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Abstract: Wind energy has become one of the most cost-effective and environmental friendly renewable energy resources
among all exploited renewable energy. However, the failure of gearbox contributes most of the downtime for wind turbine
system. Dynamic properties of drivetrain, including gearbox should be investigated in detail further. In present paper, a
mathematical model for a horizontal axis wind turbine drivetrain was developed using the torsional multibody dynamic model.
The drivetrain in this study consisted of a low-speed planetary gear stage (three identical planets with spur teeth, sun and fixed
ring gears) and two high-speed spur gear stages. This typical arrangement has been commonly used in the wind turbine
industry. Based on this model, this paper aims to investigate the influence of drivetrain parameters on the dynamic response of
the wind turbine. The dynamic responses of the turbine with different rotor inertia and generator inertia are compared. Then the
difference due to changing of the shaft stiffness is also investigated during and after the transient condition. This parametric

study shows that lower rotor inertia and generator inertia could lead to more oscillations.
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1. Introduction

The growing awareness of the threat of climate change
caused by greenhouse gas has brought wind energy to the top
of the global consensus, and wind energy has become the
most cost-effective of all currently exploited renewable
energy resources and has attracted extensive research and
business interest [1-2]. Besides the industrial application
success, extensive research is also carried out outside of the
commercial companies [3-6].

The increased sizes of rotor and turbine have led to a
complex design of the drivetrain mechanism. As one of
the most critical components on the operation of wind
turbines, the drivetrain is responsible for most of the
downtime and results in the increment in operational
costs [7]. Various studies have addressed the dynamic

modeling of wind turbines [8]. However, few studies
have focused on the advanced dynamic modeling of
drivetrain [9-13].

As extension of our previous research [9], this study
uses the multibody dynamics simulation techniques to
extend the two-lumped-masses model into the torsional
model for the drivetrain of a wind turbine, where exactly
one degree of freedom (DOF) of each drivetrain
component is used to investigate the torsional vibration of
the drivetrain. Based on this model, dynamic analysis is
carried out to study the transient response of the drivetrain
structures. Numerical investigation is carried out to study
the effects of the drivetrain parameters on the performance
of the wind turbine.
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2. Mathematical Model of the Wind
Turbine Drivetrain

The lumped parameter dynamic model of the drivetrain
investigated in this study is shown in Figure 1. With one
DOF for each component, the dynamic model has ten DOFs.
Each gear, i, has a polar moment of inertia of J;, i = rotor, c,
pl, p2, p3, s, gl, g2g3, g4, gen, for the rotor, the carrier, the
planets 1, 2, 3, the sun, the gears 1, 2 and 3, 4 and the
generator, respectively; &;, j = 1, 2, 3, is the torsional stiffness
for the Low Speed Shaft (LSS), Intermediate Shaft (IMS) and
High Speed Shaft (HSS), respectively. The shaft connecting
gears 2 and 3 (Figure 1) was assumed to be rigid due to
immediately adjacent gears. The parameter r; is the base
circle radius for each gear component and r. is the radius of
the circle passing through the planet centers for the carrier.
The angular displacements of the central members, 8., &,
6, Gy1, Oy, Gy Open, were defined as absolute displacements
about a fixed coordinate frame, whereas the angular
displacements of planets, 8.,;, 8., €.,3;, were defined relative
to the carrier c as:

Hcpi = Hpi - Hc (1)
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Figure 1. Dynamic modeling of wind turbine drivetrain.
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Figure 2. (a) Planet gear stage model, (b) parallel gear stage model.

Gear 2

The linear springs with time-varying stiffness ,,(2), ky(?),
kgi2(t) and kg3(t) were used to model the gear mesh [14]
(Figure 2). Each mesh stiffness is expressed in the Fourier
series as:
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where k,, and k,, are mean values.
The Fourier coefficients are given as:
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where C;,, C,, are sun-planet contact ratio and ring-planet
contact ratio; ys, 7, are phase angle of sun-planet gear pair
and ring-planet gear pair.

Similar mesh stiffness is defined for the parallel gear stage,
except that there are different gear mesh frequencies (GMFs)
and contact ratios. The mesh stiffness for the ring—planet, the
sun—planet and the gears 1-2 and 3—4 are presented in Figure
3.

The GMF for each gear mesh pair can be determined from
kinematic relationships as:

=N, ®)

=Wy N gy )
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5rpi = rrgr _rcec _rpepi (12)

wl(\/lg34): g3Ng3 (10)

where 7, is the radius of the ring gear. A fixed ring gear is

The relative gear mesh displacements of the sun—planet . ) . )
assumed in this study, which results in §.= 0.

and the ring—planet gear mesh are defined as:
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Figure 3. Time-varying gear mesh stiffness.
Lagrange’s equation was used to derive the EOM [15]. The Lagrangian of the undamped dynamic models shown in Figure 2
with three planets is given as (Kahraman 2001):
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The Lagrange EOMs of the ten-DOF dynamic model are given as:

d{oL)| oL
—| = |=—=— =0, i=rotor, c, cpl, cp2, cp3, s, g1, g2¢3, g4, gen (14)
dt a%‘ a(’It

where a dot over the parameter denotes differentiation with The aerodynamic torque and electromagnetic torque are

respect to time and O denotes a partial derivative. Eq. (14)  considered as external forces.
together with Eq. (13) leads to eight coupled ordinary
differential equations, which can be written in the matrix 3 Results and Discussion

form as:
. 3.1. Numerical Analysis Method
Mu+Ku=Q (15)
Equations of motion were solved using the direct
where u, M, K, and Q are the displacement vector, the mass  integration method to obtain the transient response of the

matrix the stiffness matrix, and the external force. wind turbine drivetrain. Solution at the next time step was
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calculated from the solutions at the previous time steps. The
unconditional stable Newmark-f method (Figure 4) was used
for the numerical analysis by implementing it into the Matlab
based on the Eqs. 13~15. The basic integration equations that
relate the positions, the velocities and the accelerations from

the time step 7 to ¢+A4¢ are given as follows:

Upspy = U +|:(1_y)iit +yﬁt+At]At

Upony =, + D011, +[ (0.5 B)i, + B a, |(B1)°
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v

| Input the initial displacementand velocity , u and " |
v

| Calculate the initial acceleration from EOM |
v

| Set the time step size and total period |
",1

[ Update the stiffness matrix and the force vector |

‘ Calculate the effective stiffness matrix and loading matrix ‘
*

‘ Calculate the incremental displacement ‘
v

l Calculate the incremental velocity ‘
v

| Calculate the incremental acceleration |Y
v
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N

‘ Return the results ‘

Figure 4. Flowchart of the numerical method of direct integration method.

Typical parameters of a wind turbine drivetrain from
Todorov (2009) are used in this study (Table 1). The rotor is
exited with the angular velocity of 18 rpm.

Table 1. System parameters for the drivetrain configurations.

(16)

(a7

7.~ carrier radius (mm) 270
7,- planet radius (mm) 160
7,- sun radius (mm) 110
rg- radius of gearl (mm) 290
7g2- radius of gear 2 from the 2nd stage (mm) 95
rg3- radius of gear 3 from the 3rd stage (mm) 185
rg4- radius of gear 4 (mm) 80
Jroror- inertia of the rotor (kg-m2) 4.18%10°
J.- inertia of the carrier (kg-m2) 57.72
m,- mass of the planet (kg) 57.79
J,- inertia of the planet (kg-m2) 1.12
J,- inertia of the sun (kg-m2) 0.86
Jgi- inertia of the gear 1 (kg'm2) 14.32
Jo2q3- inertia of the gear 2 and gear 3 (kg-m2) 1.62
Jos- inertia of the gear 4 (kg-m2) 0.2
Jgen inertia of the generator (kgem?2) 93.22

k- stiffness of the LSS (Nm/rad) 7.19x10’

k- stiffness of the internal shaft (Nm/rad)

ks- stiffness of the HSS shaft (Nm/rad)

k., stitfness of the ring-planet gear mesh in the planetary
gear stage (N/m)

kg, stiffness of the sun-planet gear mesh in the planetary
gear stage (N/m)

kqi2- stiffness of the gear mesh between gear 1-2 (N/m)
kg34- stiffness of the gear mesh between gear 3-4 (N/m)
C,,-ring-planet contact ratio

Cy,-sun-planet contact ratio

C,2>- contact ratio of gears 1 and 2

C,34- contact ratio of gears 3 and 4

o- pressure angle (°)

gear ratio

1.4x107
0.15%107

0.73x10*

0.73x10*

2.02x10°
0.11x10*
1.9342
1.6242
1.6616
1.5984
20
34.654

3.2. Numerical Analysis Results

3.2.1. Effects of Rotor and Generator Inertia Parameters

To investigate the effects of the drivetrain parameters,
seven cases are analyzed with the proposed multibody
dynamic model. Table 2 presents the cases studied with
different rotor inertia. The generator inertia and shaft



International Journal of Mechanical Engineering and Applications 2019; 7(3): 66-77

stiffness are kept as constant.

Table 2. Simulation cases for the rotor inertia parameters.

Case 1 Case 2 Case 3
Inertia of the rotor 0.5J 0t0r ) —— NS fsgiy
Inertia of the generator Jeen Jeen Jeen

Figure 5 shows the rotational speed of the rotor, planet 1,
sun gear and generator, respectively. It is observed that the

70

rotor inertia has great influence on the rotor and planet 1 and
negligible influence on sun gear and generator. Not only the
magnitude but also the oscillation period of rotor speed
change due to changing of the rotor inertia. The effect of the
rotor inertia on the gear contact forces are investigated
(Figure 6) and the results show that there is a large increase
of the contact force of the ring-planet and sun-planet gear
pair but no effect on the parallel gear contact force.
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Figure 5. Effect of the rotor inertia on component rotational speed.
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Figure 6. Effect of the rotor inertia on gear contact force.

Table 3 summarizes the simulation cases for the generator
inertia parameters in which the rotor inertia and shaft
stiffness remain constant. Figure 7 shows the response of
three cases using different generator inertias. No effect is
found on the rotor speed. But the higher generator inertia
reduces the planet 1, sun gear and generator speed magnitude
but increases the oscillation periods. Figure 8 shows the
effect of the generator inertia on different gear pair contact
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force. Oscillation periods of all the contact forces are affected
by generator inertia but the magnitude remain unchanged.

Table 3. Simulation cases for the generator inertia parameters.
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Figure 7. Effect of the generator inertia on component rotational speed.
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3.2.2. Effects of Shaft Stiffness Parameters

Table 4~6 summarizes considered cases for different LSS,
IMS, and HSS stiffness parameters, respectively. LSS
stiffness only has a small influence on the rotor speed while
negligible effects can be found for other components (Figure
9). With increasing of the LSS stiffness, the contact force
between ring gear and planet gear and the contact force
between sun gear and planet gear increase but no effect on

Ao T

=

Repger B SR

[
-

Time (s)

Figure 8. Effect of the generator inertia on gear contact force.

the parallel gear stage (Figure 10). Due to the different IMS

Table 4. Simulation cases for the LSS stiffness parameters.

72

stiffness, the oscillation period of the planet 1, sun gear and
generator speed change significantly (Figure 11). Similar
effect on the oscillation period can be identified for all the
gear contact forces (Figure 12). The oscillation period of the
planet 1, sun gear and generator change a little because of the
increasing of the HSS stiffness (Figure 13). The reduction of
the oscillation period for all the gear stages can be found with
increasing of HSS stiffness (Figure 14).

Case 7 Case 8 Case 9
LSS stiffness 0.5K; K; 1.5K;
IMS stiffness K, K> K>
HSS stiffness K; K; K;

Table 5. Simulation cases for the IMS stiffness.

Case 10 Case 11 Case 12
LSS stiffness K; K; K;
IMS stiffness 0.5K, K, 1.5K,
HSS stiffness K; K; K;
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Table 6. Simulation cases for the HSS parameters.

Case 13 Case 14 Case 15
LSS stiffness K; K; K;
IMS stiffness K, K> K>
HSS stiffness 0.5K; K; 1.5K;
0.04
] [ Case 13
| it Case 13 —— Case 14
0.006 —— Case 14 0.03 - - --Case 15
[ ---Case15 3
0.004 ~ N 0.02 - PR [
‘t._\'.iL ; }'-‘ .-_‘ ‘. el
—_ "g . R O Y P £ i
£ 0.002 £ 0014 A L P F L B A P 6
8 ] 8 ] 4 TR H N R O L AL O
B 0000 & 000 A R R O R
a - ] e e Gl G B LR
<] 1 3 0 (R O EA O FA L T P FE P B
g 0002+ & 00+ R A PR
= : . 1 PRl W H z: : b
[  f -5 - -
-0.004 0.02 ! . & N
-0.006 -0.03 4
T T T T T T T T T T T T e T ¥
0.0 05 10 15 20 25 3.0 0.0 05 1.0 15 20 25 30
Time(s) Time(s)
0.08 8
0.06 6 - i
Iy ¥ il
004+ A2 %
S T ]
0 8 1 & 2-
g 0.02 :.' - i '8 ]
3 A RA g o-
& 0.00] Ft Ll T el
& H A 2
4 BER: g2
5 L (i
@ -0.02 f Lt £
R E L Qg
-0.04 4 ; it |
' ¢ ¥ 6
-0.06 - i 1
T T T T T T T T -8 T T . T . T b Ll b
0.0 05 10 15 20 25 30 0.0 0.5 1.0 1.5 20 25 3.0
Time(s) Time(s)
Figure 13. Effect of the HSS stiffness on component rotational speed.
G0 : 80 :
e ey Easetdl - Sl = = e Case 13|
50 - —— Casc 14 — Casc 14|
ey ----Casc 15 60 -===Casc 15/

F_(kN)

=40 T . T . T X T r T T
o 0.5 Lo 1.5 2.0 235 kXU
Time (s)

0.0

0.5

T v T T T v T T
1.0 1.5 2.0 25 3.0

Time (s)



International Journal of Mechanical Engineering and Applications 2019; 7(3): 66-77

10610

O s Case 13
900 Case 14
1 ----Case 15
800 -
700 -
oo+ |
= {1 | s
Z so0d | { .-'il'-.
= 4 ot o
X 400 { )
i Ay
300 A E ; ?I y
2004 1 - H
A 4
14
100 - | 1 ¥
1 )
0 3 o
00 0.5 25 3.0

Time (s)

76

500
R | <205 Casc 13
450 Case 14
_mn: ----Case 15
350 . g s A
ol 1| i ﬁ ﬁ A tH .'jﬁi':
7 004 it l-'t—; I“i w i 'i:l'-'
< 1| IR PP
= O L PY EEBE £E OEL e
sod i1 EVEERE ER £ ERE
%04 | tEkd L ¥ 1 2 '.J'::i_;'
SIRATRY: HELLS 1 1
CIRIRIRIRIR1 IRE
- tr ¢f GF g
501/ | b \';_-' {1
4 if tf u LN nl‘ H
0 y_u X ¥ w_ g
0.0 0.5 1.0 1.0

Figure 14. Effect of the HSS stiffness on gear contact force.

4. Conclusions

A mathematical model of the drivetrain in a horizontal
wind turbine was proposed. The model used multibody
dynamics to investigate the torsional vibration in the
drivetrain. The governing equation was derived using
Lagrange’s equation. The model took into account the
flexibility of the gear mesh by using linear springs with time-
varying stiffness and shaft torsion.

The equations of motion of the drivetrain were solved
numerically by the direct integration method to obtain the
transient response of the system. The parameter studies were
carried out based on the proposed model. The following
conclusions can be drawn from this study:

1) The generator inertia has most significant effect on the

response of the components.

2) Higher generator inertia can reduce the oscillation
range and delay the oscillation period.

3) LSS stiffness has negligible effects while IMS and HSS
stiffness can reduce the period of the component speed
response.

4) Rotor inertia and LSS stiffness have a large effect on
the contact force magnitude of the ring-planet and sun-
planet gear pair but limited effect on the parallel gear
stage contact force.
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