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ABSTRACT

This paper presents detailed descriptions, modelling parameters and technical data of a 5 MW high speed gearbox
developed for the National Renewable Energy Laboratory (NREL) offshore 5 MW baseline wind turbine. The main aim of
this article is to support the concept studies and researches for large offshore wind turbines by providing a baseline gearbox
model with detailed modelling parameters. This baseline gearbox follows the most conventional design types of those used
in wind turbines. The gearbox consists of three stages, two planetary and one parallel stage gears. The gear ratios among
the stages are calculated in a way to obtain the minimum gearbox weight. The gearbox components are designed and
selected based on the offshore wind turbine design codes and validated by comparison with the data available from the
manufacturer of large offshore wind turbine prototypes. All parameters required to establish the dynamic model of the
gearbox are then provided. Moreover, a maintenance map indicating components with high to low probability of failure is
shown. The 5 MW reference gearbox can be used as a baseline for research on wind turbine gearboxes and comparison
studies. It can also be employed in global analysis tools to represent a more realistic model of gearbox in the coupled
analysis. Copyright () 0000 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The wind energy industry has been in fast development track over last decade particularly in offshore fields, because of
high and steady winds over sea waters. In offshore wind farms, the industry trend is toward multi megawatts, large wind
turbines to harvest more energy from every turbine. For instance, the annual electricity production of one single 5 MW
wind turbine is enough for 1250 homes in USA [1]. While many conceptual studies are devoted to upscale the structural
components (e.g. blades, tower and nacelle) and to investigate the dynamic load and load response in larger wind turbines

components, (e.g. [1]-[2]), the drivetrains and in particular gearboxes, appear to be overlooked. Gears are yet the dominant
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technology in wind turbine drivetrains, with the market share above 85% [3], both onshore and offshore. In offshore
development and in large turbines, the models such as Vestas 3.3 MW [4], REpower 5 MW [5] or Areva 5 MW [6] are
fitted with gearboxes. In research and development side, however, there is a lack of a reference, baseline gearbox design
for analysis and comparison of different turbine concepts. Many researches have used the publicly available gearbox from
Gearbox Reliability Collaborative (GRC) at National Renewable Energy Laboratory (NREL). The NREL GRC 750 kW
gearbox [7] has been used in various studies on fixed offshore [8],[9],[10],[11] or on a floating wind turbine[12]. However,
as the industry goes offshore with higher capacity, there is a need for a baseline gearbox design with adequate modelling
parameters for multi megawatts turbines to support the research studies. The challenges in large offshore wind turbines
should be well studied by detailed modelling and simulations to avoid costly problems during operations.

The objective of this paper is to establish detailed specifications of a gearbox representing the typical gearboxes suitable
for large offshore wind turbines. All modelling parameters are provided; thus, one can replicate the gearbox model. In
practice, apart from the minimum requirements set by design codes, many project-specific factors such as site condition,
installation issues, weight, manufacturing limitation and material availability influence the gearbox design. In this paper,
a system engineering design approach has been employed. At first, the gear speed ratios are calculated by DriveSE model
- a tool for minimizing the gearbox weight in wind turbines. By having the optimized gear speed ratios, the gearbox
components are then designed and selected.

The reference gearbox in this paper is designed for the NREL offshore 5 MW baseline wind turbine [1] on a bottom-
fixed structure in the North sea.

2. DESIGN BASIS & METHODOLOGY

2.1. Wind Turbine Specification

In this study, the NREL offshore 5 MW baseline wind turbine [1] installed on a bottom-fixed offshore structure is
considered. The NREL 5 MW turbine is a three blades, upwind, pitch controlled turbine with specification presented
in Table I. The turbine class is selected as IEC class B according to IEC 61400-1 [13].

Table I. NREL 5 MW Wind Turbine Specification [1].

Parameter Value

Type Upwind/3 Blades
Rated power (MW) 5

Cut-in wind speed (m/sec) 3

Cut-out wind speed (m/sec) 25

Rated wind speed (m/sec) 114

Rated rotor speed (rpm) 12.1

Hub height, above mean sea level (m) 90

Rotor diameter (m) 126

Hub diameter (m) 3

Rotor mass (x 1000 kg) 110

Tower mass (x 1000 kg) 347.5

Nacelle mass (x 1000 kg) 240

Hub mass (x 1000 kg) 56.8

Power control system Pitch/Constant Power

2.2. Environmental Condition

The wind turbine installation site is considered to be an offshore field in the Northern side of North sea. Since the wind
turbine is bottom-fixed, the influence of wave loads on the drivetrain response can be neglected. The probability density
function of one hour mean wind speed, u, at 10 m above the average sea level is modelled by the 2-parameters Weibull
distribution [14],[15]:

Fu(u) = 1 = eap(—(%)°) M
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in which a and c are the shape and scale parameters which are 8.426 and 1.708 for Northern North sea respectively [14].

The wind speed at hub height is calculated by power law, with power value of 0.14 for offshore as [16]:

hhub 0.14
ﬁ) )

Uhub = U(

where hp.p is the hub height. The cut-in, rated and cut-out wind speeds in the wind turbine specifications refer to the wind

speed at the nacelle height [13], which is 90 m above the average sea level for this case study turbine.

2.3. Global Load and Load Response Analysis

A decoupled analysis method is used to estimate the drivetrain dynamic load response from the environmental load - see
Fig. 1.

Step II: Drivetrain loadings are obtained from
global analysis.

Step I: Global analysis by Hawc2.

— ot
o A
A ———

Step Il Establishing a detailed gearbox model. Step IV: Gear load and load response analysis.

Figure 1. Decoupled approach for wind turbine gearbox analysis.

The global analysis is conducted by using the aero-servo-elastic code HAWC2 [17]. Simulations are carried in
operational conditions and from cut-in to cut-out wind speeds. To minimize the statistical uncertainties, 15 simulations
are carried out for each wind speed over 800 sec. and the first 200 sec. is removed to avoid start-up transient effects. The
reference turbulence intensity factor is taken as 0.14 for all the wind speeds, according to IEC 61400-1 class B turbine
[13]. The transit load cases, such as emergency shutdown or fault conditions are evaluated in a companion paper [18].

More information about decoupled approach and its limitations can be found in Nejad et al. [19],[20], [21] or Dong et
al. [8].

2.4. System Engineering Designh Approach

Gearbox is a part of the wind turbine system which its type and design influences other parts like tower and nacelle.
Therefore, a system engineering approach should be consulted. In this study, the rest of the turbine configuration is fixed
and so the sizing of the gearbox is self-contained. From a full system perspective, the gearbox design impacts and is
impacted by the rotor and rest of drivetrain design. Given the relative expense of the gearbox relative to other system

components, trade-offs in the design may lead to an even lower weight gearbox in a full turbine design optimization.
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The System Engineering Project at National Renewable Energy Laboratory developed the DriveSE model. This model
performs drivetrain sizing and cost analysis for the minimum weight and its results compare well with industry data.
DriveSE consists of a series of interacting mathematical models of drivetrain components, including the hub, low
speed shaft, main bearings, the gearbox, bedplate, generator, and yaw systems. The generator and the rest of drivetrain
components are sized based on empirical data. DriveSE interfaces with other wind turbine components, namely, the
rotor and tower. At this top level, design criteria on allowable stress and deflection are inherently included for individual
drivetrain subcomponents. These design criteria, together with the minimum weight objective for sub-optimizations, are
used to determine the subcomponent dimensions. Key model inputs include the extreme aerodynamic rotor loads (torque
and non-torque), gravity loads, gearbox configurations, and design parameters such as rotor overhang and gearbox location.
A fatigue analysis of the low speed shaft and main bearing(s) is included with several additional inputs. The outputs fall
into two categories: subcomponent outputs and system outputs. Subcomponent outputs include the dimension and weight
of individual subcomponents, and gearbox stage ratio and stage volume, which are preliminary design parameters for these
subcomponents. The mass outputs for all the individual components are then used in a turbine cost model as part of overall
system cost analysis. The system outputs are the cumulative weight, moments of inertia, and center of gravity of the entire
hub and nacelle assemblies, which are used as inputs at the tower design level.

More information about the gearbox design as part of the overall wind turbine design process can be found in Dykes et
al. [22], [23].

2.4.1. Optimizing Gear Stage Speed Ratios for Minimizing Gearbox Weight

In this paper, the NREL DriveSE software has been used to minimize the gearbox weight. The DriveSE tool designs
the gearboxes for the minimum weight by optimizing the stage speed ratio [24, 25, 26, 27, 28]. The model requires
the minimum input: transmitted torque, overall speed ratio, stage number, and gearbox configuration. The gearbox
model outputs the weight, volume, and speed ratio of gearbox stages. These parameters are crucial input for gearbox
component design and drivetrain capital/OEM cost analyses. This model is established based on ISO/AGMA gearbox
design standards [24, 25, 26, 27, 28]. Input torque has been the major design driver of wind turbine gearboxes. Influences
of non-torque loads caused by rotor overhung weight and aerodynamic forces on gearbox weight are considered in this
work by including various main shaft/bearing configurations. The gearbox rating (bending and pitting resistance) analysis
is not the focus of this approach so that the resulting changes to the gearbox design are not included. This model is
validated by actual gearbox weight and speed ratios for wind turbines with power ratings between 750 kW and 5M W,

which are specified by gearbox manufacturers. Figure 2 shows the validation results.
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Figure 2. Validation of DriveSE weight minimizing tool.
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(a) An external gear pair

The relationship between the overall gear dimensions, the speed ratio U, and power P for external gears is [29]:

31,500P(Us + 1)3

2
CF = KnpUs

3

where C' = 0.5d,(Us + 1) is the center distance. dj, and F' are the gear diameter and facewidth. The transmitted power
P= 6;% is linearly correlated to the gearbox torque 7' and speed n,,. K factor is an index for measuring the intensity
of tooth loads [29]. There are different ways to calculate K factor: 1). it can be estimated from the empirical table in
[29](2.45); 2). it can be calculated by the formula below when the gearbox component dimensions are designed. In the

study, the first approach is used:
_ WU +1

= 4
Fd U, @
where W; = 2;9,; is the tangential driving force. (Q,, is the input torque to the pinion.
P
Rewriting Eq. 3:

2Qp Us +1
Fdy = =222~ 5
P K U )

The gearbox weight is estimated by Wap = K Ac;Fd,z,, where K 4¢ is the application factors for weight estimations [30].

The final form is:
2Qp Us +1

Wap = Kac K 0.

6

The volume of driving gear equals Fdf). The driven gear volume is Fdf, UZ. Therefore, the total size of the gear pair
equals:
> Fd* = Fdy, + Fdy = Fdy, + FdyU? ©)

The total weight of the gear pair equals:

Weppn = Kac 2% (%) + Kac 2% (Yt @)
=KacZ2(1+ £ +U. +U2)
(b) Planetary gear stage
The volume of a planetary gear consists of the sun, ring, and B planet gears. The sun gear volume is:
2@5 USN + 1
Fd? = =y T
s BK( Usn ) ©)
where ugny = 0.5Us — 1 is the speed ratio between the sun and planet. Qs is the input torque to the sun gear.
The volume of a planet is:
2Qs Usn +1,
Fd, = FdlUiy = = 10
D sUSN BK( USN )USN ( )

The volume of the ring gear depends on both its diameter and thickness. AGMA 6123 defines the ring thickness no less
than 3 times module. The ring gear volume is approximated empirically without designing individual gear dimensions.

The ring volume considers the weight of the housing and carrier:

2QS(UVSN + 1) %)2
BK"® Usn ds

Vo= K P2 < K, (11)

where K, = 0.4 is the scaling factor, selected from [30].
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Therefore, the overall planetary gear volume is:

F& 4 BFE+ Ve = 19 () + B (Ul + K 3 () ()

BK \ Usn Usn e USNU a5y (12)
= 284 + o T Usn + Udy + KU 4+ K, G
The planetary gear weight equals:
2Qs, 1 1 9 (Us — 1)? (Us — 1)?
W =Kiac—|==+—=—+U U K, K, 13
GSEN 4G [B + BUan +Usn +Usy + B + BUsn ] (13)

(c) Gearbox Weight
The gearbox weight is the summation of individual stage weight, which depends on the input torque @1, Q1, Q3 and
speed ratio Uy, Ua, Us. For the 5 MW reference gearbox with planetary-planetary-parallel configuration, the total weight
is:
Wep = Wésen + Wésen + Weppn (14)

The final gearbox design takes into account of gear dynamic effects on loads, overload, unequal load sharing for planetary
gears, and main shaft configuration. Therefore, the gearbox weight - W 5, equation 15 - considers overload factor Ko
[31], dynamic factor K, [24], load sharing factor among planets K, [28], load sharing factors between rows K3 (from
GRC test data, new design parameter proposed to AGMA standard committee), and a new factor that captures the effects
of main shaft configurations on gearbox loads Ksg. In the model, ks = 1 is used as default. More gearbox design

information will be gathered to determine its appropriate value.
Wep = KoKy K pKpKsuWan (15)
2.4.2. Determination of gearbox speed ratio per stage

This method selects the optimal speed ratios of individual gear stages for minimizing gearbox weight. For the

configuration of Planetary-Planetary-Parallel, the total volume of the gearbox equals:

2 2
V= QQOL[}%"’f"‘(%_1)"‘(%_1)2"‘}(“%—"[(’"1@}

KUy B (L -1) B (g -1
2Qo 1 | 1 1 Uy Us _ 1)2 (Uz—1)2 (Uz—1)2 16
+ K U1Us Ba +BQ(Q71) +( 2 )+( 2 1) +KT‘2 By +K’r282<%71):| ( )
2Q 1 1 2
R e [1 T tUs+ U3]

where Qo is main shaft input torque. Let My = U Uz, M2 = UsUs, and My = U1U2Us and rewrite Eq. 16 as:

V(M Uy) = 2o

—

2 2
Bty F(F D (G )P K g 4 K ) J

Bi(G-1) Bi(F-1)
2Q0 1 1 1 M, M, 2 (%171)2 <%71)2
e B—z-&—iBz(%il)-i—(m— )+ (Goy — )7 + Kra—5; +KT232<%71)

K
2Qq 1 M M, Mg \2
Rk [ 3+ 4+ GRY?

a7

2Q0 Ma | 1 1 M, M, 2 (312 -1)? (32 -1
V(Mz,Up) = 220222 {E+m+(21\l"2—1)+(2ﬁ’2—1) + K 231 +KT1B(3WQ _1)}
2Mo 13201,
M

2Q 1 1 U. U. 2 (Ug—1)2 (Uy—1)2
—&-TOMO?JZ {37 + 7@(%71) + (72 —1)+ (72 — 1)+ K2~ 7232 +KT2732(2U7271>]
+200 1 [14+ 22 + 42 + (42)7]

(18)
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WMLUY) (=D K U =D)L 2K U=l (4K 1y K 1
dUy B1U2(ZL-1)2 B1U; (YL —1) B1U? 47 Br ' oapy(Ai_uy)? (19)
_ 2K, (M1-Uy) Kr(M;—U;) + ( + QKT)(L _ &)
M- M- 2 3
BoU2 (ML —U1)  2BaUR(P5L —Up)2 B2 A UY Uy
dV(My,Uz) __ _ My(Us—1) (14K My (Us—1)?) QKHVIQ(Uz 1)
dUs MoBaUZ(Y2 —1)2 IMOBZUQ( —1)
M KoM (— g5 *71{?13![ - 3) M2 0
2 r 1 0B2 0B3 o’ _ 2
+(4MO + Mo B> + MZJVIO) + U3 MoU3
dv (M dv (M
Lt 1’U1), L Ul’Ul) can also calculated numerically by using finite differences. Central difference formulation

dV<U+dU) dV(U dv) (second order accuracy) is used here to check the accuracy of the analytical formulations in Eqs 19
and 20. dU = 2 x 1075 is selected through a sensitivity test to find the optimal step size to avoid machine round off.
Global Newton iteration is used to find the roots of Eq. 19 and Eq. 20: U; and U for a given M1 = U, U>. The iteration

procedure is based on the [32]. The general procedure is described as below:

Select an initial value for M7 = U1 Us

Set the derivative of the gearbox volume to zero. d;/ng =0
Solve for the root U,

Uy = M, /Uy

Us = My /M, where My is total gear ratio

My = UyUs

Solve for Us from dVap

dU>
Iterate until U; from step 7 equals Uz from step 4.

® NN A LD

Convergence tolerance used in the iteration is 5 x 107,

2.5. Gearbox Type and Component Design

Today, many gearbox designs including high speed [4],[5], medium speed [6], variable speed [33] or multiple shafts [34]
have been offered by the wind turbine suppliers and gearbox manufacturers. Among the gearbox designs available in the
market, the high speed gearbox with gear ratio in the range of 1:80-1:120 is the most common design. The Vestas offshore
products including Vestas V112-3.3 [4] use high speed gearboxes, with two planetary and one parallel stage. The REpower
5 MW turbine [5] has employed the similar high speed gearbox with three stages.

For the 5 MW reference gearbox, the most common high speed gearbox with two planetary stage and one parallel
stage is selected. For offshore applications, the use of spur gears is also possible since the noise is not a primary concern.
Spur gears are easy to manufacture and perform best at low speed and high torques. The disadvantage of employing spur
gears is noise, particularly in high speed applications, which can be reduced by gear lead and profile modifications. In the
first and second stages of this reference gearbox, spur gears are used in planetary configurations. Moreover, spur gears
do not generate axial or trust load. This can have a positive impact on the planet bearings which are the most vulnerable
components in planetary gears [10]. The gears in the high speed stage are selected as parallel helical gears.

The gear ratio of each stage is selected in a way to minimize the total gearbox weight as described in the last section,
2.4. Table II shows the design options calculated by the weight minimizing tool. Option B with three planets for both
planetary stages is selected. Option C or D were not chosen as the gain in weight does not justify the complexities added
to the load sharing behaviour in four planets design [35].

The gearbox components, e.g. gears, bearings and shafts are designed based on the loads obtained from the global
analysis and following the offshore wind turbine gearbox design code, IEC 61400-4 [28]. Components are designed to
withstand the fatigue damage and ultimate loads during normal operational conditions. The ultimate operational loads on
the gearbox is taken from an earlier study [20] for the same offshore site. The gear fatigue damage is also calculated by a

long-term approach considering the whole range of operational conditions [19]. The gears are designed based on the ISO
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Table Il. Gearbox speed ratio options.

A B C D
15t stage 1:5.1944 (3p) 1:3.9549 (3p) 1:3.8322 (4p) 1:3.9502 (3p)
274 stage 1:6.2247 (3p) 1:6.1695 (3p) 1:6.2367 (3p) 1:6.1262 (4p)
3rd stage 1:3.0000 1:3.9754 1:4.0586 1:4.0083
Total dry weight (x 1000 kg) 53.69 48.82 43.98 47.30

p=planets

6336-2 [25], ISO 6336-3 [27] and ISO 6336-6 [36] and with the load and safety factors recommended by IEC 61400-4
[28]. The KISSsoft 2014 [37] was used for initial gear sizing.
The bearings types are selected based on IEC 61400-4 [28] recommendation, 750 kW NREL gearbox design [7] and
REpower 5 MW [38]. The main shaft is supported by two main bearings to minimise non-torque loadings on the gearbox.
The effect of transient loads, i.e. emergency shutdown or fault conditions on the gearbox is investigated in a separate
work [18] by using a detailed multibody model (MBS) of this reference gearbox - see section 2.6 for the MBS model.

2.6. Gearbox Multibody System (MBS) Model

The multibody system (MBS) modelling is a powerful tool for load and dynamic response analysis of wind turbine
gearboxes [8], [12], [39]. The objectives of the gearbox dynamic analysis vary from noise control to stability analysis
[40]. For wind turbine gearboxes, the goals in dynamic modelling include the study of natural frequencies of the system,
noise and vibration analysis, and dynamic load analysis on other components ( e.g. support structure). The results from the
load analysis can then be post-processed for stress analysis and life or reliability investigation.

In MBS method, a gearbox is modelled as a system of rigid or flexible bodies interconnected with appropriate joints
[41], [42]. Flexible bodies - normally shafts and structural members - are first generated in a finite element software and
then imported with reduced degrees of freedom in the MBS model [43], [44]. Bearings can be modelled as force elements
with a linear or non-linear force-deflection relationship. Gears are modelled as rigid bodies with compliance at the teeth.
A detailed modelling procedure can be find in Oyague F. [7].

The advantage of the MBS method is that dynamic effects of components are inevitably included in the analysis.
Moreover non-torque forces and moments can be added to the input loadings. Nevertheless, the accuracy of the results is
directly dependent on the precision of the given stiffness, inertia and damping values.

The MBS equation of motion leads in general to a form of:
MX +CX +KX =F 1)

where the displacement matrix X in a six degree of freedom (DOF) system is equal to:

X=(z y = a 8 1) 22)

The M, C and K are mass, damping and stiffness matrices respectively. The external force matrix F also includes all forces
and moments:
T
F=(F F, F. M. M, M) 23)

As highlighted by Peeters et al. [44], the flexible MBS model where the rigid bodies are replaced by the reduced DOF
flexible bodies, can capture the most of gearbox dynamic behaviour. However, full flexible model reduces significantly
the computational time [45], thus, it should be a balance and engineering judgement on the number of DOFs which is
considered in the MBS model. Table III presents the model requirements highlighted by Guo et al. [46].

8 Wind Energ. 0000; 00:1-17 © 0000 John Wiley & Sons, Ltd.
DOI: 10.1002/we
Prepared using weauth.cls



A.R. Nejad et al. 5 MW Reference Gearbox

The bearings in this paper are modelled with linear diagonal stiffness as:

K, 0 0 0 0 0
K,y 0 0 0 0
K. 0 0 0
K= (24)
Ko 0 0
sym. Kg 0
Ky

The global loads, F, obtained from the decoupled method - see section 2.3 - are applied at the hub location in the main
shaft, as shown in Fig. 5 and the generator speed is controlled on the high speed shaft. The coordinate system is also shown
in Fig. 5. In this coordinate system, the K, is zero, since « is the rotational direction.

On generator side, the generator is modelled by a proportional-integral velocity controller [12]. Let e = w — wyey
represents the difference between angular velocity at generator shaft calculated by MBS model and reference value

obtained from the global analysis. The generator torque, 7Gen, is then calculated from:

t

TGen = erJrKI/ledt (25)
0

in which Kp and K are proportional and integral gain receptively. The gain parameters are estimated based on the
generator slip-slop diagram and to minimize the angular velocity error. In each time step, the Ter is calculated and

applied on the generator shaft.

Table Ill. MBS model recommendation [46].

Components Recommended modelling method
Main shaft Flexible body
Main bearing Stiffness matrices
Gearbox housing Flexible body
Planetary carrier Flexible body
Gearbox shafts Rigid body
Gearbox support Stiffness matrices
Gears Rigid body
Gearbox bearings Stiffness matrices
Spline Stiffness matrices
Bedplate Rigid body
Generator coupling Stiffness matrices

In this paper, MBS model of the 5 MW reference gearbox is developed in SIMPACK [47] software. SIMPACK is a
multipurpose multibody simulation code with features available to model gearboxes. The bearings are modelled with linear
force-deflection relation - see equation 24. The bearing stiffness are calculated by using CalyX software, a customizable
multibody dynamic finite element based contact solver engine [48] and Romax software [49].

Similar to the stiffness values, the damping in rolling element bearings is a topic with a high degree of uncertainty. Since
contact damping in roller bearings is relatively small, a constant damping value can be used which is evaluated based on
the average load. Kramer [50] estimated roller bearing damping by analysis of the equivalent linear spring-mass-damper
system. According to Kramer [50], the roller bearing damping value varies from 0.25% to 2.5% of the stiffness. Some
researchers have taken the damping equal to the 1% of the mean stiffness [51]. It should be noted that dampings should be
included in MBS model for numerical reasons.

Moreover, it is important to note that gearbox is one of the elements in the wind turbine drivetrain. In a 1-DOF model of

drivetrain, hub, rotor, gearbox and generator are in a series system. The equivalent inertia of such system is calculated by:

1 1 1 1 .

+
Thub TRrotor IGearbox n2Igenerator

Ieg = ( (26)
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in which n is the inverse gearbox ratio - gearbox ratio is defined as the rotor speed over the generator speed. Similar to the

inertia, the equivalent torsional stiffness of the drivetrain is obtained from:

1

1

1 -1

Keq:(Khb

KRotor

KGea'rboz

nQKGenertho'r

The frequency of free-free mode of 1 DOF drivetrain is estimated from [52]:

_ 1
T o

f

27

(28)

The frequency of free-free mode of drivetrain is primary dominated by other inertias (e.g. generator and rotor) than the

gearbox, but the gearbox ratio plays an important role as it increases the generator inertia significantly - see equation 26.

For instance, for a high speed drivetrain design of a 2 MW wind turbine, the free-free mode frequency is about 1.36 Hz

[52], while the gearbox first eigenvalue is above 5 Hz. It is the wind turbine designer responsibility to check the dynamic

behaviour of whole drive line. The gearbox is an important component in drivetrain which can be used to adjust the

dynamic response of the system.

3. RESULTS: 5 MW REFERENCE GEARBOX DESCRIPTION

The gearbox layout and topology with the bearing designations is shown in Figure 3 and Figure 4. The general specification

is also listed in Table IV.

INP-A/B :
PLC-A/B :
PL-A/B
IMS-A/B :
HS-A/B

Parameter

INP-A

=Y

Main Shaft Bearings
Planet Carrier Bearings

: Planet Bearings

Intermediate Shaft Bearings

: High Speed Shaft Bearings

INP-B

PLC-A

Gearbox

HSBC

i

IMS-B.C!

Figure 3. 5 MW reference gearbox schematic layout.

Table IV. 5 MW reference gearbox specification.

Value

Type

Ist stage ratio

2nd stage ratio

3rd stage ratio

Total ratio

Designed power (kW)

Rated input shaft speed (rpm)
Rated generator shaft speed (rpm)
Rated input shaft torque (kN.m)
Rated generator shaft torque (kN.m)
Total dry mass (x 1000 kg)
Service life (year)

2 Planetary + 1 Parallel
1:3.947
1:6.167
1:3.958
1:96.354
5000
12.1
1165.9
3946
40.953
53

20

10
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Main shaft  pPLCc-A

INP-A

Ring

PL-B — HS-A

AL Ms-PLA| [MsPLB 2

PL-A

Planet | [}

&

Pinion

] f

HS-B

IMS-B
FAVAN

IMS-C

ar

/\ :Bearing

tage

< IMS-PLC-A IMS-A
(%] A
INP-B L] —
Carrier, j IMS-PLC-B _—
é PLC-B Ge
ke L
U
1st stage i 2nd stage  3rds
Planetary Planetary Parallel Helical

3.1. Component Specifications

Figure 4. 5 MW gearbox topology.

MHS_C output
to generator

5 MW Reference Gearbox

Table V presents the detailed geometrical specifications of gears in each stage. The bearing types and sizes are also shown

in Table VI. In this reference gearbox, the sun gears, planets and parallel helical gears are case hardened-carburized steel

and ring gears are quenched-tempered. All gears are made of 16MnCr5 with average core hardness of 25 HRC (Rockwell

hardness scale).

Table V. Geometrical specification of gears.

lst

ond

3rd

Parameter stage stage stage
Type Planetary Planetary Parallel
Ratio 1:3.947 1:6.167 1:3.958
Number of planets 3 3 -

Normal module (mm) 45 21 14
Normal pressure angle (degree) 20 20 20

Helix angle (degree) 0 0 10

Face width (mm) 491 550 360
Centre distance (mm) 863 584 861
Number of teeth, Sun/Pinion 19 18 24
Number of teeth, Planet/Gear 17 36 95
Number of teeth, Ring gear 56 93 -

Profile shift coefficient, Sun/Pinion 0.617 0.389 0.480
Profile shift coefficient, Planet/Gear 0.802 0.504 0.669
Profile shift coefficient, Ring gear -0.501 0.117 -

Pitch diameter (mm), Sun/Pinion 855.000 378.000 341.183
Pitch diameter (mm), Planet/Gear 765.000 756.000 1350.517
Pitch diameter (mm), Ring gear 2520.000 1953.000 -

Tip diameter (mm), Sun/Pinion 978.839 432.845 380.751
Tip diameter (mm), Planet/Gear 905.440 815.655 1395.372
Tip diameter (mm), Ring gear 2475.087 1906.074 -

Root diameter (mm), Sun/Pinion 798.061 341.845 319.627
Root diameter (mm), Planet/Gear 724.662 724.655 1334.248
Root diameter (mm), Ring gear 2677.507 2000.574 -
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Table VI. Geometrical specification of bearings.

Name Type OD D B
INP-A CARB 1750 1250 375
INP-B SRB 1220 750 365
PLC-A CRB 1030 710 315
PLC-B SRB 1220 1000 128
PL-A CRB 600 400 272
PL-B CRB 600 400 272
IMS-PLC-A CARB 1030 710 236
IMS-PLC-B SRB 870 600 155
IMS-PL-A CRB 520 380 140
IMS-PL-B CRB 520 380 140
IMS-A CRB 500 400 100
IMS-B TRB 550 410 86
IMS-C TRB 550 410 86
HS-A CRB 360 200 98
HS-B TRB 460 200 100
HS-C TRB 460 200 100

OD/ID: outer/inner diameter, B: thickness. All dimensions are in mm. Types are as per SKF [53] terminology.

3.2. Gearbox Parameters for MBS Modelling

The MBS model of the 5 MW reference gearbox is shown in Fig. 5. The kinematic tree, presenting the interaction between

each element body and their DOF are presented in Fig. 6 - see Fig. 4 for component names and topology.

Forces/Moments applied here

[Torque/Speed
|controlled here

Figure 5. 5 MW gearbox MBS model.

The parameters required for MBS dynamic modelling (e.g. mass, inertia and stiffness) are listed in Table VII, VIII for
gears and shafts and in the Table IX for bearings. The values are based on the coordinate system shown in Fig. 5. The local
coordinate is located at center point of each component.

The eigenvalues and eigen modes of the gearbox according to the locations of nodes is listed in Table X.

The Igearbor in 1-DOF torsional model - see section 2.6 - calculated from MBS model is 545900 kg.m? and with the

torsional eigenfrequncy of 8.2 Hz, the K gearbor is estimated to be about 1.5x10° N'm/rad.

4. GEARBOX VULNERABILITY MAP

A comprehensive design should include recommendations and comments on the maintenance planning and procedures. In

Nejad et. al [10] a procedure to develop an inspection and maintenance planning map based on the fatigue damage of gears
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5 MW Reference Gearbox

Bed plate .......coeeveeeieieeeeeeeee e eereeeere e nene e enaenend [0 DOF]
F——Main shaft.........c.ccriiiiiii s [6 DOF]
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L Planet pin feerrereesesnes 6 DOF]
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L planet 2o [0 DOF]

Planet i --seeeeeeseesseussissssssisississssissssans [6 DOF]

L planet 8o er e [0 DOF]

Gearbox frame.........cooeeeevereieeeceeeee .[0 DOF]
Lshaﬁ’ 18t - 20d StagE:+++wwereesessersmnisssss e [6 DOF]

L Sun gear, 1t stage s [0 DOF]

Planet carrier, 2nd stage: oo [0 DOF]

Planet pin 1----eeeseeesseessseinaees [6 DOF]

I—Planet 1 [0 DOF]

Planet pin 2+ ... [6 DOF]

I—Planet 2 --.[0 DOF]

Planet pin 3 ... [6 DOF]

——Shaft, 2nd- 3rd stage

Output Shaft -----seeeseeeseeenn

Ring gear, 1st stage-

Ring gear, 2nd stage

Pinion, 3rd stage"

Sun gear’ 2nd Stage ..........................................

Gear’ 3rd Stage .................................................

Figure 6. 5 MW gearbox MBS model kinematic tree.

Table VII. Dynamic model

parameters of gears.

[0 DOF]

[0 DOF]
[6 DOF]

ond

3rd

Parameter Component 15% stage stage stage

Mass(kg) Sun/Pinion 1900 380 180
Planet/Gear 1500 1500 1800
Ring Gear 6000 3500 -
Planet Carrier 5800 2100 -

| P (kg.mz) Sun/Pinion 244 9.5 3.8
Planet/Gear 168 143 475
Ring Gear 11900 3800 -
Planet Carrier 4180 820 -

Iyy(kg.mz) Sun/Pinion 161 14 38
Planet/Gear 115 110 260
Ring Gear 6100 1990 -
Planet Carrier 2200 450 -

1. (kg.m?) Sun/Pinion 161 14 3.8
Planet/Gear 115 110 260
Ring Gear 6100 1990 -
Planet Carrier 2200 450 -

Mean gear contact stiffness (N/m) - 9%10° 1.5%10%0 7.5x10°
Mean gear rotational stiffness (Nm/rad) - 1.4%10° 4.6x108 1.9%x108
Table VIIl. Dynamic model parameters of shafts.

Name Mass(x 1000 kg) Lo (kg.m?) I,y (kg.m?) I, . (kg.m?)

Main Shaft 18 2180 14500 14500

15t stage-2"% Shaft 238 215 240 240
274 stage-3"% Shaft 15 44 145 145
Output Shaft 0.2 1 7 7
Planet Pin, 1°%stage 0.7 15 49 49
Planet Pin, 2"’dstage 0.7 12 43 43
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Table IX. Dynamic model parameters of bearings.
Name K 5 (N/m) Ky (N/m) K, (N/m) K g(Nm/rad) K~ (Nm/rad)
INP-A 0 1.5x1010 1.5x1010 5%x10° 5%10°
INP-B 4.06x108 1.54x 1010 1.54x 1010 0 0
PLC-A 6.6x10* 1.7x10° 1.1x10° 5.6x10° 1.3%x10°
PLC-B 6.6x107 1.7%x10° 1.1x10° 5.6x10° 1.3%x10°
PL-A 9.1x10% 9.4x107 32x107 1.4x106 45x106
PL-B 9.1x10* 9.4x109 3.2x107 1.4x106 45x10°
IMS-PLC-A 9.1x10% 6x107 12x10° 7.5%x10% 7.5x10%
IMS-PLC-B 9.1x107 6x107 12x109 7.5x10% 75%x10%
IMS-PL-A 9.1x10% 6x107 1.2x109 75%x10% 75%10%
IMS-PL-B 9.1x10* 6x107 12x10° 7.5%x10% 75%x10%
IMS-A 0 6x107 1.2x10° 75x10% 75%x10%
IMS-B 7.4%x107 5%108 5%x108 1.6x 106 1.8x 106
IMS-C 7.8x107 7.4%x108 33x108 1.1x106 25%109
HS-A 13x108 8.2x108 8.2x108 1.7x10° 1x106
HS-B 6.7x107 8% 108 13x108 1.7x10° 1x10°
HS-C 8x107 1x10° 73%x107 1.7x10° 1x109
Table X. 5 MW Reference Gearbox eigenfrequencies (Hz) and eigen modes.
No. Eigenfrequeny (Hz) Mode Shape Location
1 0 Rigid body mode -
2 1.4 x-Translational 15t Planet
3 1.4 x-Translation 27 dPlanet
4 8.2 a-Rotational Global
5 26.7 Rotational & Translational Global

and bearings has been introduced. This map -named ”gearbox vulnerability map [10]”- ranks the gearbox components with

highest to lowest fatigue damage. During routine inspection and maintenance, the vulnerability map can be used to find the

faulty component by inspecting those with highest probability of failure rather than examining all gears and bearings. Such

maps can be used for fault detection during routine maintenance and can reduce the down time and efforts of maintenance

team to identify the source of problem [10].

For this 5 MW reference gearbox, the vulnerability map has been constructed based on the procedures introduced by

Nejad et. al [10] and is shown in Figure 7.

14

Ring
g Pinion
PL-A g PL-B g HS-A HS-B
A gl A IMS-PL-A| |IMS-PL-B HHS_C output
L] A = to generator
Main shaft pLC-A s IMS-PLC-A IMS-A| [IMS-B
A 2} A A
INP-A  INP-B | = IMS-C
Carrier o IMS-PLC-B
) PLC-B Gear
©
A gl A @ 3rd stage /\ :Bearing
L] 2nd stage Parallel Helical
1st stage
Planetary Q Planetary Probability of fatigue damage
Highest I
High
Low
Lowest

Figure 7. 5 MW gearbox vulnerability map.
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5. SUMMARY & CONCLUDING REMARKS

In this paper, a 5 MW reference gearbox for offshore wind turbine is presented. The aim of this work is to support
conceptual studies and design comparisons of various offshore wind turbines models. NREL 5 MW reference wind turbine
has been broadly employed by researchers around the world for structural design studies, but currently, there is no gearbox
model in wind turbine literatures for detailed investigations of drivetrains.

The system engineering approach has been employed for designing this reference gearbox. First, the gearbox weight
is minimized by optimizing the gear speed ratios and then the components are designed. The 5 MW reference gearbox
consists of three stages; two planetary and one parallel helical stage which is designed for the NREL 5 MW offshore
reference wind turbine. The gearbox component design is based on the related international design codes and the data
from similar type wind turbine gearboxes.

A multibody model of the gearbox is then developed. Gears are modelled as rigid bodies with compliance at tooth
and bearings are represented with 6 DOF stiffness matrix. All parameters, including geometries, stiffness and topologies
required for creating a dynamic model of the gearbox are provided. One can build this gearbox model in his own modelling

tools and investigates the load and load response of different wind turbine designs in offshore developments.
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