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Abstract: In this paper, a wind turbine gearbox model, which is realized through a Bond Graph Approach, is
presented to analyze the dynamic behavior of a wind turbine transmission. In this regard, the wind turbines
gearbox consists of three stages. The first one is a planetary gear and the two others are parallel gears. Taking
account of meshing and torsional stiffness and dumping, the dynamic model of each stage is established.
Consequently, the whole model is integrated following the Bond Graph modeling procedure. Subsequently,
vibration analysis of the gearbox is carried out to demonstrate the application of the Bond Graph model in
mode analysis. Finally, the dynamic characteristics of a wind turbine gearbox using the proposed model are
analyzed and verified based on 20-sim program.
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. Introduction

The power generation with wind turbines has grown during the past twenty years. The customers who
are environmentally conscious have now been using this clean wind energy from power providers. The global
market for the electrical power produced by wind turbine generator has been increasing steadily, which directly
pushes the wind power technology into a more competitive area [1-6]. The wind turbine system is composed of
rotor, gearbox, generator, AC/DC/AC converter and grid. The power from the rotation of the wind turbine rotor
is transferred to the generator through the power train, i.e. through the main shaft, the gearbox and the high
speed shaft. The gearbox is typically used in a wind turbine to increase rotational speed from a low-speed rotor
to a higher speed electrical generator. It is the most important part of a wind turbine, where most of faults occur.
In [7] it is reported that a wind turbine has around 20 years of life span, but normally the gearbox needs to be
replaced every 5 years. For this reason, big manufacturing companies of wind turbines intend to use a direct
drive wind turbine without a gearbox.

Nowadays, most of the installed wind turbines are equipped with a gearbox specially the planetary
gears because of their compact design and high efficiency [8,9]. Actually, most of the 270 GW of wind turbine
power is installed around the world with this configuration [10,11]. Based on this context, a model of the
gearbox is presented in this paper. In terms of a Bond Graph Approach, The modeling of a gearbox has been
addressed in several works. [12] Observed chaos in the dynamic response of a geared rotor-bearing system with
bearing clearance and backlash. [13] Studied the effects of backlash and bearing clearance in a geared flexible
rotor and the interactions between these two nonlinearities. [14] Investigated the nonlinear effects and instability
caused by bearing clearance in helicopter planetary gears. [15,16] Studied the dynamics of a mechanical
oscillator with clearance nonlinearity and fluctuating mesh stiffness, and correlated results with experimental
data. [17,18] investigated primary resonances, subharmonic resonances, and chaos in a multimesh gear train
caused by fluctuating gear mesh stiffness. [19,20] Studied the dynamics of wind turbine planetary gears with
gravity effects using an extended harmonic balance method that includes simultaneous internal and external
excitations. The Bond Graph model of a gearbox has been addressed in a few works [22, 23]. In this present
work, a Bond Graph model of wind turbine gearbox is presented, all gear component are modeled id detail,
taking into account its dynamic behavior.
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Il.  Fundamental Concepts Of Bond Graphs

A Bond Graph [24,25,26,27] is a graphical way of modeling physical systems. All these physical
systems have in common the conservation laws for mass and energy. Bond graph, originated by Paynter in
1961, deals with the conservation of energy. This gives a unified approach to modeling physical systems.
Further follows a short introduction to this modeling tool, more information can be found in. The bond graph
based modelling has several advantages over conventional simulation methods as follows:
1. Providing a visual representation of the design;
2. Controlling the consistency of the topological settings of the design;
3. Providing the hierarchical modelling of designs;
4. Extracting the system equations symbolically in a structured way.

Within physical systems, energy is transported form one item to another. This energy is either stored or
converted to other forms. However, the important thing is that it does not dissipate. If the energy is changing in
one place, it also changes in an opposite way at another location. The definition of power P is the change in
energy E with respect to time:

dE
P = 1)

This power is transferred between the different parts in bond graph model with the use of power bonds,

see Fig. 1. Power can be expressed as the product of an effort and a flow variable, thus the general expression:

P = e(f(t) @)
f

~
&
Fig. 1 Power bond with effort and flow

The symbols e(t) and f(t) are used to denote effect and flow quantities as functions of time. Table 1
shows what the effort and flow quantities can be in some familiar domains.

Table 1: Effort and flow variables in different domains

Domain Effo Flow, f(t)
rt, e(t)
Mechanical For Velocity, v(t)
translation ce, F(t)
Mechanicalri Toq Angularveloc
tation ue, 1(t) ity, o(t)
Hydrolic Pres Volume flow
sure, P(t) rate, Q(t)
Electric Volt Current, i(t)
age, U(t)

2.1. System Elements

In bond graph modeling there are a total amount of nine different elements. We will also here introduce
the causality assignments, but first we have to explore the cause and effect for each of the basic bond graph
elements.

2.1.1. Junctions:

There are two different types of junctions that connects the different parts in a bond graph model. The
0-junction and the 1-junction. The 0-junction is an effort equalizing connection, see Fig. 2 and its corresponding
equations in (3). Since the efforts are the same, only one bond can decide what it is. The 1-junction is a flow
equalizing connection, see Fig. 3 and its corresponding equations in (4). Since the flows are the same, only one
bond can decide what it is. Which bond decides the flow and which one decides the effort is indicated with the
vertical causality stroke. If the vertical line is closest to the junction, then this element decides the effort, furthest
away from the junction decides the flow.

el 0! e3 1
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Fig. 2 0-junction

{e]_ = eZ = 93

f3 = f1+f2 3)
e2 | f2
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/17 13
Fig. 3 1-junction
f]_ = fz = f3
{93 =€ +e2 (4)

2.1.2. Source Element

We can divide the source elements into two different kinds, effort- and flow-source. The effort source
gives an effort into the system, and then it is up to the system to decide the flow. This is what is meant with
cause and effect, and its vice versa for the flow source. Fig. 4 shows how the causality is indicated on the

graphical elements. For the source elements these causality assignments are fixed.

Sf—5%—

f

e
Se ﬁ
Fig. 4 Effort and flow source with their causality assignment

2.1.3. Compliance Element

The causality assignment for the C-element has two possibilities, but one is preferred in contrast to the
other. This is discussed at the end of this section. The preferred case is seen in Fig.5 and its corresponding
equation in (5). We see from both the equation and the figure that flow is given to the element/equation and it
gives the effort in return.

e
Iﬁf C
Fig. 5 Example of a combliance element with integral causality

1 q
e—Edet—E 5)

The variable qis called the generalized displacement. For example, this can be rotational position of the
rotor in a wind turbine.

2.1.4. InertiaElement
There are two choices for the causality assignment for the I-element, also here one is preferred in
contrast to other. The preferred case is seen in Fig. 6 and its corresponding equation in (6).

€
T‘ I
Fig. 6 Example of an inertia element with integral causality
f=le=P
T1°7 6)

The variable p is called the generalized momentum. For example, this can be rotor inertia times rotor
velocity in a wind turbine.

2.1.5. ResistiveElement
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It is a bit more freedom when it comes to the causality assignment for the R-element. Its equation do
not include any dynamics, it is only an algebraic expression. The two causality choices are shown in Fig. 7 and
its corresponding equation in (7).

—<—iR
f
Iﬁ; R
Fig. 7 Example of resistive element
e
f= R or e=Rf 7

2.1.6. Transformer Element
The transformer element can work in two ways; either it transforms a flow into another flow or it

transforms an effort into another effort. Fig. 8 corresponds to (8), where m is the transformation ratio. For
example, this can represent a mechanical gearing or an electric transformer.

el el
el e2
F TF 1
J1 12
Fig. 8Example of the two transformers
f =2 =3 f, = mf =
1—m, ez—m or 2 = Imily, €1 = me, 8)

2.1.7. GyratorElement
The gyrator can also work in two ways; either it transform a flow into an effort or it transform an effort

into a flow. Fig. 9 corresponds to (9), where r is the gyrator ratio.

el . e2
7l — GY | 1
4 BY —5—
Fig.9 Example of the two gyrators
€, €1
fl =, fz = — or e = rfz, €, = rf1 9)

r r
By using bond graph as the modeling tool we get a good overview of the models physical structure and
we can do simulations in one step, instead of first deriving the equations and then drawing the block diagram.

I11.  Bond Graph Model of the Wind Turbine Gearbox.
Wind turbines gearbox presented in this paper is consists of three stages. The first one is a planetary
gear and the two others are parallel gears. The gearbox scheme is shown in Fig. 10.
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Fig. 10 Gearbox scheme
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The gearbox can be considered as a simple model in which the conversion ratio can be introduced
directly in a transformer (TF-element of Bond Graph). However this model does not describe the dynamic
behavior of the gearbox. Therefore, a more accurate model needs to be developed. This model will be used in a
future work as a base, in order to formulate the law control to compensate any perturbation due to a gearbox
default.

In [28] a detailed gearbox Bond Graph model is proposed. The planetary gear model is presented in
detail but the parallel stage is modeled by a simple TF element. This resource is taken as a reference to develop
the wind turbine gearbox model, to which we add a detailed model of parallel gear stage. Moreover, the dampers
of all components of the system are also considered. For a planetary gear, several identical planet (p) gears are
in mesh with the sun gear and the ring gear (r), and the carrier (c) holds all of the planet gears. Planet gears
rotate in two kinematic modes called revolution around the sun gear and autorotation around its own axis. Power
flow into the planetary gear will split or converge. A basic kinematic model of a single planetary gear is shown
in Fig. 11.

Oprp B Vpa @crr

Fig. 11 Kinematic model of planetary gearbox

According to the kinematic relation of the components shown in Fig. 21, the translation velocities in
contact point A and B can be described as follows:

Vpa = —wplp + cly (20)
VrA = a)rl’r (21)
Vg = wplp + @l (22)
Vg = wsls (23)

where, w; and r; stand for the rotating velocity and the base circle radius (j = r,s,p) respectively. A is
the meshing point of the ring gear and the planet, and B is the meshing point of the sun gear and the planet. Vy
is the velocity of planets in point m along tangent direction, where m = A ,B. Similarly, V,, and Vg are the linear
velocities of ring gear in A and sun gear in B. In a gear systems modeling, the gear mesh interfaces are usually
consideredas spring-damper systems [27]. The spring stiffness (also called the mesh stiffhess), is one of the
major sources of gear vibration. The dynamic model of planetary gearbox is shown in Fig. 11(a). Fig. 11(b)
depicts the Bond Graph model of the gearbox.

Fig. 11 Physical model for dynamic meshing problem (a), bond graph model of planetary gearbox (b)
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The planet gears represented by momentum of inertia Jyare connected to each other through a common
carrier. Therefore, they get the same rotational speed imposed by the carrier. 1-junction represents the rotation
speed of the carrier (c), and I—elements J. denote the rotary inertia of the carrier. These planets are bounded to
sun and ring gears by the mesh stiffness dumping Ksp,Bs, and Ky, By, respectively. J; is the ring gears momentum
of inertia. The connection between the ring and the hub is carried out by an elastic joint modeled through a
spring-damper. In this joint, the vibration signal of the gear can be obtained. In the model, Zi,(i = p,s,r)
represents the teeth number of each gear. The flow 1-junction represents the angular velocity of planets, carrier,
ring and sun gear, respectively. They are related to each other through TF-elements.

The zero junctions, between the transformers, represent the effort variable that the planet moves in
tangential direction. The parallel gear stage of the wind turbine gearbox is composed of two stages. The
dynamic model and the bond graph model are shown in Fig 12.
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Fig. 12 Dynamic model of parallel gear (a), Bond graph model of parallel gear(b)

The complete Bond Graph model of a wind turbine gearbox and its sub-models are depicted in Fig. 13.
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Fig. 13 Bond graph rﬁodel ahd sub-model of a wind turbine gearbox
IV.  Simulation And Results
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Fig. 14 represents a simulation of the gearbox behaviors. A constant torque is applied at the input of the
gearbox (Se = 60N.m). This output torque decreases with a ratio of 60. The same outcome is observed in the
angular velocity curves. For a constant angular velocity at the gearbox output, the gearbox input is reduced with
a ratio of 60. From the teeth number of each gear (Appendix A), we can calculate the gearbox ratio, which is
equal to 60. Thiscomes in line with the predictions of the gears bond graph model. The system undergoes the
same vibrations patterns; which are due to the dynamics involved between the mesh stiffness and the
momentum of inertias.
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Fig. 14 Gearbox simulation model
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V.  Conclusions
A generalized dynamic model of the wind turbine gearbox— witch composed of three stages (one stages
is a planet gear and the two other stages are parallel gears) — considered the meshing stiffness and damping
based onBond Graph theory is set up. All gearbox components are modeled in detail and all dynamic behavers
are takings into consideration,a good results are obtained by simulation. This model will be used in a future
work as a base for vibration analysis and to calculate the natural frequencies and the displacement mode shapes,
the model can be used to develop law control in order to compensate any perturbation due to a gearbox default.
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