excitation
in the engagement process. In the gear dynamics, the
displacement excitation caused by this error is called the
error excitation, which together with the stiffness excita-
tion constitute the internal excitation of the gear vibration.
Generally speaking, in the dynamics of gear transmission
system, starting from the study of the dynamic excitation
of tooth closing error, the error of gear deviation is often
decomposed into tooth distance deviation and tooth shape
deviation. After introducing the concept of transmission
error, the gear deformation and gear error can be combined
to represent the transmission error. This provides a
powerful tool for the internal excitation of gear engage-
ment. In the gear dynamics analysis, the error is usually
represented by the periodic displacement change on the
gear engagement line of action.

4.2 Analysis of the kinetic response properties of the
system

The first two problems to be solved are the calculation of
the system natural frequency and the determination of the
system natural vibration pattern. It is the inherent
characteristics of the structure, but has nothing to do
with the external load, and the system mass, moment of
inertia, structural stiffness, supporting conditions and so
on. If the boundary conditions change, the natural
frequency and vibration type of the system will change
accordingly. When the boundary conditions are certain,
the natural frequency and vibration type of the system
will mainly depend on its inertia and elasticity. Figure 4 for
the dynamic response characteristic analysis diagram, the
most important application of the natural frequency of
the calculation system is to avoid the resonance area
of the system and the vibration pattern of the system, the
calculation analysis of the calculation analysis can
determine whether the transmission system components
caused system violent vibration, and according to the
dynamic characteristics of the transmission system.
Euler method: A first-order scheme with truncation
error of O(h2), which requires impractically small
time steps (h < 10�5 s) to capture high-frequency gear
meshing vibrations (100–500Hz). This leads to excessive
computation time and potential numerical instability for
long-duration simulations (e.g., 100 s of wind loading).
Adams-Bashforth method: A multi-step scheme with
higher accuracy (O(h4) for the 4th-order variant) but
dependent on historical solution data. This makes it less
adaptable to abrupt wind torque changes (e.g., gusts), as it
cannot adjust instantly to new load conditions.



Fig. 5. Meshing force variation of gear pairs.
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Inertia: Gear rotational inertia is inherently included in
the SOLID186 element mass matrix; no additional lumped
inertia is required.Damping: Rayleigh damping is applied,
with coefficients derived from modal analysis (matches 2%
damping ratio at dominant natural frequencies). Using the
average engagement stiffness of the system to replace
the time-variable engagement stiffness of the gear, the first
and second level of the planetary wheel vibration state is
the same; Planet wheel vibration mode: only a torsion
vibration of the planetary wheel of a certain level occurs,
The planetary frame and solar wheel in this stage gear are
not without vibration, And the algebraic sum of the
vibration coordinate components is 0, And the natural
frequency of the front row is lower than that in the rear row,
The reason is that the inertia of rotation of the first
planetary wheel is greater than that of the second planetary
wheel; Parallel axis stage torsional vibration mode: the
system only parallel axis level torsional vibration, No other
components of the system; The vibration of only the first
stage: only the first stage, And the vibration state of the
planetary wheel is the same. Inside the wind turbine
growth box is transferred through themesh of the gear pair.
This chapter analyses the strength analysis of the gear pair
through the finite element method. Gear analysis is first a
contact analysis, two methods for contact analysis:
analytical and numerical methods, Since gear engagement
is a contact nonlinear behaviour, In the traditional analytic
method calculation, The contact strength calculation is
based on the Hertz theory of pair pressure of parallel
cylinders, During the calculation process, the original Hz
formula needs to deform and modify the coefficients, But
the actual tooth condition is much more complex than the
Hertz formula, Such as the time-varying engagement
stiffness during engagement, Change of the radius of
curvature of the tooth profile surface, Loads are generally
not uniformly distributed along the contact line, This
makes the formula for the relevant contact strength
theoretically simplified, This cannot accurately reflect the
changes of stress and strain during gear engagement. Time-
varying gear meshing stiffness is recalculated at each RK4
sub-step using the instantaneous meshing angle (derived
from component rotational speeds). This ensures the
stiffness matrix aligns with the dynamic load state.
5 Experimental analysis

The engagement force between the gear pairs decreases
from the low-speed wheel to the medium speed wheel to the
high-speed wheel, and the engagement force between the
gear pairs gradually decreases. Figure 5 shows the analysis
diagram of the meshing force change. Meshing force



Fig. 6. Transmission chain dynamic response evaluation.
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changes of low-speed, medium-speed, and high-speed gear
pairs under stochastic wind loads. The x-axis represents
time (s), and the y-axis represents meshing force (N). The
blue curve denotes the low-speed gear pair, the red curve
denotes the medium-speed gear pair, and the green curve
denotes the high-speed gear pair. It can be observed that
the meshing force gradually decreases from the low-speed
stage to the high-speed stage.

Element type: SOLID186 (3D 20-node hexahedral
elements) for gear bodies, chosen for high accuracy in
capturing bending and contact-induced stress gradients.
Toothfillets (critical stress concentrationregions)aremeshed
with refined elements (element edge length=0.5mm) to
ensure stress calculation precision. Contact definition:
Nonlinear frictional contact pairs composed of CONTA174
(contact elements) and TARGE170 (target elements). Key
contact parameters include: friction coefficient=0.1 (typical
for lubricated gear interfaces), augmented Lagrangian
contact algorithm, and automatic contact stiffness updating
to handle tooth engagement/disengagement.

The action of random wind load and high frequency
response caused by internal excitation caused by the
coupling of the system, and the initial response will
gradually disappear due to the damping of the system.
Figure 6 is the evaluation diagram of the transmission
chain system. Transient acceleration response of the
transmission chain system under combined external wind
load and internal excitation. The x-axis is time (s), and the
y-axis is acceleration (m/s2). The color map indicates the
acceleration magnitude, with darker red representing
higher acceleration. The initial transient response decays
over time due to system damping.

The displacement of the torsion vibration angle of each
component in the system is symmetrical, especially in the
previous two-stage planetary wheel system, which is
consistent with the actual vibration response, further
demonstrating the correctness of the dynamic response of
the system. Figure 7 shows the evaluation diagram of
torsional vibration angular displacement. Angular dis-
placement distribution of each component in the transmis-
sion chain. The x-axis lists the components (hub, low-speed
shaft, stage 1 planetary gear, etc.), and the y-axis is angular
displacement (rad). The symmetrical distribution of
angular displacement in the first two-stage planetary gear
system is consistent with actual vibration characteristics.
6 Discussion

The pure torsional model adopted in this study is justified
by the ratio of radial bearing stiffness to torsional
stiffness exceeding 10, which minimizes the coupling



Fig. 7. Torsional vibration angular displacement assessment.
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effect between torsional and bending/axial vibrations.
However, for large-scale wind turbines (rotor diameter
> 100m), the increased structural flexibility may enhance
the influence of bending and axial modes, especially under
extreme wind conditions (e.g., gusts with wind speed
>25m/s). In such cases, the pure torsional model may
underestimate the dynamic load on the shaft and gearbox.
Future studies could adopt a coupled torsional-bending-
axial model to improve prediction accuracy for ultra-large
wind turbines.

For modal analysis, the average meshing stiffness is
used instead of the fully time-varying stiffness to simplify
the calculation while maintaining the main dynamic
characteristics of the system. The time-varying meshing
stiffness is dominated by the periodic change in the number
of meshing teeth, and its average value can effectively
reflect the overall stiffness level of the gear pair.

7 Conclusion

The mathematical model comprehensively considered the
external random change excitation, gear pair, time-varying
mesh damping, time-varying mesh error between the
gear pair, and the stiffness and damping of shaft parts,
because the establishment of this model comprehensively
considered the external and internal time-varying
excitation. In the case of time-variable external load,
using the Rungekutta method, the Matlab write calcula-
tion program to solve the torsion of each component of the
transmission chain vibration displacement, time-variable
vibration speed, between the gear, and then according to
the vibration image data. Transient dynamic analysis of
gear is a method used to determine the dynamic response
of gear under any load over time. The transient dynamic
analysis is more complicated than the static analysis, so the
transient dynamic analysis occupies more computer
resources. In addition, the transient dynamic analysis of
gear in this paper is first a strong nonlinear analysis, so the
time consumed in the calculation process is longer. The
maximum stress value is 667MPa. The wind turbine
diameter is 85m, low speed shaft length is 3800mm, hub
diameter is 2450mm, tip speed ratio is 5.7, rated speed is
19 r/min, maximum wind energy utilization coefficient is
about 0.43, generator rated speed is 1800 r/min, growth
box growth ratio is 94.7.
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