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Kinematically Nonlinear Finite Element Model of a
Horizontal Axis Wind Turbine.

Part 1 : Mathematical Model and Results.

Jgrgen Thirstrup Petersen

Abstract.

A mathematical time domain model for simulation of the dynamic response of a horizontal
axis wind turbine is presented. The model concentrates on the correct representation of the
inertia loads in the equations of motion, and aims at a final model well suited for parametric
studies, offering the user the possibility of chosing the appropriate level of representation of
dynamical effects.

A general kinematic analysis, which includes the elastic rotations at the tower top and at
the shaft end, is the basis for the derivation of the local inertia loads. Nonlinear kinematic
terms are retained in the expressions for these loads. The wind turbine structure is subdivided
into three substructures, comprising the tower, the nacelle-shaft, and the rotor blades. Each
substructure is described with reference to a local coordinate system.

The model is discretized by use of the finite element modelling technique. A simple two node
prismatic beam element is used. General element inertia matrices and vectors are derived
through consistent transformation of the inertia loads to the nodes. The kinematic analysis
provides for the geometric compatibility at the coupling nodes between the substructures.
Final assembly of the substructure equations of motion is carried through by imposing force
equilibrium at the coupling nodes. The resulting coefficient matrices are nonsymmetric. Sub-
structuring permits easy updating of changes in geometry, corresponding to rigid body rotations
of the substructures and extends the limitations on the allowable displacements.

The loading on the wind turbine structure includes both the gravity and aerodynamic loads on
the blades. Aerodynamic loads are derived by use of a quasi-steady theory. The model is fully
aeroelastic, in that the influence of the elastic deformations on the aerodynamic force is taken
into account. The free wind vector is composed of a deterministic contribution including wind
shear and tower interference, and a stochastic component, which is generated by the Sandia
method for time simulation of turbulence.

Based on the mathematical model a computer program has been developed. The program
runs on a personal computer. The equations of motion are solved in the time domain by use
of an implicit Newmark integration scheme, in combination with Newton-Raphson iterations,
performed to ensure equilibrium at each time step. Eigensolutions are obtained for the struc-
ture including only the dominating influence of the rotating substructures. The eigenvalues are
found by use of the Sturm-sequence property for the symmetric equations of motion. These
eigenvalues are then used as starting values in an inverse iteration performed on the nonsym-
metric equations from the substructure formulation to give the mode shapes. Results from a
simulation of the response on a typical Danish three bladed stall regulated wind turbine are

presented and compared with measurements.
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1 Introduction. 8

1 Introduction.

The dominating design concept used for commercially manufactured wind turbines in the world
today is the horizontal axis type connected to the electrical supply grid. The rotor configuration
is usually two- or three-bladed, and power regulation is carried out either by stall- or pitch-
regulation. Two-bladed rotors are often equipped with a teeter hinge, but the majority of wind
turbines have a rigid hub.

The majority of the Danish wind turbines are of the three-bladed stall regulated type. Only
three bladed turbines of the rigid hub type are commercially available in Denmark today. Very
little attempt has been made to develop a more flexible and probably more optimal design, as
for example, the two bladed teetered type.

The 200 kW Gedser wind turbine [L3] is often considered the model for the development of the
new generation of stall regulated wind turbines in Denmark, which took its beginning in the
late 1970’s. During the last decade this concept has gone through a continuous development.
in the early 1980’s the manufacturers concentrated on the optimization of the components for
wind turbines of the 55 kW size, with particular emphasis on production. The typical design
engineer was almost completely occupied with problems related to production. The basis for
dimensioning was the experience with prototypes together with the general rules supplied by
The Test Station for Wind Turbines at Risg. These rules, of course, had to be conservative,
because they apply to a complex product experiencing a complex loading, and yet be simple
at the same time. The rules reflected the experience gained with a number of different wind

turbines.

A theoretical approach to design was almost solely used by researchers employed in connection
with the national programmes in relation to the bigger wind turbines, e.g. the 630 kW Nibe
turbines [P2]. Allthough the results from these programmes are in the public domain, the
influence of this research upon the commercially manufactured wind turbines has been very
limited, or at least very much delayed. Only when results of special interest for the industry
have been extracted from the research results can a clear influence be traced. The interest
has often been stimulated by sudden problems, for which the industry needed help to find
solutions, usually in a hurry. But the industrial approach was still mainly based on experience.
One explanation for this might be that the manufacturers in the early 1980's were primarily
small companies with very little tradition for basing their production on research and theory.

During the last years the industrial approach has changed more in the direction of the theo-
retical, and mathematical models have become more common. One of the reasons is probably
that the size of the wind turbines has increased (400-500 kW) and that prototype testing is
now too expensive compared to the implementation of an appropriate theoretical tool. Or put
in another way, the theory can compete with the prototype testing, and help minimize the
economic risk. Another reason is that the manufacturers have realized that experience alone is
not sufficient for a satisfactory lifetime prediction. A third reason is that prouction needs much
less attention from the design engineer, due to the experience of the staff and establishment

of systematic quality control.

Altogether, it seems as if the industry, to a certain degree, is prepared to accept the theoretical
approach and that it will be considered an important ingredient in the optimization process.
When the conditions change in that direction, it is much easier to establish a fertile interaction
between the research communities and the industry. Of course, the research communities have
a responsibility in that process, in that the results of the research must be put in a form which

makes it practicable for the recipient to use them.
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During the last couple of years, work has been going on at Risg National Laboratory which
aims at the development of a computer program (Design Basis [L1]) which is efficient for
parametric studies on a personal computer. The first edition of the program has been published
and distributed. This is a simple one bladed model (see Sec. 1.1), which is based on earlier
research [M4] covering the complete rotor.

The main purpose of the present work is to support the continued development of the Design
Basis code, especially concerning the proper inclusion of the dynamical effects when a relatively
flexible structure is considered. Therefore the present model focuses on the modelling of the
inertia loads. The model is developed in a form that makes it possible to identify the origin of
the inertia loads and eliminate the associated contributions if they are found to be negligible

for a given application.

In order to furnish the reader with some insight in the subject, it is found valuable to go
through a presentation of the capability of existing, comparable models to include the inertia
loads and place the present model in this context. This is done in the following Sec. 1.1. The
introduction concludes with an overview of the elements of the present model and the scope

of the thesis.

1.1 Placing the model in relation to existing models.

The following survey is not intended to be a general evaluation of the quality of the models
but merely an assessment of their ability to incorporate significant dynamical effects, i.e. the
inertia loads. The present work focuses primarily on the influence of the inertia loads, while
other models have been developed with quite different main aims.

In the present model a kinematic analysis results in nonlinear expressions for the inertia loads,
which to a great extent are retained in the equations of motion. Anticipating the results from
later sections, the inertia loads for the blade will be the basis for the following survey.

The present model makes use of the finite element model (FEM) for discretization and the
inertia loads are represented as node loads, resulting from consistent transformation of the
distributed inertia loads to the nodes. When the origin of the coefficient matrices and vectors
are made clear, it is possible to compare the present model with others that make use of
different techniques for discretization.

1.1.1 Simplified expression for the blade inertia load.

When dealing with rotating substructures, important inertia forces may arise. If the structural
elements are relatively stiff, it may be sufficient to determine the inertia force by assuming
that the substructures behave as rigid bodies. If, furthermore, the angular velocities can be
considered uniform, the inertia force may be incorporated simply as a centrifugal force. In the
case of a wind turbine, it is equivalent to incorporate the centrifugal force on the blades, and
when the rotor is symmetric the centrifugal force influences only the loads on the rotor, while

other structural parts are unaffected.

However, the work going on with optimization of the wind turbines results inevitably in more
flexible structures, and additional inertia forces are likely to be important. An example is given
below of the origin of such loads. At the same time the example covers the inertia loads which
are very likely to be important on some existing designs, but often neglected because the
existing design tools are often incapable of including them.
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The basis for the example is the schematic drawing in Fig.1 and a reduced expression for the
inertia loads which are part of the mathematical model. The kinematic analysis in the model

{Fis}
Blades.
Shaft
Tower top. .'

- Ytop
w
Xtop
"/o-x Ztop
\ i,
y Tower foundation.

Figure 1: Tower top elastic rotations.

includes deformation at the shaft end, teeter and yaw but only the tower top deformation will
be included in the following survey. The angular rotor velocity is assumed constant, in order
to keep the expression for the blade inertia force as simple as possible.

Applying these simplifications the following formal expression for the inertia load at a blade
point is obtained
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—{Fis} =
[M]{dB} - evrierieiiiiis, (mass)
+ [C (w,éT)] {gB} i, (Coriolis)
[ (w ,wlr, O30, HT)] {gs} ...(softening)
+ {F (wz,wOT, 0767, )} ......... (centrifugal + gyroscopic)
+ [Mj (bshaye, 7)) {OT} ............ (rigid body rotation)
[ ( 07, Lohagey T )] {GT} ...... (gyroscopic)
+ Mg {dr} oo (rigid body translation) (1.1.1)

The expression has been derived in App. B, and it is possible through the description there
to trace the origin of the terms in the model equations. Eq. 1.1.1 is a simplified version of
Eq. B.0.11 in App. B. The relation between the two equations is kept unique by retaining the
order of the terms.

Apart from the listed degrees of freedom and parameters, all the matrices and the centrifugal-
gyroscopic vector depend on material parameters and geometry. Except for the mass matrix
including azimuthal position and angular elastic deformations at the tower top.

The radial location of the blade point in question is given by r. The shaft is assumed stiff and
its length is denoted by ,4,¢. The rotor is spinning with constant angular velocity (w) relative
to the tower top. The direction of the w angular velocity vector is constrained by the shaft
bearings. The tower is assumed flexible, so that the elastic rotations at the tower top are not
negligible. These are assumed to be small so that they can be referenced to the coordinate
axes and described as a vector. They are generally denoted 8, with indices z, y, and z in
the figure corresponding to the respective axis. In the formal equation no distinction is made
between the axes and the index T indicates that the rotation may be any of the three.

Our main interest in this context is to show how the flexible tower influences the inertia
load. The elastic angular velocities that will occur must be added to the rotational speed (w)
in order to obtain the total speed of the rotor, and as the elastic rotations and their time
derivatives (denoted by a dot) vary with time, both in direction and size, it becomes clear that
all the accelerations, usually described by the well known four term acceleration expression for
a rotating coordiante system, are present. This is reflected in the equation.

The influence of the inertia force on the terms related to local deformation ({¢gp}) on the blade
is reflected in line 2 and 3 of the equation, representing the Coriolis- and the softening-effects.
The importance of these will depend very much on the actual properties of the blade.

In addition to the centrifugal forces gyroscopic forces are present in the equation, due to the
resulting time varying rotation vector for the rotor. The gyroscopic terms are represented both
in the vector of line 4 and the matrix of line 6. The gyroscopic forces appear in both terms
due to the chosen discretization technique and to the level of reduction of the equations. For
many designs it is probably very important to incorporate the gyroscopic forces.

The last terms to mention are the terms denoted rigid body terms in the equation. They
are usually incorporated in the most models, which integrate the complete turbine. Their
incorporation do not depend on a kinematic analysis.
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1.1.2 Comparison of models.

Based on the expression for the inertia loads from Eq. 1.1.1 existing representative models
for horizontal axis wind turbines will be described below, starting with the simplest models
and carrying on with models of increasing complexity. Only models which have been specially
developed for wind turbines will be considered, and only models in the public domain. This
means that e.g. modified helicopter models and private manufacturer models are not consid-
ered, the former because they are usually very complex and it is difficult to extract information,
which makes these models comparable with the specially designed wind turbine models, the
latter category simply because details about these models are unknown. Within both categories

important models exist.

The result of the model description will be a series of models, which provides a survey of the
ability of the models to incorporate the inertia loads. At the same time the overview will serve
to illustrate where the present model is placed in relation to existing models. Other important
characteristics of the models, e.g. special degrees of freedom and aerodynamic model, will be
mentioned briefly, in order to emphasize the aim of the model in question.

The models will be referred to three main categories. Within each category degrees of varying
complexity exist. The first category covers models which only consider the dynamics of a single
blade. Coupling to the other blades, the nacelle, and to the tower are not included, which means
that the hub and the tower are assumed to be stiff. The second category covers models which
consider dynamics of the whole rotor and perhaps a very simplified coupling to the tower. The
models in this category assume that the tower is relatively stiff. The third category deals with
the models which incorporate the complete structure, with a varying number of DOFs and
with a varying degree of linearization.

1.1.2.1 Single blade models.

This category covers models which consider the dynamics of one single blade. They are usually
very fast and effective, as appropriate when the main characteristics of the wind turbine are
to be established. When the tower, nacelle, shaft and hub with good approximation can be
considered stiff, the models will often give answers which are sufficient for the final design,
perhaps modified according to results from prototype testing.

The ability of the models to incorporate the inertia loads can be roughly illustrated by use of
Eq. 1.1.1, which after cancelling of the terms related to the tower DOFs is written

—{F} =
M]{¢s} ....-.... (mass)
+[C(w)] {¢gB} -.---. (Coriolis)
+ [K (wz)] {gs} ...(softening)
+ {F (wz, r)} ...... (centrifugal) (1.1.2)

Here the deformation vector, {gg}, covers only one single blade. The equation of motion is
usually established in the rotating frame of reference following the blade. The equations are
usually linearized and solved by a modal analysis technique, which reduces the number of
degrees of freedom. The solution is often carried out in the frequency domain. It is mentioned
below where the particular models deviate from the equation above.
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One such model is described by Larsen [L1]. Blade displacement in flap- and chord-wise direc-
tions are considered, while torsion is excluded. The two directions are not structurally coupled,
but coupled through the aerodynamics. Centrifugal stiffening is included. The equations of
motion are solved both in the time and in the frequency domain by use of a modal tech-
nique, based on the mode shapes. This work focuses on the calculation of fatigue and extreme

response.

A similar model is described by @ye in [@1] and [D2]. Here a more complete structural
model is used. Structural coupling between the flap- and chord-wise directions and torsion are
included. The influence of the centrifugal force is included in the stiffness, both in directions
perpendicular to the blade axis, but also in the torsional direction. The latter may be important
for blades designed with a considerable twist and low torsional stiffness. This effect is usually
neglected, as in the present model. The model operates in the time domain and uses a modal
technique based on the mode shapes for reduction of the degrees of freedom.

A third example in this category is the model described by Thresher [T1]. The model is
restricted to consider only the flap-wise direction. The stiffening effect of the inertia loads is
fully incorporated in this direction. The model allows for a prescribed yawing motion, which
may be time varying. Its representation in the model is only restricted by the introduced
linearization. This gives rise to additional gyroscopic forces through the product wfr and
further, when the yaw motion is time varying, additional inertia forces through the angular
acceleration 61. The solution is based on discretization and reduction of the DOFs by use of
the Galerkin method. The equations of motion are integrated in the time domain.

1.1.2.2 Coupled rotor models.

Models in this category are characterized primarily by their ability to describe the dynamics of
the coupled rotor, i.e. the rotor hub is no longer considered stiff. Apart from this, the basic
approach may be very different. Also, the included dynamic effects are treated at different
levels of refinement, primarily governed by the actual modelling employed and the solution
technique. In spite of that, the inertia forces accounted for in the models can roughly be
described by a common equation, which results from reduction of Eq. 1.1.1

—{Fip} =
M) {gs} - i, (mass)
+[C(w)]{gB} --viiienn... (Coriolis)
+ [K (wz)] {¢B} -oiie.... (softening)
+ {F (w2,wéT, r)} ...... (centrifugal + gyroscopic)
+[Mj (€urases )] {67} ... (rigid body rotation)
+[M;] {dr} ..oooioi... (rigid body translation) (1.1.3)

It is mentioned below, where the actual model deviates from this equation.

One model in this category is described by Madsen [M4]. The model is developed for solution
in the frequency domain, and this is naturally reflected in the choice of representation of
the dynamic terms. The modelling is carried through in the rotating frame of reference. A
constant angular velocity of the rotor, w, is asumed, but a periodic yaw motion , fr, is allowed
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for, resulting in gyroscopic forces, represented in the vector {F'}. The yaw acceleration is
neglected, assuming slowly varying yaw velocity. The centrifugal stiffening is taken into account
as geometric stiffness and softening in the plane of rotation is included through [K]. Coriolis
forces are accounted for through [C], yet, neglecting the influence of the yaw motion on the
Coriolis force. The tower top DOFs are not included in the model, i.e. [M;] and [M;] are
zero. As was the case with the model by Larsen [L1], the main purpose with this model is to
calculate fatigue and extreme response.

A model using a finite element approach is described by Garrad [G1]. The model is almost
identical to the one by Lobitz [L2]. Garrad integrates the tower, although without taking
into account the additional gyroscopic and Coriolis forces on the rotor resulting from tower
top angular motion. The tower is modelled in a fixed frame of reference and the rotor in a
rotating frame of reference. The two sets of equations are coupled before solution by use of
a time varying transformation matrix reflecting the hub configuration and taking care of the
relative movement of the structures. The tower top deformations are treated as real DOFs,
but because the rotor axis is assumed to be fixed in space in the kinematic analysis, the inertia
terms depending on HT} are not taken into account. The solution of the equations is carried
out in the time domain.

1.1.2.3 Integrated models.

The main characteristic of the models described in this category is their ability to incorporate
the DOFs at the tower top in such a way that the influence of time varying angular rotations
includes the angular velocities at the tower top. Still, the level of refinement is very broad,
from those where the coefficient matrices do not depend on the DOFs to models that can
be characterized as fully nonlinear. The discussion is carried through with basis in the original

Eq. 1.1.1.

The first model to mention in this category is one specially developed for stability analysis of two
bladed, teetered wind turbines by Janetzke [J1]. The model has only five DOFs including the
teeter. The remaining DOFs are two generalized coordinates corresponding to the fundamental
flapping mode for each blade, and two rotations at the tower top, corresponding to yaw and tilt
directions, respectively. The equations of motion are linearized so that the coefficient matrices
do not depend on the DOFs. The Coriolis term is neglected so that [C] = [0]. The softening
is not included in the form of Eq. 1.1.1, but the stiffening due to the centrifugal force is
taken into account, both on the blade and on the teeter DOF. The influence of the angular
accelerations at the tower top on the blade inertia force as well as gyroscopic forces from the
tower top angular velocities are taken into account, so that both [Mj] and [C;] are included.
The solution is carried out in the time domain.

Alithough the model is rather simple, it demonstrates the important steps in the derivation of
the equations of motion and how it is possible with models of this type to include only those
DOFs that are important in an actual analysis .

Almost the same can be stated about the model by Madsen [M3]. It has been specially
developed for investigation of the influence of rotationally sampled turbulence on the rotor
loads. The model has only three DOFs which are the tower top displacement in the wind
direction, the yaw and the tilt angle. The local blade dynamics is thus ignored and the rotor is
modelled as a rigid body, and the structural mass and stiffness coupling has been disregarded.
The tilt and yaw rotation couple through the gyroscopic forces. Considering the terms of
Eq. 1.1.1 it is equivalent to exclude the three first lines of the equation. The model operates
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in the frequency domain and allows for experimentally determined turbulence properties.

A model similar to the one by Janetzke [J1] has been developed by Garrad [G2]. As regards the
representation of the inertia forces, it is basically almost identical to the model in the present
work and differs in that respect only in the extent to which linearization has been introduced.
The Garrad model has been linearized, so that the coefficient matrices are independent of
the DOFs. However, by omitting the linearization, equations identical to Eq. 1.1.1 would be
arrived at. The presentation of the model by Garrad in [G2] focuses on the application of the
symbolic manipulation program Reduce and stability analysis.

The model presented by Schattl [S1] is rather comprehensive, allowing for transient analysis in
that the angular velocity of the rotor may be time varying. This means that Eq. 1.1.1 should
be extended to include w as well, in order to describe the inertia forces in this model correctly,
or more precisely, the azimuthal rotation should be treated as a real DOF. Further this model
implements a vortex model in the aerodynamic analysis. The equations are solved in the time

domain.

The last example to be mentioned in this survey is the nonlinear finite beam element model
by Fabian [F1]. The equations of motion are established in the fixed frame of reference.
The kinematic analysis is not carried through explicitly. Instead, the local accelerations are
calculated numerically during solution in the time domain and treated as distributed forces.
The basic tools in this calculation are position and orientation vectors for each finite element
node. The time derivatives of these vectors are calculated during the solution process and used
to generate the inertia forces. The model allows for arbitrarily large rotations of the elements
and must be characterized as fully nonlinear. As regards the inertia loads, the model is capable
of simulating all load situations for a wind turbine at the expense of computer storage and

time.

1.1.3 The present model, its near relatives and why is it developed?

From the previous survey of representative existing models it can be seen that the present
model is placed in the third category covering models of the complete integrated structure,
somewhere in the vicinity of the Garrad [G2] and Schottl [S1] models, at least when the
ability to incorporate the influence of inertia loads is considered. So, in that sense these two
models must be characterized as near relatives to the present model. But still the modelling
approach differs at essential points, which will become clear when a comparison is made of
other characteristics.

Both Garrad and Schottl use modal expansion of the response as a discretization technique
and for reducing the number of DOFs, while the present work makes use of the finite element
discretization. The difference between the models can primarily be attributed to these choices.

This difference in approach is reflected in the choice of technique for derivation of the equations
of motion (EOMs). Both Garrad and Schottl make use of energy principles when deriving the
EOMs, Lagrange's equations and Hamilton's principle, respectively. This is a natural choice
to make, when the mode shapes are used as the basis for a series expansion, because the
choice of mode shapes defines the generalized coordinates or equivalently the DOFs, which
are used as the basic independent variables in the energy expressions. At the same time the
mode shapes act as interpolation functions and enter the coefficient matrices as integrands in
a straightforward manner. The method thus requires that the mode shapes, or good approxi-
mations (functions satisfying the geometric boundary contitions are admissible functions, [M6,
pp- 242-252]) are known in advance, and further that integrals depending on the actual mode
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shapes must be evaluated. Also, a means for truncation of the series expansion must be avail-
able.

As long as the structure is simple with respect to geometry and distribution of mass and
stiffness and further relatively stiff, these requirements do not constitute a problem. Often
a good understanding of the dynamic behaviour of the structure will be sufficient to make a
good choice as regards the mode shapes and the number of terms in the expansion. Experience
with similar structures may contribute valuable information. The evaluation of the integrals
will in this case often be simple and is usually carried out numerically.

When the structural design gets more complicated or much more flexible, it will often be
necessary to make use of a complementary model, which can be used to calculate the mode
shapes. Further, this model can help in providing knowledge about the dynamic behaviour
and thus provide a basis for truncation of the series expansion. A more complex structure
may further give rise to more complicated integrals over the structural elements. However, the
structure might be so complex that a satisfactory solution by use of the modal expansion is

precluded [M6, pp. 328-329].

One of the main objectives with the present model is to develop a tool, which can be used to
decide to what degree a model should be refined in order to include the important dynamic
effects on an actual wind turbine structure, especially including the more complex and flexible
structures, which are likely to emerge during the process of optimization. A model will be
much more efficient for that study if the decision on model resolution is more integrated than
is the case with the modal technique described above. Further, it has been found valuable to
use a model which is better suited to deal with complex geometry and distribution of mass
and stiffness than those based on modal expansion. An example of such a complex structure
is the aerodynamic tip brake of a stall regulated horizontal axis wind turbine. These are the
main reasons for chosing the finite element method in the present work.

When the equations of motion are derived for the FEM formulation, the use of the energy
methods are less advantageous than they are in connection with the modal technique. There-
fore, it has been chosen to use Newton's second law directly for derivation of the inertia loads.
Through a general kinematic analysis (Sec. 3) the acceleration is derived for each matenial
point on the structure, and the dynamic problem is converted to the equivalent static problem
by use of d'Alembert’s principle, which, according to Newton's second law, expresses that the
inertia force on a mass particle is equal to the product of mass and acceleration and directed

opposite to the acceleration.

The interpolation functions for the actual element are simple polynomials. The inertia force is
treated as a distributed force and transformed to the nodes, consistent with the principle of
virtual displacement. The integration over the element can be performed analytically resulting
in closed form expressions for the terms of the coefficient matrices, thus eliminating errors

that may result from numerical integration.

Use is made of the substructuring technique. The wind turbine structure is divided into sub-
structures, which are coupled by imposing force equilibrium at the coupling nodes. The geo-
metric compatibility at the coupling nodes is automatically satisfied by the chosen kinematic
procedure. This is very much equivalent to what is done in the modal formulations, allthough
very little attention has been payed to the subject by the authors of the texts, which describe
the models mentioned above. Schottl states that the FEM method prohibits the treatment of
the angular rotation as time varying. This is certainly not the case. Basically the methods are
identical, they only differ in the choice of discretization technique.

All three models discussed in this section make wide use of the algebraic programming system
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Reduce [H2] for derivation of the EOMs. This reflects the common need for a convenient and
safe method for handling very large and complicated algebraic expressions. Both Garrad and
Schottl accomplish the complete derivation of the energy expressions by use of Reduce, after
having defined the position vectors. The present kinematic analysis is carried through by hand,
resulting in expressions for the acceleration composed of matrix and vector products, and then
only the final multiplication and reduction is done by Reduce.

This procedure is followed primarily because the matrix-vector form of the acceleration expres-
sion is found to be very informative, when the origin of the acceleration terms is considered.
This may prove to be very useful, when a reduction is carried out during the process of opti-
mization of the equations for special wind turbine configurations.

But further, the application of the more advanced and complex procedures in Reduce, requires,
in the present authors opinion, a good deal of confidence in the system, which can only be
achieved through experience with tasks of which the results can be checked.

1.2 Survey of the main elements of the model, and scope of
the thesis.

In order to give a more coherent representation of the elements in the model than indirectly
given through the previous comparison, the main elements of the model are described next.
Further the scope of the thesis is described parallel with this exposition.

The wind turbine structure is subdivided into three substructures as described in Sec. 2

1. Tower.
2. Shaft-nacelle.
3. Blades (rotor).

This is primarily done in order to incorporate the elastic rotations at the tower top and at the
shaft end in the derivation of the inertia loads. But at the same time the division has two other
important consequences. One is that the substructure deformations now are described with
reference to a local coordinate system, and this relaxes the limitations, which otherwise must
be placed on the allowable deformation in order to be able to express rotations as a vector. The
result is that the total deformations allowed on the blades relative to the tower support can
be greater than would be the case if the substructures had been described within a common
coordinate system. Another important consequence is that the equation structure, following
from the division, makes it simple to update the equations at each time step with respect to the
change in geometry due to elastic rotations at the tower top and the shaft end. The result is a
more correct model, allowing for moderate geometric nonlinearities. Only moderate, because
the local angular rotations still must be small in order to make the vector representation valid,
including elastic rotations at the tower top and the shaft end. The bearing restrained rotations
do not cause such problems, because the axis of rotation is uniquely defined, and the bearing

rotations enter the equations as scalars.

Both yaw rotation and teeter rotation are also present in the model, and like the rotor azimuthal
rotation they are treated as bearing rotations.

To summarize, the division into substructures has as a result that the rigid body motions of
the substructures are fully taken into account, both as regards inertia loads and change in
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geometry, and moderate geometric nonlinearities, as seen from a common coordinate system,
are allowed for.

The finite element model is used for discretization of the structure. The reasons for that choice
was given in Sec. 1.1.3.

The derivation of the element equation of motion (EOM) and the assembly to the substructure
EOMs is described with reference to Fig. 2, which illustrates the procedure for the blade
substructure.

Newton's direct method is used for derivation of the EOMs. The reason for this choice was
given in the previous section in connection with the comparison with other models, Sec. 1.1.3.

Initially, the kinematic analysis is carried through, (Sec. 3). The aim is to derive velocity and
acceleration for a material point on the element. The velocity is used in the aerodynamic
calculation [Part 2, Sec. F].

Input to the kinematic analysis is basically the position vector to the point in question, {rso}.
The velocity and the acceleration are derived as the first and the second time derivative to the
position vector, respectively.

Information about geometry and DOFs is used in the kinematic analysis. Important variables
are

1. Rotor azimuthal position: 8, § = w, §, (bearing controlled).

3. Coupling DOFs between substructures:
Tower top: {q%,}, {cﬁl} ) {tﬁz}, (elastic deformation).
Yaw: %,, 62, 6%, (bearing controlled).
Shaft end: {qﬂm} , {jﬁm} , {ijﬂm}, (elastic deformation).

Teeter: 07, 9. 65 (bearing controlled).

4. Shaft length: £,4,7;.

The transformation matrices needed in the description of the position vector {rg}, are derived
from the elastic- and bearing-rotations, listed as number 3, and further the azimuthal position
6 and the tilt angle an. Also the shaft length, £,;,¢:, appears in the position vector.

The finite element used in the model is a simple two node prismatic beam element as described
in Sec. 4, where also the complete element analysis is described. The interpolation functions
are simple polynomials, which are derived as solutions to the static equilibrium equations for
the element. The description includes shear rotation, which is usually unimportant for slender
structures, but included for the sake of completeness, and keeping in mind the possibility of
using the model for analyzing details of the structure. The coupling between bending and
torsion, which arise when the shear center lies outside the elastic axis (neutral bending axis),

is included.

The elastic stiffness matrix is derived by use of the constitutive relations and the principle
of virtual displacements. A general expression for consistent transformation of the distributed
loads to the nodes is derived. This expression is used for transformation of the inertia load
to the nodes, resulting in element mass-, Coriolis-, and softening matrices as described in

Sec. 4.11.
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Figure 2: Derivation of blade substructure equations of motion.
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Additional inertia loads, represented as vectors, result from this transformation. These vectors
are composed of terms, which are functions of DOFs outside the blade substructure, and the
angular velocity of the rotor, w. The terms including DOFs can be extracted from the vectors,
as shown for the example calculation in [Part 2, Sec. E], giving rise to additional mass- and
Coriolis-matrices. The remaining terms in the inertia vectors are dominated by the centnfugal

forces related to the square of the angular velocity of the rotor, w?.

The centrifugal force is used in the derivation of the geometric stiffness matrix, as described
in Sec. 4.9.

Structural damping is taken into account in the form of Rayleigh damping, the element damping
matrix being derived as a linear combination of the mass matrix and the elastic stiffness matrix,

(Sec. 4.13).

The aerodynamic load is calculated by use of quasi-steady theory as described in [Part 2,
Sec. F]. The wind field includes the mean wind influenced by shear and tower interference.
Turbulence is simulated by use of the Sandia method, also described in [Part 2, Sec. FJ.

Influence of gravity is included in the model, but for the moment only on the blades. Extension
to the complete structure is of course straightforward, but omitted because the influence on

the dynamics is negligible.
Both aerodynamic load and gravity load are consistently transformed to the nodes.

By gathering the above mentioned terms in one equation, the EOMs for a blade element are
obtained. Further, the substructure EOMs are derived by assembly of the element equations,
the key for this being the condition on displacement compatibility at the nodes.

Similar procedures are followed for the tower and the shaft substructures.

As shown schematically in Fig. 3, the substructure equations are assembled (Sec. 6) by im-
posing force equilibrium at the coupling nodes. Further, the boundary conditions at the tower
foundation are introduced, thus removing the rigid body motion of the total structure. These
conditions are assumed to be purely geometric, equivalent to zero displacement. The displace-
ment compatibility between substructures is ensured through the kinematic analysis.

’ y
Tower Shaft-nacelle Blade
substructure substructure substructure

EOMs EOMs EOMs

Geometric Force and Force and
boundary moment moment
conditions equilibrium equilibrium

Structure equations of motion.

Figure 3: Assembly of substructure equations of motion.

As the resulting structure EOMs are rather complicated and strongly coupled and nonsym-
metric, some attention has been payed to assess the validity of the assembly procedure. In
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Sec. 5 the present form of the EOMs are compared with the usual symmetric form of the
finite element equations, obtained when a common coordinate system is used. It is shown for
a simple case, that it is possible to transform from one form to the other. It becomes evident
that the real difference lies in the representation of the rigid body displacements in the two

sets of equations.

Indirectly, the validity of the substructure formulation has further been partially investigated
through an implementation of an eigensolution procedure (Sec. 7), allthough the purpose with
this is different. When dealing with wind turbine dynamics, it is very instructive to be able
to calculate the eigensolutions, both when models are established for simulation, but also
when knowledge about the dynamic behaviour is required. For this reason an eigensolution
procedure has been programmed. It is based on a calculation of the eigenvalues for the structure
described in a common coordinate system and including only geometric stiffness and centrifugal
stiffening, i.e. the EOMs are symmetric. The eigenvalues are found by use of the Sturm-
sequence property for symmetric matrices. Next, these eigenvalues are used as the starting
values in an inverse iteration performed on the substructure formulated EOMs to give the
eigenfunctions (mode shapes). Identical eigenvalues are found within the numerical accuracy.

In Sec. 7 the procedures used for the solution of the equations are described. A schematic
representation of the solution procedure is found in Fig. 19. The Newmark implicit integration
scheme is applied. The method is unconditionally stable, when the coefficient matrices are not
time dependent. However, the present implementation has not revealed any instability problems
for the example calculations which have been carried through so far, even if the coefficient
matrices are time dependent. Due to the kinematic nonlinearity of the equations it is in general
necessary to combine the integration with iterations in order to achieve equilibrium at each
time step. Omitting this will usually give erronous results, because an error is accumulated.

The mathematical model has resulted in a computer program written in Fortran 77. This
closely follows the mathematical model and therefore a detailed description is unnecessary.

The thesis concludes with some calculation results. Example calculations have been carried
through on a typical Danish three bladed wind turbine, which has been tested at the Test
Station for Windmills at Risg, and the simulated results are compared with measurements.
Reasonable agreement is demonstrated (Sec. 8).

In the example calculations the yaw DOF (63},) and the tilt (6%;) have been omitted, and
further the angular velocity (w) has been assumed constant. This is done, simply, in order to
reduce the expressions for velocity and acceleration. The tower top deformations and the shaft
end deformations have been given the highest priority in the calculations. Omission of the
tilt approximately halves the number of terms. The yaw DOF can still be represented in the
calculations by assigning an appropriate torsional stiffness to the beam element at the tower
top.

The thesis consists of two parts. Part 1 (the present part) covers the mathematical model and
the results and constitutes the chief part of the thesis, while Part 2 is a supplement, where
the most space consuming inertia matrices are listed, and some of the most important matrix
manipulations are shown. Further, the complete aerodynamic model is described in Part 2.
References between the two parts are given as references in general.
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2 Model geometry.

The horizontal axis wind turbines commercially available today follow a similar structural de-
sign, regarding the main components, which are important when the overall dynamic response
is considered. If the rotor shaft and its supporting connections to the tower is regarded as one
main component, the wind turbine is naturally divided into 3 main components

1. The supporting tower
2. The rotor shaft

3. The rotor blades

At the same time the connections between these main components are usually characterized
by important built in degrees of freedom (DOFs). Between the tower and the nacelle the yaw
rotation takes place, usually controlled by a bearing with one rotational degree of freedom
around a vertical axis. Further, if the simplification suggested above is taken literally, both
the yaw rotation and the rotation of the rotor shaft can be considered as occuring at the
connection between the tower and the shaft. Between the shaft and the rotor blades the teeter

bearing is located.

If we can accept, that the model does not provide information about local response of details
in the nacelle, the simplification relating to the nacelle and the shaft is reasonable, because
it is possible to assign mass, stiffness and damping to the shaft elements, so that the overall
coupling between the rotor shaft and the tower reflects the real construction in such a way
that acceptable agreement is found for all lower order modes of practical interest. The results
obtained with this simplified model will therefore provide the correct blade and rotor loads,
which then can be used as input to a model with finer resolution, where the local details
of special interest are analysed. Experience with existing response models and wind turbines
confirms that the simplification is acceptable, e.g. Patel [P1] and Fabian [F1, pp. 25-34]. When
we want to investigate relative changes in response, due to variation of structural parameters,
the influence of the simplification is even less important.

2.1 Definition of substructures.

The present model is divided into 3 substructures corresponding to the 3 main components.

The term "substructure” is used by different researchers, but often in relation to different
theoretical applications. Bathe [B1, p. 454] uses the term in connection with "substructure
analysis” , which makes use of static condensation for elimination of internal degrees of freedom.
The total structure is considered to be an assemblage of substructures. Each substructure, in
turn, is idealized as an assemblage of finite elements, and all internal DOFs are statically
condensed out. Each substructure is used as a finite element, and the method is basically a
tool for reduction of the number of DOFs. The method is particularly effective, when identical

substructures are present.

Meirovitch [M6, pp.384-409] uses the term "substructure synthesis” to describe a wide range
of basically identical techniques that analyse a structure by use of a linear combination of
mode shapes, or more generally by use of the broader set of admissible functions satisfying the
geometric boundary conditions [M6, pp. 242-252], for discretization of the substructures. The
method is described as an alternative to the finite element method. The equations of motion
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are obtained by use of an energy principle (Lagrange's equations). A very illustrative analysis
in [M6, pp. 401-409] describes the theory applied on rotating substructures in general terms.
This analysis has been very inspiring for the present work.

The present use of the "substructure” is not in total agreement with any of the two mentioned
applications, but can merely be characterized as an appropriate subdivision of the structure,
facilitating the actual analysis.

The purpose with the present division is primarily that we want to incorporate the influence
on the inertia load of the elastic angular rotations at the tower top and at the shaft end. The
chosen substructuring facilitates the introduction of these angular rotations in the kinematic
analysis. The considered bearing controlled rotations are furthermore located at the same two
points, or at least so close that they can be assumed coincident with good approximation, and
no further substructuring is necessary. Other important positive implications follow from the
substructuring which will be commented on later in Sec. 2.3, when the degrees of freedom
have been defined.

Each substructure has a Cartesian coordinate system attached to it as shown in Fig. 4. The
figure shows the undeformed structure. The final model is based on the finite element method
using a simple two node prismatic beam element. A typical division of the structure in elements
is shown in the figure. The local deformations are assumed small all over the structure, so that
linear elastic material properties can be assumed, which means that the relation between the
stress and strain is linear. This implies that the linear constitutive relations given in Eq. 4.2.1
are valid.

The elastic rotations of an element within a substructure are assumed infinitesimal, so that
rotations still can be described as a vector (M7, pp. 104-110], [G4, pp. 164-174]). This
assumption is made in order to retain a simple relation between rotational degrees of freedom
and transformation matrices, which transform vectors from one substructure coordinate system
to another or from a finite element to a substructure coordinate system. If finite elastic rotations
were allowed the rotations could no longer be described as a vector, which means that the
order of the rotations encountered in a transformation would no longer be indifferent and more
complicated expressions for the transformations would be necessary.

One possibility is to describe the transformation by use of the Euler angles ([M7, pp. 140-
143], [G4, pp. 143-148]) , which refer to 3 rotation angles defined in relation to 3 specific axes.
These axes are not perpendicular, but changes their relative position with the angles. Further,
a specific sequence of the rotations is prescribed, which makes the transformation unique.

For these reasons the use of the Euler angles for description of finite rotations, partly composed
of elastic deformations, will result in rather complicated expressions and additional degrees of
freedom must be introduced in order to establish the equations of motion. The use of the
simple two node beam element is excluded, and the method is not attractive in the present

case.

In [R2] and [R3] the Euler angles have been used for a geometric nonlinear model of moving
and rotating rods, resulting in rather complex equations of motion.

If finite rotations should be allowed within a substructure a reasonable description should at the
same time allow for an updating of the equilibrium equations in accordance with the change
in geometry. This possibility is inherent in many methods, especially those developed for the
finite element models.
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Figure 4: Substructures and coordinate systems. Undeformed state.

Another way of treating finite rotations, especially well suited for numerical solution on a com-
puter, is described in the by now comprehensive litterature dealing with solution of nonlinear
structural problems in the finite element method.

As an example, a detailed description is found in [B1, pp. 301-406], where the theory is devel-
oped in connection with special finite elements. The main principles in the method shall briefly
be mentioned here. The orientation of the element undergoing finite rotations is described by
a set of vectors connected to the element nodes. The solution of the structural response to a
given load history is achieved by an incremental procedure, where the load is incremented in
steps resulting in infinitesimal rotations. In each step the rotations can therefore be treated
as vectors and the rotations related to the model DOFs in a straightforward way. Usually the
geometry is updated following certain guidelines, but often less frequently than the load step.

The result is a time history of the DOFs comparable directly to what can be observed on the
real structure, when the load is applied. Often it is necessary to combine the method with
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iterations after each load increment, in order to achieve an acceptable state of equilibrium of
the forces involved.

The method is equally well suited for static and dynamic problems, and for problems with all
types of nonlinearities, and must be characterized as the most general for solution of structural
problems, but constitutes a rather complex model which usually must be run on a main frame
computer. The method used in [F1] is similar.

However, the experience with existing wind turbines shows that a model which is able to
treat moderate geometric nonlinearities, will be adequate for modelling the next generation
of turbines, which probably only will be slightly more flexible than the present generation, in
that no big leaps in that direction can be expected, when the industry producing for the world
market is considered. Therefore, the present model avoids the use of the more complex finite
elements and accepts that only moderate rotations can be permitted.

In the following two subsections the coordinate systems and the transformation matrices in-
volved in the model are described with reference to Fig. 4.

2.2 Definition of coordinate systems.

In Fig. 4 the wind turbine structure is shown in the undeformed state. The figure serves to
define the substructures, the attached coordinate systems and the degrees of freedom.

Only one blade is shown, because the complete rotor is described in one common blade
substructure coordinate system. The kinematic analysis for one blade point is therefore repre-
sentative for the complete rotor. The rotor geometry is completely described within the finite
element model, which means that for example coning angle, pitch angle and blade twist do
not appear in the kinematic analysis.

Further, an example of division in finite elements and the sequence of the node numbering
is shown. The node numbering for the blades is not shown in detail, only the numbers for
the coupling node to the shaft (B1) and the last node (Bn) are shown. The actual node
numbering on the blades is important, when the element equations are assembled, and is
shown in relation to the derivation of the substructure equations of motion in Sec. 6 Fig. 18.

The boundaries between substructures are assumed to be single point connections which can
be represented by one node.

The node numbering is well suited for referencing the actual points on the structure. It has
been chosen as follows

Tower: Nodes are numbered from 1 to £.
Tower node T'1 is at the tower support.
Tower node T'Z is at the tower top, and common with shaft node Al.

Shaft: Nodes are numbered from 1 to m.
Shaft node Al is at the joint to the tower, and common with tower node T'¢.
Shaft node Am is at the joint to the blade hub, and common with blade node B1.

Blade: Nodes are numbered from 1 to n.
Blade node B1 is at the joint to the shaft, and common with shaft node Am.

The reference systems are right handed, rectangular coordinate systems (Cartesian). The axis
indices are designated by the symbols z, y, and z, or synonymously by 1, 2, and 3, respectively,
throughout the thesis.
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All the angles are defined relative to a coordinate axis, and are considered positive when a
corresponding rotation of a right hand screw will move the screw in the positive direction of
the axis. This definition is throughout the report referred to as e.g. the positive 2r-sense, or
just the positive angle, when it is clear from the context which axis is the actual one.

Not all the coordinate systems used in the transformations are shown in Fig. 4 to avoid
overcrowding the figure, and others have been displaced parallel relative to the original location,
in order to show how other systems move relative to them. All applied coordinate systems will
be defined uniquely, when the tranformations are described in Sec. 2.4.

Tower support.

The tower substructure coordinate system (index T') has its origin at the tower support at
node T'1. The z7- and yr-axis are in a horizontal plane and the z7-axis is vertical downward.
The tower is assumed to be rigidly supported, and the displacements to be zero at the support.

Connection between tower and shaft-nacelle.

At the tower top, at the common node between the tower (node No. T'¢) and the shaft (node
No. Al), several coordinate systems have their origo. The node is the coupling node between
the two substructures.

The shaft substructure coordinate system (index A) has its origin here. It is rigidly connected
to the shaft and corotates with the shaft. The z4- and z4-axis are in a plane perpendicular to
the shaft axis, and the y4-axis is coinciding with the shaft axis in the undeformed state and
oriented in direction of the mean wind. This set of axes also define the azimuthal position of
the rotor, 84, = 0, which is zero when the z4-axis is in the vertical plane. The angle is positive
in the positive y4-sense. Because the substructure coordinate system is rigidly attached to the
shaft, the deformations of the shaft at this point are zero, measured relative to this reference

system.
Further, at the tower top a coordinate system is rigidly attached (index T”). In the undeformed

state its axes are parallel to the tower substructure coordinate axes (T'). It follows the tower top
during elastic deformation, and its angular rotations are identical to the angular deformation

at the tower top node, {0%,}.

An intermediate coordinate system (index N), serving to define the bearing controlled yaw
rotation, is located at the same point. The coordinate system corotates with the nacelle. In
the zero-yaw position and the undeformed state its axes are parallel to the tower substructure
coordinate axes (T'). The yaw angle 63 is the positive rotation about the tower z7-axis.

The last coordinate system (index R) with origo at the tower top, is a system which is stationary
in the nacelle, and has its ygp-axis coinciding with the shaft axis in the undeformed state, i.e.
it coincides with the A-system, when the azimuthal position is zero. The coordinate system
is rotated the positive angle 01, about the zg-axis relative to the N-system. 05, is the tilt
angle. This coordinate system is not shown in Fig. 4 in its original position, but in a parallel
displaced version at the shaft end, identified by the index R*.

Connection between shaft and blade.

The shaft end node (No. Am) and the center rotor blade node (No. B1) coincide, and the
common node connects the two substructures.

In order to support the definition of the coordinate systems at this node, the stationary R-
system has been parallel displaced to the node, indicated with an upper star on the axis index,
R
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At the shaft end a coordinate system (index S’) is rigidly attached to the node. In the unde-
formed state its axes are parallel with the axes of the A-coordinate system. The system follows
the shaft end during elastic deformation, and its angular rotations are identical to the angular
deformation at the shaft end {Bﬁm}, measured relative to the A-system.

The blade substructure coordinate system (index B) has its origo at this node. It is corotating
with the rotor blades and is rigidly attached to the blades. Its neutral position is coinciding
with the S’-system. The B-system can rotate about its zg-axis. The rotation corresponds to
the bearing controlled teeter rotation 8}%;, which is zero when the two coordinate systems are
coincident, and positive in the positive z5-sense. For a planar rotor, the zg-axis can be chosen
coincident with a blade axis. The actual choice is however not important for a symmetrical
non-teetering rotor. Any rotor configuration can be modelled within the blade substructure

coordinate system.

Because the substructure coordinate system is rigidly attached to the center blade node, the
deformation of the blades at this point are zero, measured relative to this reference system.

2.3 Degrees of freedom.

According to the definitions above, a final summary of the degrees of freedom can be given.

The boundary conditions at the tower support, and the definitions of the substructure coordi-
nate systems for the shaft and the blades, as rigidly attached to the respective substructures,
imply that the degrees of freedom for the first node on all three substructures can be elim-
inated from the equations of motion. The kinematic analysis carried out according to these
definitions will ensure that the displacement compatibility at the coupling nodes is fulfilled.
The displacement vector at a node is defined by three translations and three rotations, for

example for node No. ¢ on the blade substructure ( B) as

[ “fBi (t) \

ulp; (t)

(2.0} - {uf O} | _ ) ulbi(®) | 23.1)
{65 1)} 625, (t)

Ocp; (1)

\ ozBBi (t) J

where
uZpi, ub;, uB;  are translations at the node.
65, BfBi, 05;,  are rotations at the node.

Generally, the time dependency is not stated explicitly below, unless it is found that it helps
in clarifying the context.
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For the substructures, the internal node degrees of freedom are expressed by the vectors

N

[ {dB} | [ {d} [ {dh}
(o) = B} faty=1 () s =) R s

{ {qgn} J \ {‘Iﬁ(m-l)} J { {qg(t—l)} J

The coupling degrees of freedom are not included in these vectors, because they will appear
separately in the equations of motion due to the kinematic coupling between the substructures.

The coupling DOFs are

“th

u;’,rTz
IR U1

{de} = {0;: ! 0{:: > (2.3.3)

07

{ 0ZTI )

and

— {uﬁm} =J UzAm 2.34
= foad [ 7] ot | (234

04, |

\ YzAm

The remaining degrees of freedom, appearing as scalars in the equations of motion, are
6N, (t)  the yaw angle
68, (t)  the teeter angle

63, (t)  the azimuthal position

The tilt angle 6%, is constant.

Important implications of the substructuring.

In Sec. 2.1 it was mentioned that the substructuring had other important implications than the
appropriate incorporation of the elastic rotations in the kinematic analysis. One implication
is that the limitations on the allowable rotations at the nodes on the shaft and the blade
substructures are extended, compared to the limitations that had to be imposed, if the structure
was described within a common coordinate system, for example the tower system. The reason is
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that the rigid body rotations, resulting from the rotations at the coupling nodes, are eliminated
from the local substructure rotations, and relative to the common coordinates they can be
larger than otherwise, and still be expressed as a vector.

Another implication is that the equations of motion can be easily updated during the solution,
with respect to the change in geometry resulting from the coupling rotations, because the
updating requires only a limited number of numerical operations. Thus, only the geometric
nonlinearities within a substructure need to be considered when the structure is deformed.

2.4 Transformation matrices.

The purpose of this section is to derive the transformation matrices which change the vector
components in accordance with change of reference system. Further, the angular velocities of

the coordiante systems are introduced.

The components of the three dimensional vectors used to describe positions and deformations
and their time derivatives can be referenced to any set of coordinate axes. Throughout the
analysis it will be necessary frequently to change the basis for the vectors. The vector notation
is explained at the beginning of the symbol list in App. A, and shall not be repeated here.
Only, it is important to stress one feature of the notation. The upper right index of a vector
indicates what coordinate system its components are referenced to. Only in cases when it is
unimportant or when the context makes it clear, what coordinate system is actually used as
reference, this identification shall be omitted. Allthough the notation, now and then, may seem
to be a little inelegant, it has throughout the derivations proven to be a valuable help, in this
way to make it clear, what coordinate system the actual vector is referenced to. Especially
when vectors of different origin are combined in an expression. The notation can often serve
as a means for control of a vector expression.

When the basis for a vector is changed, the appropriate transformations must be applied. Only
when position vectors are dealt with, the actual spatial position of the vector must be taken
into account. All other vectors are uniquely defined by their orientation and size, and they can
be moved by a parallel displacement to an appropriate position before transformation. This is
equivalent to consider the coordinate systems involved in a transformation as having common
origin and the vector to start at this origin.

The transformation of such a three dimensional vector from, for example, the tower coordinate
system (T') to the shaft coordinate system (A) is expressed by

{ut} = [Tra) {u”} (2.4.1)

where the matrix has dimension 3 x 3. The columns of the matrix are the components of
the projections of the axis unit vectors of the T-system on the axes of the A-system. These
components are often denoted the direction cosines of the unit vectors. The lower matrix
index T'A carries the information that the transformation is from the T- to the A-system. This
meaning of the sequence of the indices is adhered to throughout the thesis.

When dealing with Cartesian coordinate systems, the linear transformation expressed by [T74)
is called an orthonormal transformation, because the column vectors of the matrix {e;} have

the following properties

{e}" {e;} = { . }(z: :;—j (2.4.2)
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where ¢ and j are the actual column numbers.

These properties further imply that
[Tra)" = [Tra]™ = [Tar] (2.4.3)

where the upper index T denotes the transpose, and the index —1 the inverse of the matrix.

The involved transformation matrices and the corresponding angular velocities are derived
next.

Tower — elastic tower, [T7].

In Fig. 5 the involved rotations are shown. The double arrows are not vectors. They only serve
to show the actual rotation axis. The rotations are the elastic deformations at the tower top.
The coordinate system with index T} corresponds to the undeformed state. The z'-, y'-, and
z'-axes show intermediate positions, and the T"-axes correspond to the deformed state. During
derivation of the transformation matrix the order of the rotations is assumed to be 67, 67.,,
and 0%;,. In order to avoid the problem of managing the order of the rotations in the final
expressions, they are assumed small (cos (6) ~ 1, sin (6) ~ 8), and the relation to the vector
representation of the deformations is kept unique.

The derivation of the transformation matrix and the angular velocity of the T"'-system is
addressed in App. C, where the linearization is introduced in the final expressions.

The resulting transformation matrix is

1 0, —bin
Tre )] =| -6%, 1 6%, (2.4.4)
0g1Tl —ale 1

and the angular velocity of the T”-system relative to the T-system in T-coordinates is

0,
{W%T (t)} =4 6L, ¢ = {0%} (2.4.5)

T
0374

Elastic tower — nacelle, [Tn], yaw rotation.

The axes involved in the transformation are shown in Fig. 6

The resulting transformation matrix is

cos (GAVN) sin (9{;’,\,) 0
[Trw (8)] = | —sin (0§VN) cos (0§VN) 0 (2.4.6)
0 0 1

and the angular velocity of the N-system relative to the T"-system in N-coordinates is
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T
\ 057,
4 yTb

— —
XTI oT

0 1Te
Zy
0 Origin at node No. TZ.
Zl

zp
T

j 03T¢

Figure 5: Elastic rotation at tower top, {0%,}.
0
{Rr®} =4 o (2.4.7)

AN
O3n

Nacelle — shaft tilted, [Twr], tilt angle.

The axes involved in the transformation are shown in Fig. 7

The resulting transformation matrix is

[Tvrl =] 0 cos (0{‘12) sin( m) (2.4.8)
(
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yN YT

XN

> Origin at node No. T¢.
Z1, ZN X7

Figure 6: Yaw rotation, 6.

YR

Origin at node No. TZ.

4

XN. XR YN

Figure 7: Tilt rotation, 7.

The tilt angle 6%, is constant and therefore the angular velocity of the R-system relative to
the N-system is zero

{whv} = {0} (2.4.9)

Shaft tilted - shaft substructure, [Tr4], azimuthal rotation.

The axes involved in the transformation are shown in Fig. 8

The resulting transformation matrix is

cos (0&) 0 —sin (0&)
[Tra (t)] = 0 1 0 (2.4.10)
sin (GQ‘A) 0 cos (0;‘,,)

and the angular velocity of the A-system relative to the R-system in A-coordinates is
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XA y R
09
ZA
0
2A Origin at node No. TZ.
YR: YA ZR

Figure 8: Azimuthal rotation, 84, = 0.

0
{wir®} =1 84 t={ w (2.4.11)
0

Shaft substructure — elastic shaft, [T4s].

This transformation is equivalent to the transformation between the tower substructure T-
system and the coordinate system following the tower top (7”), in that the rotations represent

elastic deformations, here at the shaft end, {Gﬁm}.

The resulting transformation matrix is

1 ogAm _02AAm
[Tass )] =1 —64,,, 1 64, (2.4.12)
egAm —oiqu 1

and the angular velocity of the S’-system relative to the A-system in A-coordinates is

élAAm
{wga®)}) =1 64, ¢ =1{0i.} (2.4.13)
o.gAm

Elastic shaft — blade substructure, [Tssg], teeter angle.

The axes involved in the transformation are shown in Fig. 9

The resulting transformation matrix is

1 0 0
Tss(®)] =0 cos (O{JH) sin (O{IH) (2.4.14)
0 —sin (9{{,,) cos (G{JH)
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zg P

yB

Origin at node No. Am.]

Xg!, Xg ys'

Figure 9: Teeter rotation, {%;.
and the angular velocity of the B-system relative to the S’-system in B-coordinates is
bl

{wBs ()} =1 0 (2.4.15)
0

Transformation between finite element- and substructure-coordinate system.

The derivation of the matrix which transforms between the local element coordinate system
and the substructure coordinate system is described in Sec. 4.8. This matrix is especially actual
when the element equations are assembled to the substructure equations of motion, and when
deriving the node inertia loads.

Contraction of matrix products.

In the kinematic analysis in Sec. 3, products of transformation matrices appear, representing a
chain of successive transformations. In order to simplify the expressions, these products have
been contracted, so that the resulting transformation matrix only refers to the first and the
last coordinate system in the chain of transformations. But when differentiation with respect
to time is carried out, the origin of these contracted matrix products must be remembered in
order to differentiate the time dependent matrices correctly.

For example, the contraction of a matrix product representing transformation from the tower
T- to the blade B-substructure coordinate system is expressed as

[Trp] = [T 8} (Tas'] [Tral (Twr] [TrN] [Trr] (2.4.16)
The inverse of this transformation matrix is denoted by

[Trs] ™" = [Tre]" = [Tsr] (2.4.17)

which expresses transformation from B- to T-coordinates.
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3 Kinematic analysis.

In this section the general kinematic analysis for the shaft- and the blade-substructures is carried
out. The purpose is to derive expressions for velocity and acceleration for material points on the
blade substructure and acceleration for material points on the shaft substructure. The blade
velocity enters the equations for aerodynamic force which are derived in [Part 2, Sec. F.3], and
the accelerations are used when the distributed inertia loads are derived and transformed to
the nodes as described in Sec. 4.11. Due to the chain like structure, the equations concerning
the shaft will be a part of the equations concerning the blade. Therefore, the derivation is
most conveniently carried out for the blade initially, and from the result of this derivation, the

equations for the shaft can be identified.

3.1 Velocity of a point on the blade substructure.

Below, the velocity of a point on the blade substructure relative to the inertial coordinate
system (T-system) is derived. The derivation is with reference to the substructures and the
coordinate systems described in Sec. 2. The velocity is found as the first time derivative of the
position vector from the origin of the tower coordinate system to the point in question. With
reference to the tower coordinate system the position vector is written

{1‘;‘;0 (t)} = {7'%-11} + {U%[ (t)} + {rgm} + {ugm (t)} + {rg} + {ug (t)} (3.1.1)
or in the shorter notation

{rBo} = {she} + {shn} + {s5} (3.1.2)

where

{r%,} is the substructure position vector to the tower top for the undeformed tower,
i.e. the vector from node No. T'1 to node No. T'¢, (constant)

{u%l} is the substructure elastic deformation at the tower top, measured relative to
the tower substructure coordinates

{rﬂm} is the substructure position vector to the shaft end for the undeformed shaft,
i.e. the vector from node No. Al to node No. Am, (constant)

{uam} is the substructure elastic deformation at the shaft end, measured relative to
the shaft substructure coordinates

{r;‘g} is the substructure position vector to the blade point for the undeformed blade,
i.e. the vector from node No. Bl to the blade point, (constant)

{ug} is the substructure elastic deformation at the considered blade point, measured
relative to the blade substructure coordinates

and
{sT (t)} = {rT} + {uT(t)} denotes the position vector in the deformed state.

The differentiation is facilitated when common matrix factors are placed outside a paranthesis,
after the basic transformation matrices have been introduced
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{rgo} = {s;'l:e} + [T} [Tt (TR} [TaR] ({3ﬁm} + [Ts 4] [Ts'] {sg}) (3.1.3)

Differentiating the matrix factors with respect to time, using the chain rule and the expression
for differentiation of a time dependent transformation matrix, outlined in App. C, gives

2 (o] e (T an]) =

dt
[Trr] [whir] (Tnr] (Taw] (Tarl + [Trr) (Tvr] [whir] (Tan] [Tar]
+[Trr) [Twr) (Tan] [Tar] [wA] (3.1.4)
and
& (T ) Tas1) = [Tl [o5] Tos) + [T ) s [ (3.0.5)

Eqgs. 3.1.4 and 3.1.5 are used when differentiating in Eq. 3.1.3, and using the chain rule we
get

{75} =
{sf.}
+ ([TT’T] |wFiz ]| [Taz) + [Twr] [whps| [Tan) + [Tar] [wﬁn]) ({32,,.} + [Taal {35})
+ [Tar] [{3’ﬁm} + ([Tsal [w54] [Tos') + [Toa] [whs]) {sB} + [T5a] {53}]
(3.1.6)

where products of transformation matrices have been contracted, for example

[Tar] = [Tnt) [Trw] [Tar] (3.1.7)

The rotation matrix products are rewritten to vector cross products according to the rules
arrived at in App. C, and we get for the velocity
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{5t}

+ [Tpr] [{wTIT} [Tar) ({shm} + (T5al {s5} )”

v [fen} ¢ [ITn)({) + ) (8]

T [{w,m}  [{sta} + aa sB}]

+ [Tar) {54 }

+ (T [{wﬁfA} x [[Tes] {83}]]

+[Tsr) [{wgs'} X {33}]

e 8} (3.1.8)
The velocity is needed in blade element coordinates for the aerodynamic calculation. The best

we can do at this stage is to transform to the blade substructure coordinates, thus keeping
the manipulations at the symbolic level as far as possible.

The transformation is carried out by premultiplication in Eq. 3.1.7 by [Trp], which gives

(Trs) {uf,}
(sl {whr}) % [[Tas) {2} + {sB}]
+ (o (i) [T {sn} + {:}]
+([TAB] {wﬁn}) X [[TAB] {sﬁm} + {Sg} ]

+ [Tas] {ﬁﬁm}
+([TAB] {WS'A}) X {33}
+{wbs} x {5}

+{uB} (3.1.9)

where the coordinate reference for each of the rotation vectors {wT,T} and {ws, A} has been
changed to the T- and A-coordinates, respectively. The two rotations represent elastic defor-
mations, and these substructure coordinates are used in the finite element formulation. Further,
the time derivatives of the position vectors have been replaced by the time derivatives of the
deformations, which remain after differentiation.

This equation is the basis for calculation of the blade point velocity.
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3.2 Acceleration of a point on the blade substructure.

The acceleration of a material point on the blade substructure is derived by taking the time
derivative of the velocity from Eq. 3.1.6. Alithough the expressions get rather long, the deriva-
tion is straightforward, and steps are involved similar to those just shown for the derivation of
the velocity. There is not much information for the reader to gain from this derivation, so the
details will be omitted here.

The result in blade substructure coordinates is

(Trs] {ihe} + [Tas) {ihn } + {55}
+ ((Trs) {wher}) x [ ((Tro) {wFr}) % [1Tas] {stn} + {sB}]
+[2(Trs] {whir} + Tvs) i ] x [(Tws] {bir}) x [1Tas] {shn} + {s53}]
+[2 (sl {whr} + (Tws) {fir}) + (Tan) {he}] x
(201 {hr}) * [(Ta8] {s2tn} + {s3}]

+[2 (1Trs] {Fr} + Twal {w} + (Tas) {ttn}) + (Tas] {wha}] x
(a5 {ta}) x {s5}]
+ fz (Trs] {whr} + (Tws] {wp } + [Tas) {whr} + [Tas] {wha}) + {wgs'}] X

{uBs} x {s5}
+2|(Tra) {hr} + (Tl {wl } + (Tas) {whe}] x [[Tas) i} + {5}
+2((Tan) {wta} + {wBs | x {18}
+ ((Trs) {ohr} + Tvel {oNp } + (Tasl {@dr}) x [Tar) {shn} + {sB}]

+ ((Tap) {od )} + {6Bs}) x [{sB}]

(3.2.1)

where only the local deformations remain in the position vectors, which have been differentiated
with respect to time.

Allthough the expression is more complicated than the well known four term acceleration ex-
pression for a single rotating coordinate system, the terms representing the same types of
acceleration can be identified in the present expression. The first line is translational accelera-
tion. The following five terms, depending on position, represent centrifugal acceleration. The
two terms, depending on the first time derivative of the deformation, represent the Coriolis
acceleration. The two last terms in the present equation, depending on the time derivative of
the angular velocity ({&} = {5}), correspond to the fourth term in the simple acceleration

expression, which represents nonuniform rotation.
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3.3 Acceleration of a point on the shaft substructure.

The expression for the acceleration of a point on the shaft substructure is derived from
Eq. 3.2.1, simply by cancelling terms, which are related to degrees of freedom outside the
shaft point, where "outside” refers to the structure considered as a chain of elements from
tower root to blade point. It is easily seen to be equivalent to carrying out the acceleration
analysis for a shaft point, by taking the second time derivative to the position vector to the

shaft point.
Cancelling terms in Eq. 3.2.1, and transforming to shaft coordinates at the same time, gives

{74} =
(Tral{iF.} + {4}
+ (Tral {Fr}) x [(Tral {hr}) x {s2}]
+[200ra {whr} + Twal {lin }] % (Tl {oie}) x {s4}]
+[2 (1Zral b} + Tl (i) + {whe}] x [{wha} x {s4}]
+2 [[Tu] {WFr} + Tnal {whp} + {wﬁa}] x {ut}
+ ((Tral {ofir} + (Tnal {ofr } + {@dn}) x {s4}

(3.3.1)

where now

{s} = {ra} + {ud} (3.3.2)

is the position vector to the point in question, i.e. the vector from node No. Al to the shaft
point, in the deformed state. After differentiation of this vector with respect to time, only the

local deformation remains.

3.4 Evaluation of expressions for velocity and acceleration.

Unfortunately, it is not possible to obtain the equations of motion directly from the relatively
simple velocity and acceleration expressions above by manipulations with the expressions on

the same level of detail.

In order to get rid of the cross products, the expressions must be evaluated by carrying out
the multiplications involved, after introduction of the actual matrices and vectors, as defined
in Sec. 2. The results are expressions of considerable length. Each vector component is a sum
of products with the factors being transformation terms, components of position vectors, and
degrees of freedom and their time derivatives. The majority of the product terms are nonlinear
in the degrees of freedom, in the sense that more than one degree of freedom enter such a

product.

The actual multiplication is carried out by use of the algebraic programming system Re-
duce [H2], where also any directions for cancelling of product terms are introduced. The
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results from Reduce are sorted according to common factors of degrees of freedom and order
of time derivatives, by use of a Fortran 77 filtering program, specially written for the purpose,
primarily in order to exclude the introduction of errors during the manipulations, but also
to make it easy to repeat the evaluation with a different choice of DOFs represented in the
model. This filtering results in vectors and matrix products which are used directly in the final
simulation program.

An example of the accelerations obtained in this way is presented in [Part 2, Sec. E]. Nonlinear
kinematic terms are to a great extent retained in the acceleration expressions and in the
resulting equations of motion. The evaluated velocity expressions are not presented.
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4 General analysis of beam element.

In this section the details for the beam element used in the finite element model is outlined. The
choice of an optimal element for a finite element model requires a thorough investigation of its
own. It has been outside the scope of the present work to go into such detailed investigations.
The simple prismatic beam element, equivalent to a Timoshenko beam, has been chosen,
partly because it is known to provide a reasonable model of the bending modes which are
dominant for the slender substructures of a wind turbine. Further, it has been chosen because
it provides a simple model which facilitates the derivations of the element matrices. Especially
the derivations of the inertia matrices are kept relatively simple. Still, it serves to illustrate the
basic steps in this derivation, which has been found important.

The limitations of the element are primarily related to the blades. The blade is usually twisted
and tapered. Due to the twist, the axial blade force will try to un-twist or straighten the blade
giving rise to coupling between axial deformation and torsion. The effect may be important
for flexible blades with considerable twist. This coupling is not taken care of by the beam
element applied in this work. A simple modification to the stiffness matrix can incorporate
the dominating part of this coupling [@1]. A tapered blade can be reasonably modelled by an
appropriate choice of the number of elements.

Often the blades are made of inhomogeneous and anisotropic materials, and the cross section is
usually thin-walled and multi-cellular. By calculating integrals of parameter functions over the
cross section, reasonable approximations can be estimated for the beam element parameters.
The beam element disregards the influence of warping due to shear stresses. In [K2] a method
is described to incorporate the warping for cross sections of the present type, but the method
is not directly applicable for the present work.

The chosen beam element is prismatic and has constant cross sectional parameters. A complete
analysis of the element is carried through in this section. As regards the static equations the
analysis follows basically Pedersen {P4, pp. 16-51). General support has been found through
the texts of Pedersen [P3] and Bathe [B1].

4.1 Coordinate system and degrees of freedom.

The element is described in a local element coordinate system with the x— and y-—axis coin-
cident with the principal bending axis of the cross section and the z—axis coincident with the
elastic axis, which is also denoted the neutral bending axis. The coordinate system is shown

in Figure 10.
The element is eventually described to allow for coupling between bending and torsion which
may take place, when the shear center lies outside the elastic axis, as shown in Figure 11.

The xy—coordinates for the shear center are (z,y) = (esn, €,2). Further, the center of mass is
allowed to be positioned outside the elastic axis, which may be the case for inhomogeneous

material.
The element length is denoted by £.

The following distributed forces may act on the beam element. They may arise from surface
forces or body forces and are resolved after the coordinate axes
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Figure 10: Element coordinate system.

Elastic axis.

A

Shear center.
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Figure 11: Cross section of beam element.

(force per unit length)

(moment per unit length)

: Components after coordinate axis of distributed force,

: Components after coordinate axis of distributed moment,

The forces and moments at a cross section of the beam element are shown in Figure 10. Their
components are measured in the element coordinate system.

: Cross section shear forces.

: Cross section normal force.
: Cross section bending moments.
: Cross section torsional moment.
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The local deformations of the element are described by the following variables, which refer to
the elastic center coordinate system, and still the torsion/bending coupling is not included

Uy . displacement in x—direction of elastic axis, resulting from bending moment
about y—axis and shear force in x-direction

Uy : displacement in y—direction of elastic axis, resulting from bending moment
about x—axis and shear force in y—direction

U, : displacement in z—direction of elastic axis, resulting from normal force

0, :  rotation of plane cross section about x-axis, resulting from bending moment

0, . rotation of plane cross section about y-axis, resulting from bending moment

0, rotation about z-axis, resulting from torsional moment

The present theory assumes that the material is linear elastic, and that initially plane cross
sections remain plane during the deformation. The warping of the cross section is neglected.
The rotation of the elastic axis following from shear force deformation is included, which means
that the total rotations of the elastic axis are

u, = 0, + b, (4.1.1)
and
u, = —0, — 9, (4.1.2)

where 1, and 1), are the shear rotations.

4.2 Constitutive relations.

With the previously mentioned assumptions the constitutive relations for the beam element
can be written

M, = EL6, )

M, = EIL@,

Mzs = GIzaolz

F. = EGAw, f (4.2.1)
F, = —kGAY,

F, = EAw, |

where the symbols denote

E modulus of elasticity
G modulus of elasticity in shear
kz, ky form factor for shear related to forces in x— and y—direction respectively

(calculation of these factors is addressed in [C2])




4.3 Static equilibrium equations. 44

A cross sectional area

I, I, principal moments of inertia of an area with respect to x- and y-
principal bending axis

Further the following new inter—related symbols are introduced

M,, moment about an axis, zs, through the shear center and parallel to the
Z-axis
I, torsion constant, (for a circular beam equal to the polar moment of

inertia, but in general a more complex function of the geometry of the
cross section)

The rotation about the zs—axis is equal to the rotation about the z-axis, 0., = 0,.

By means of Eqs. 4.1.1 and 4.1.2 the shear rotations 1, and 1, can be eliminated. This
reduces the number of deformation parameters to 6.

\

M, = EIL§,

M, = ELg,

Mzs = GIzaB'z

F, = kGA(d —8) [ (4.2.2)
F, = kGA u;+0,,.

F, EAu, J

4.3 Static equilibrium equations.

Next the static equilibrium equations are derived in the element coordinate system. Combina-
tion of these equations with the constitutive Eqs. 4.2.2 results in a set of differential equations

for the deformations.
Moment about x-axis.
Considering an infinitesimal beam element we find

oM,
0z

dz — %fydz2 - %%dz2 — Fydz+mdz=0 (4.3.1)

In the limit this equation reduces to

%A? _F,=—m, (4.3.2)
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Moment about y-axis.

This is equivalent to Eq. 4.3.2 and omitting the detailled equilibrium eqations in the following
we get

a;\:,, —F,=-m, (4.3.3)
Moment about zs-axis.
lefi = —m,, (4.3.4)

Introduction of forces and moments measured in the elastic axis principal coordinate system
yields

OM, OF, OF,
Oz + —6?632 - —a"z—yesl =-—m, — fres + fyesl (435)
E . lirecti
OF,
5 = fu (4.3.6)
Force in y—direction.
OF,
St =- £y (4.3.7)
ion.
OF,
= [ (4.3.8)

By introduction of the constitutive relations from Eq. 4.2.2, and taking the appropriate deriva-
tives, the forces and moments in Eqs. 4.3.1 — 4.3.8 can be eliminated. This results in the

following differential equations

ELO, - k,GA(u,+6,) = —-m, (4.3.9)
EL® — k;GA(u, —0,) = —m, (4.3.10)
GI..9, = —m, — fres + fyen (4.3.11)
k:GA (ul - 6,) = —f, (4.3.12)
k,GA (ul +8.) = —f, (4.3.13)

EAu" = —f, (4.3.14)

These equations are 2™ order ordinary differential equations with constant coefficients. In the
present case the boundary conditions are all taken to be purely geometric, which means that
the deformations at both ends of the element are assumed to be known
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3\

{“}Z;o = [uzlv uylr uzl]

{U}Z;e = [uz2- Uy2, uz2] (4 3 15)
{e}fzo = [0.’011 0y1: 021] e
{o}le = [01'2’ 0!/21 022] J

The complete solution is now found as

) | _
{ G =wena +ee (4319

where
{q}T = [uxl, Uy1, Uz, 01.1, 0y1, 021, Ugp2, Uy2, Uz2, 0,,2, 0y2, 0;2] (4317)
and

[N (2)] is the interpolation matrix whose elements are the coefficients to the
node deformations in the relation between local deformations {u (z)}

and node deformations {q}.
The matrix is found from the solution of the homogeneous Egs. 4.3.9 - 4.3.14.

{d(2)} is the solution to the inhomogenous set of differential equations with
the homogeneous boundary conditions {¢} = {0}.

4.4 Solution of homogeneous equilibrium equations.

In this section the solution to the homogeneous Eqs. 4.3.9-4.3.14 is determined.

First Eq. 4.3.9 is differentiated once and Eq. 4.3.13 is subtracted, giving

0, =0 (4.4.1)
Integration gives

0,=a,22+bz4 ¢ (4.4.2)

Introduction of the boundary conditions in this equation gives

01.1 = (4.4.3)
01,2 = a1€2 + blf + C1 (4.4.4)
Eq. 4.3.9 is rearranged and the solution for 8, is introduced
EI
' _ z g
Y= oAl
EI,
= E—G—ZZal - ((1122 + blz + Cl) (4-4-5)

and after integration
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1 1 El,
Uy = —-50123 - §b1z2 + (k GA2a1 — Cl) z4 dl (446)
Yy

At the boundary we have

Uy = dl (4.4.7)

Uy = —la1[3 - %blﬁ + (-I;E—é%?al - Cl) £+ d; (4.4.8)
v

3

Combining Eqs. 4.4.4 and 4.4.8 the values of a; and b, can be found from

Ca; + thy = O 3—¢ (4.4.9)
(2IfCI;A€ —3C)a — b = uptal-d B

The solution is

@ = %3 [6 (uy2 - Uyl) +3 (0:':1 + 022) e] Oz } (4.4'10)
by = A[—6(uy —uy) — 40,1 (3, + 1) £+ 20,2 (69, — 1)] o
where
EI
= —a 44.11
T = L GAC (4.4.11)
and
-1 (4.4.12)
¢ =11 12,, -

Substitution of the values for the constants a; and b, in Eqs. 4.4.2 and 4.4.6, and using ¢ =
gives

0 = uu[6i(1—¢)leos +
Uy2 [—67 (1 —€)] oz +
01 [3(1 —€) +2(6n — )] (1 — ) 0 +
02 [3e + 2 (69, — 1) €0, (4.4.13)

u = uy [3(1—¢)—2(1—¢) +12n,] (1 —¢€)oc +
Uys [36 — 2% 4 1277,;] €05 +
0z [(1— )" — (1 —6n.) (1 —€) — b (1 — €) oo +
822 [~ (2 — (1 - 6n.) e — 6. )| efos (4.4.14)

The same procedure is repeated for Egs. 4.3.10 and 4.3.12.
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9" = 0 (4.4.15)
0, = a2 +bz+c, (4.4.16)
Hyl = C3 (4417)
0 = axf’+b+c, (4.4.18)
EI
Mo = oAt
= _.Eh 2a +(GZ2+b22+02) (44.19)
k,GA? T\ o
Up = dy (4.4.21)
Uz = %agﬁ + -;-b,e2 - ( kEé‘:q 2a; — Cz) £+ d; (4.4.22)
Pay + by = Op—c;
- (27131 - :ls) Bay + %l?bz = Up—cl—d; } (4.4.23)
a; = 2‘13‘ [—6 (upz — uz) +3 (641 + 0v2) l] 2y (4.4.24)
by = ;12' (6 (us2 — uz1) — 40,1 (3ny + 1) £ 4 20, (61, — 1)] o,
El,
Ny = LGAD (4.4.25)
1
= — 4.4,
&% = T+1oy, (4.4.26)

Oy = un[—6;(1—e¢)lee, +

Us2 [67 (1 — €)]eoy +

041 [3(1 —€) + 2 (6, — 1)] (1 —€) oy, +

0,2 [3c + 2 (61, — 1)) ep, (4.4.27)
up = upn [3(1—€)—2(1—€)’ +12n,| (1 —€) gy +

ugz [3¢ — 267 + 129, ] eg, +

0 [— ((1—€)*— (1 - 6n,) (1 — ) — 6n,)] (1 — £) b, +

0, [62 —(1—6ny)e— 61],,] elo, (4.4.28)

Eq. 4.3.11 is integrated to give 6,

0, = azz + b3 (4.4.29)
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while the boundary conditions determine the constants

a3 = 1(0,0—0,) (4.4.30)
bs = 0 (4.4.31)
z z
az - ozl (1 - Z) + 0222
= 0,1(1 —¢)+0,¢ (4.4.32)

Eq. 4.3.14 is integrated to give u,. The form of the solution is equivalent to Eq. 4.4.32

Uy = Uz (1 — €) + upe (4.4.33)

In order to simplify the appearance of the interpolation matrix [N (z)], the following definitions
are introduced

fi = e= z ]
fo = (1-¢)
I3 fi(Bfi—2f+121,) 0a

fé f2(8f2 —2f2 +12n,) ea

2= L(fi —(1-6m) fi —614) frea ( (4.4.34)
6 = L(f7 —(1—6n0) f2 — 61a) f20a

f? = ?fleQa

fs = HBfi—2(1-6n.))e.
g = f2(3f2"2(1_67]a))9a J

wherea =z ora =y.
The shape of the functions in Eq. 4.4.34 are shown in Figure 12.

With these definitions the expressions for the deformations are written

Uy, = u:clftil + u:c2f:;l + ayl (—fg) + 0y2f5y ]
Uy, = Uy fy + upff + 0af + 0 (- fF)
u, = uzlf? + uz2f1

> 4.4.35
0. = unff 4 wp(—fD) + Ouff  + O0af (4.4.35)
0y = un(—f7) + unf? + 0afy + 0, f
07. = 021f2 + 022f1 J

and from these equations the interpolation-matrix is directly derived

[ fL 0 0|0 —fZ O[ff 0 0|0 f 0]
0 s 0lf 0 0|0 £ 0f-ff 0 o
_ 0 0 f2]0 0 00 0 f] O 0 0
V== o[ o o]0 -F o[ o 0| %
—ff 0 0}0 fY olff 0 O0}J O fioO
L 0 0 0]0 0 f{0 0 o]0 o0 f]




4.5 Derivation of the beam element stiffness matrix. 50

4}
1]

[\

()
42}
L by yaad

e
®

The functions in brackets

are not shown. They are the
reflections of the shown func—
tions in a plane through

z/l = 1/2

|
®
ai

AN SN RN,

Interpolation function f,.

*
xxxxk fg (fg)
'lll""‘|l—["ﬁrl'(TI'"f"‘"‘r‘['ﬁT""""T"'r’-’

2.0 .2 .4 .6 0.8 1.0
z/! (z-coord. divided by element length)

SN
LELALELALIN 0 B0 B O B ey

|
[\

Figure 12: Interpolation functions.

Now the local deformations resulting from node deformations can be found as the first term
on the right hand side of Eq. 4.3.16. The local deformations resulting from distributed forces
and moments, as represented by the vector {d(z)} in Eq. 4.3.16, may be derived from the
inhomogeneous set of differential equations 4.3.9 — 4.3.14 with homogeneous boundary condi-
tions, {¢} = {0}. However, this solution is only of interest when the exact expression for the
total deformations is needed, e.g. in a stress calculation. In the present context we are primarily
concerned with the node deformations. They can be derived by a transformation of distributed
forces and moments to the nodes, consistent with the principle of virtual displacements, and
by solving the equilibrium equations, when the stiffness matrix is known.

The derived interpolation matrix [N (z)], is the basis for the derivation of the stiffness matrix
and the consistent node forces and moments. These derivations are outlined in the following
subsections.

4.5 Derivation of the beam element stiffness matrix.

The principle of virtual displacements is used to derive the element stiffness matrix.

The work done by the generalized forces acting at the nodes during a virtual generalized
displacement of the nodes in accordance with the geometric boundary conditions can be

written

W = {6¢}T {F} (4.5.1)

The elastic energy in the element is given by the expression
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| | BGAGE-0) ) (w-0,) (EL& (0
B = 5[ |{ kGA(u+0.) u +0, V+{ EL®, 8, b|dz
° EAu, u] GIL,¢, ¢,

z

(4.5.2)

The variation in elastic energy following from a virtual displacement of the nodes is derived
from Eq. 4.5.2 and yields

(w8, [kGA 0 0 ](6u—260,
68 = ['|3 v+ 6. 0 KGA 0 | du 8.
0 u 0 EA bu’,

!
z

A 0 60,
8, 0 50, 3| dz " (4.5.3)
¢ o GL, | | ¢

Separation of the deformations and their derivatives gives

() [kGA 0 0 ] 6u
68 = [ [{u 0 kKGA 0 [{ & }+

e ) [ 0 0 EA]| 6

V' [EL 0 0 50,

6 0 EI, 0 8¢ 1+

¢ 6 o0 GI,]| s

W YT 0 —k,GA 07 (66,

o k,GA 04 60, }+

u; L 0 0 OJ 602

6 1"[ 0 kGA O]y

9, —k,GA 0 &ul b+

6, | 0 0 0] [ éul

6,1 [ k,GA 07 ( 86,

9, 0 kGA 0[{ s, }|dz (4.5.4)

0. | o o o]l s,

:
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The integral is simplified by introduction of the following symbols for vectors and matrices

=
{u} = {u(2)}={ ;‘ » (4.5.5)
01!
\ 01 J
[0 0 0]
[0 = [0 00 (4.5.6)
[0 0 0
[ k,GA 0 0
[Su] = 0 kGA O } (4.5.7)
|0 0 EA
[EI, 0 0
[S22) = 0 EI, 0 } (4.5.8)
0 GL,
[ 0 kGA O
[Sn) = | —k.GA 0 0} (4.5.9)
0 0 0
(k,GA 0 0
[Sas] = 0 kGA OJ (4.5.10)
|0 0 o
50 = | ol 8] @511
[S2] = ([[g;]] {g:” (4.5.12)
- T
[Ss] = ({gj [fgj ] = [8)7 (4.5.13)
_ [ [0s] [0
[54] = - [03] [333]] (4.5.14)
With these definitions the integral in Eq. 4.5.4 reduces to
58 = [ [)T (S (6u) + (w)T (S (o) +
{u}" [S2)" {8u} + {u}" [Sa] {6u}] dz (4.5.15)

Further the interpolation expression from Eq. 4.3.16 (without deformations resulting from
distributed forces, {d(z)}) is substituted for the local deformation vector
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{u(z)} = [N(@){a} ]

S0 2,

ulz = {q¢} [N(=z

{w (@)} = {a}"IN' ()" (4.5.16)
{fu(2)} = [N(2)]{6q}

{6u' (2)} = [N'(2){éa} |

resulting in the energy variation

o8 = (oa)” ([ [ 1S 1+ VYT ] +

wﬁMWHwﬁmwwam (45.17)

Equating the external virtual work from Eq. 4.5.1 with the internal virtual work stored as
energy from Eq. 4.5.17, according to the principle of virtual displacements, we get the force-

displacement relationship
{F} = K]{q} (4.5.18)

where the arbitrary chosen virtual displacement {éq} has been cancelled by division on both
sides of the equation.

From these expressions we get the stiffness matrix for the beam element, which still does not
include coupling between bending and torsion

K] = [ [NV (ST V] + (VT 27 ] +
[NT" [S2] [N') + [NT" (4] [V]] dz (4.5.19)

After integration the following symmetric 12 x 12 stiffness matrix is achieved

K] =

Ux] Uyl Uzl 0z1 oyl 0 U2 Uy2 U2 022 912
1255 ,, 0 0 0 62, o | -12E,, 0 0 0 6Zm,,
128, 0o -6Ex, 0 0 0 -128=,, 0 -6z, 0
EA 0 0 0 0 0 -E4 0 o
4E_{Laz 0 0 0 6%‘0: 0 2E_{&ﬁz 0
4Bra, 0 | -6Zpe, 0 0 0 28 p,
sym— g—IL“- 0 0 0 0 0
metric . o | 128, 0 0 0 -65520,
. 128z, () 6El=0, 0
EIA 0 0
48kq, 0
- 4-E-l—llay
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In the matrix above the following new symbols have been introduced

O, = (1+3na)ga
Ba = (1-6na)ea

where a =z ora = y.

An element in the matrix, k;;, expresses force/moment in degree of freedom No. i from a
displacement/rotation in degree of freedom No. j.

4.6 Coordinate system and coupling between bending and tor-
sion.

The displacements and rotations have so far been measured separately with reference to the
axis with respect to which the single deformation takes place, as stated at the beginning of

this section

Ug : displacement in x-direction of elastic axis, resulting from bending moment
about y-axis and shear force in x—direction

Uy : displacement in y—direction of elastic axis, resulting from bending moment
about x—axis and shear force in y—direction

u, : displacement in z—direction of elastic axis, resulting from normal force

0, : rotation of plane cross section about x-axis, resulting from bending moment

0, : rotation of plane cross section about y-axis, resulting from bending moment

0, rotation about z-axis, resulting from torsional moment

However, in the finite element formulation it is most convenient to measure the deformations in
a common coordinate system. This coordinate system is here chosen to be the earlier described

elastic axis, principal bending axis coordinate system.

When the neutral torsion axis (shear center) is lying outside the elastic axis, as shown in Fig. 13,
where (z,y) = (e4, €42) are the coordinates of the shear center, torsion will contribute to the
displacements u, and u, of the elastic axis measured in the chosen coordinate system.

During the derivation of the transformation of the separated deformations to the deformations
measured in the common coordinate system, the former are represented unmarked, and the

latter are marked with stars.

From Fig. 13 the following relationship can be derived
u, = uy;—0iem )
uy, = uy+0iey
u, = u,
0, = 6 (4.6.1)
0, = 0;
0, = 6 J
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4 Y
Shear center.
Elastic axis.
K
€52 )
€s1
Cross section._
Figure 13: Position of shear center.
which in a matrix equation is expressed as
[1 0 0 00 —€42 i
01 0/0 0 en
001j00 O .
b= 155010 o |}
0 00j01 o
|0 0 0|0 O 1 ]
= [Tsp){v"} (4.6.2)

The transformation of the node—deformation vector {q} with the double dimension (12 x 1)
is analogously written

{4} = [Tssl{q"} (4.6.3)
where
[Tss] = [ Tsea]  [0s] ] (4.6.4)
SB [03] [TSBI] .0.

Equivalently, the relationship between force/moment vectors is derived

F* 3

I
3

z ; (4.6.5)

M;
M*— Freq+ Frey |

EREMME
I
S

l
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4.6 Coordinate system and coupling between bending and torsion.

or expressed as a matrix equation

{F1} = [Tsp]""{F}} (4.6.6)

where upper index —T denotes inversion and transposition.

The connection between node displacements, {¢*}, and local displacements, {u*}, referred to
the elastic axis coordinate system, can now be derived, when coupling between bending and
torsion takes place.

By substitution of the derived transformations from Eqs. 4.6.2 and 4.6.3 in the original inter-
polation relationship

{u(2)} = [N(2){q} (4.6.7)
we get

[Tse1l{u(2)"} = [N(2)][Tss){q"} (4.6.8)
and multiplication on both sides of the equation with [Tsp,]™! gives

{u(2)"} = [Tspa 7' [N(2)][Tssl{q"}

= [Nss(2){q"} (4.6.9)

from which the transformed interpolation matrix is identified as

[NsB(2)] = [Tsp:] '[N (2)][Tss] (4.6.10)

Carrying out the matrix multiplication we find

[NsB(2)] =
[ fi 0 010 —ff (fa—filea |f3 0O 0f 0 ff (fi—fea ]
0 fF 0|f§ 0 —(fo—flea|0 ff O0|=f5 0 —(fi—fiea
0 0 f,/0 0 0 0 0 f]0 o0 0
0 f7 01/ O fres 0 -ff 0| fF O —frea
-f7 0 00 f§ fies .0 010 f —fies
0 0 00 0 2 0 0 0] 0 0 fi ]
(4.6.11)

In the following the star index will be omitted, and unless otherwise stated, the deformations
are referred to the elastic axis coordinate system.
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4.7 Transformation of stiffness matrix to include coupling be-
tween bending and torsion.

The coupling between bending and torsion, described in section 4.6, requires a transformation
of the stiffness matrix, when the elastic axis coordinate system is used as reference for the

deformation.

Again, in what just follows, the separated deformations are unstarred and the deformations
referred to the common elastic axis system are starred.

Recalling the force—displacement relationship from Eq. 4.5.18

{F} = [Kl{g}

and introduction of the transformed vectors, after doupling the dimension of the vector in
Eq. 466t0 12 x 1

{F} = [Ts]""{F"} (4.7.1)
and

{q} = [Tssl{q"} (4.7.2)
we get

{F*} = [Tss]"[K][Tss]{q"} (4.7.3)

which identifies the transformed stiffness matrix as
[K*] = [Tss)T[K][Tss] (4.7.4)

The transformed matrix is still symmetric. This can be seen from a transposition of the matrix
product, which results in the same matrix, characterizing a symmetric matrix.

Unless otherwise stated the transformed stiffness matrix will be referred to unstarred in the
following.

Partitioning of the transformed stiffness matrix is introduced in order to simplify its represen-
tation

= [ {5 )

where the 6 x 6 submatrices are achieved after multiplication in Eq. 4.7.4
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Element transformation matrix.
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[1(11] =
[12Bp, 0 0 0 6Ek, —128hea ]
. 12E=p, 0 |—6Ekp, 0 12ELea
AE 0 0 0
sym— 4Ekq, 0 —6Eea .
metric 4571%!,, —6Ekra,, \
GIL E Izez es+1, ea e
- ( ( + 12 1 = y=-s2tky ) J
(4.7.6)
[Ki2] =
[ — 128k, 0 0 0 6520, 1275,
0 —12%9,5 0 —6ELp, 0 —12EbLga o,
0 0 ~4F 0 0 0
0 6Bk, 0 | 2Ep, 0 6250,
— 655, 0 0 0 2528, 6=,
2 0z e?
- 12E1pme’2 0y _12E1113e,] Oz 0 _6Elp;c,] 0z _6E1pucsz o, <—'G_ill _ 12E(Is .10[3+Iy szl?y)) J
(4.7.7)
[1{22] =
[ 128k, 0 0] 0o —6Ek, —128he2 ]
12Ezp, 0 | 6EL=p, 0 12ELea 5
£1 0 0 0
sym— 4EL:q, 0 6ELea
metric 4%!“% Gﬂ,’ﬁm y
e o,
i (g{‘ + 12E(I‘ :1‘?;1"‘32‘@) _J
(4.7.8)

4.8 Transformation between element- and substructure coor-

dinates.

The transformation of vectors between the element coordinate system and the substructure
coordinate system is described in the following.
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When a finite beam element do not possess rotational symmetry as regards stiffness, the
orientation of the principal bending axes must be taken into account. In the model this is
taken care of by introduction of a direction node for each beam element. The node defines the
orientation of the principal bending z-axis and thus the orientation of the coordinate system
as a whole, in that the z-axis is directed from local node 1 to local node 2.

As the actual handling of these vectors in the model is primarily a matter of program imple-
mentation, the details about this are not described. So, below it is presumed that the local
element coordinate system has been established. The unit vectors of the element coordinate

sytem for element No. 7 are denoted

s S S
s e.lsin s e}gyEi s e}ngi
{ein} =\ CEi (o {eyEi} =\ b and {CZE.'} =\ CeEi (4.8.1)
€3zEi €3yEi €3:Ei

where the components are referenced to the substructure coordinate system (.S). They are the
direction cosines of the vectors relative to the substructure axes.

The transformation matrix defining the transformation from element coordinates to substruc-
ture coordinates is thus expressed by

s s s
elst.' e}gyEi C}Sin
[Tmis] = engi egyEi egzsi
€3xEi C€3yEi ©3:Ei

(4.8.2)

the columns being the components of the unit vectors.

4.9 Geometric stiffness.

When the equilibrium equations are set up in the undeformed state, even if the loads are
calculated in the deformed state, the stiffening or softening of an element in the transverse
direction, due to axial forces, is not taken into account in the equations, unless special steps
have been taken to include this effect.

The stiffness associated with the axial force arranged as a matrix, is usually denoted the
geometric stiffness matrix or the initial stress matrix ([P6, pp. 383-391], [C1, pp. 167-173],
[Y1]). When the axial force is due mainly to tensile centrifugal forces, as on a wind turbine
blade, the stiffening effect is often denoted the centrifugal stiffening. Even though we are
dealing with wind turbines, the term geometric stiffness will be preferred in this context, partly
because it is more general, but further because it gives associations to a non-negligible change
in geometry as the source for the added stiffness terms.

One way to deal with important changes in geometry is to formulate the equilibrium equa-
tions for the deformed state and solve them by use of an incremental procedure, where the
load is incremented. It is often necessary to iterate during each load increment in order to
achieve acceptable equilibrium ([B1, pp. 489-491], [P3, pp. 51-54], [F1, pp. 9-13]). Strictly
speaking, the conclusion that the change in geometry is important, is equivalent to conclude
that the problem can no longer be considered linear, and nonlinear solution procedures are
necessary, or alternatively, an improved linearization must be used. The incremental procedure
in combination with iteration is one of the most general solution procedures for non-linear

problems.
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When the change in geometry is still moderate, a satisfactory linearization by use of a geometric
stiffness can be carried through. The influence of the geometric stiffness is quite parallel to
the elastic stiffness, and is directly added to the elastic stiffness matrix. Yet, when an element
in the substructure formulation is exposed to rigid body rotations, it has an influence on
the geometric stiffness, which must be explicitly accounted for in the coupled equations. As
the deformations within the substructure coordinate systems are considered moderate, the
linearization by use of the geometric stiffness will be applied in the present model.

It should be mentioned here that if the axial force is compressive, the formulation with geo-
metrical stiffness is still adequate, and the equations including geometric stiffness are suitable
for solution of column stability problems, e.g. for a slender tower. However, stability problems
are not investigated in the present work, and the geometric stiffness is only introduced for the

blade substructure.
The derivation of the geometric stiffness matrix is now carried out.

Consider an infinitesimal segment, dz, of a beam finite element with No. 7, influenced by an
axial force {Ff‘} as shown in Fig. 14.

Figure 14: Derivation of geometric stiffness.

The element has been deformed in the tranverse direction resulting in a slope %‘—‘;. For an
element which can be assumed not to extend during the transverse deformation, the projection
of the element upon the z-axis will be shortened by an amount of ds. The local work done by
the axial force during the transverse deformation is expressed as

—dW,i (2) = Foi (2)ds (4.9.1)

where

Fi(2) = ,{FaE‘ (z)}l is the numerical value of the projection of the axial
force.
From a geometric consideration the shortening can be written
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2
ds = dz (1- 1—(‘2’;’)

2
% (%) dz = %(u'x)2 dz (4.9.2)

where the approximation is in accordance with the small deflection assumption.

For beam element No. i of length £; we get the expression for the total work

W= [ “Fal2) % [(u; (z))2 + (u; (z)) 2} dz (4.9.3)

Here the influence of the transverse displacement in the y-direction has been included analo-
gously to what was done in the z-direction.

The axial force is generally varying with time, among other things caused by the changing
influence of gravity. Usually, the contribution from the centrifugal force will be one order of
magnitude greater than the contribution from the gravity force. For a typical blade of length
10 m the resulting centrifugal force will be about 20 times the maximum resulting gravity force
at the span-wise midpoint of the blade.

Therefore, reasonable results can still be obtained by disregarding the gravity force. Further,
when only operation with approximately constant rotor speed is considered, the time varying
part of the inertia force can be disregarded, thus only including the dominating centnfugal
force. This is done in the following.

The axial force for a finite beam element on the blade can be found approximately as the sum
of the inertia forces, which have been consistently transformed to the nodes for all nodes in
direction of the blade tip, relative to the element under consideration. As the two node beam
finite element is used in the model, this results in a constant axial force along the element. If
the beam elements on a blade are numbered from 1 to (N —1), element index: = 1,..,(N—1),
and the nodes from 1 to N, node index n = (i + 1),..., N, we get for element No. :

N
Fu = |[Tes]" Y {F,?} (4.9.4)
n=i+41 .
ZEs
where
‘.izg,- indicates that only the zg;-component of the force must be taken into
account.

The axial force found in this way is only approximate, because it actually varies parabolically
along the element. An accurate expression could be found by integrating the inertia force along
the element under consideration and summing in Eq. 4.9.4 only the node contributions from
the remaining elements in direction of the blade tip. The difference is thus only concerning
the contribution from the actual element to node No. ¢ + 1. This complication is avoided
here, keeping in mind that an appropriate resolution in finite elements can provide the wanted

accuracy.
With the purpose of using the principle of virtual displacements, we first express the virtual
work done by the axial force according to Eq. 4.9.3, when a virtual displacement {6qE'} Is
imposed at the nodes. Variation of Eq. 4.9.3 gives
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l‘ ! /
~8Wai = Fui [ [60 + w60 dz (4.9.5)
Noting that
Us | _ 1. Ei
{ " }_ [iNsm2 (2)] {¢" } (4.9.6)

where

[iNsBa2 (2)] is the submatrix composed of the two first rows of [;Nsg (2)],
given in Eq. 4.6.11

the integral in Eq. 4.9.5 can be written
T b 1 T ! i
~6Wai = Fu {845} | [ (:Nsgs ()" [iNbgo (2] d2 | {0} (4.7
The virtual work done by the node forces {Ff‘} is expressed as

Woi = {8q7)" {FE) (4.9.8)

Making use of the fact that the sum of the virtual work done by the external forces must be
zero, we get the relation between node force and node deformation, by adding Eqs. 4.9.7 and

4.9.8
{FF} = [KZ| {4} (4.9.9)

where the arbitrary virtual displacement has been cancelled and

Mﬂ=&uﬁmmmwumma (4.9.10)

is the geometric stiffness matrix for element No. 7, which was sought. The matrix is symmetric
and has dimension 12 x 12.

Transformation of Eq. 4.9.9 to blade substructure coordinates gives

{£7} = @esl{F7}
= [Tgis] [Kf‘] [Teis])” {qB'}
= [KP]{s"} (4.9.11)

and this equation is ready for combination into the system equations of motion.

The geometric stiffness matrix for an element is in symbolic form given by
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5] =
( Uyl Uyl U1 0,1 oyl 0,4 Uz Uy U2 0.9 oy2 0,2 ]
K, 0 0 0 Kis Kie|—Kin 0 0 0 Kis —Kie
K2'2 0 1{2,4 0 Kz’s 0 —K2,2 0 K2,4 0 —-K2,6
cee 0 0 0 0 0 0 0 0 0 0
K44 0 K¢ 0 -Kss 0 Kgpo 0 —Ky6
Sre e e ~++ Kss Kse|—Ki5 0 0 0 K511 —Ksg
Fai | _--- -+ sym— ... ++ Kes|—Ki6 —Kas 0 K46 Kseg —Keg
metric K1,1 0 0 0 —K1,5 KI,G
Kss 0 —Kyg4 0 Kag
. e 0 0 0 0
o Kag 0 —Kaup
. Kss —Ksg¢
! Kes |
(4.9.12)

where only numerically different elements are listed according to the following recipe:

K;;  denotes the non-zero value of the element in row No. 7 and column
No. j, where that particular value first appeared, when the matrix is
traversed in a row-wise direction, starting with element K ;.

Next the values of the K; j—elements are listed following the guidelines outlined above, resulting
in 13 numerically different elements:

K1y = 02(720n2 + 120n, + 6)/(5¢) )
K,y = g;‘; /10
Kis = —(02en (72072 +120n, +6) /5 — e.n) /¢
Kys = 02(720n2 + 1209, +6) / (5¢)
Kys = —02/10
Ko = (02es (72002 + 1200, +6) /5 —ea) /¢
K4,6 = - (93631) /10 f (4913)
Ksi0 = —£02 (36002 + 607, + 1) /30
Ks5 = £ (18092 +30n, +2) /15
Ks,s = - (9:632) /10
Ksi1 = —¢o? (360n2 + 607, +1) /30
Kee = (02€%, (72092 + 1207, + 6) /5
+o2e?, (72092 + 120n, +6) /5 — €% — €%,) /¢ |

When the geometric stiffness is introduced in the substructure equilibrium equations, special
attention must be payed to the rigid body rotations, which are eliminated in the equations,
because these rotations influence the geometric stiffness as it appears in the coupled equations.
This subject will be addressed in Sec. 5.
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4.10 Consistent transformation of distributed forces and mo-
ments to the nodes.

In the finite element formulation the forces and moments, acting outside the nodes, must be
transformed to the nodes. In the present context this is done by using the principle of virtual
displacements. Formulated in words, the principle states that the work done by the distributed
forces and moments must be equal to the work done by the forces and moments transformed
to the nodes, when a small virtual node displacement is imposed on the element. The virtual
displacements for distributed and node forces must be compatible and satisfy the geometric
boundary conditions. Here the compatibility is ensured by the earlier derived interpolation

functions represented by the interpolation matrix [N(z)].

The total virtual work done by the distributed forces and moments is expressed in the equation

Wa = [ {flo,1,2)) {Sup(,9,2)} dedydz

+ [ R (bul)} bz
= W, + 6W, (4.10.1)

where
Wy = [ {f(@,9,2))" {6up(2,y, 2)} dadydz (4102)
is the work done by distributed body forces, force per unit volume

{fo(z,y, z)}T = [fpx(xa Y,2), fou(2,9, 2), fra(z, 9, z)] (4.10.3)

acting upon an infinitesimal volume of the element, dzdydz, during the small virtual local
displacement of the volume

{6’(1,,(1:, Y, Z)}T = {bup(z,y, 2), 5“py($’ Y, 2), Sup.(2,y, 2)] (4.10.4)
and

W, = /0’{ )Y {Bue(2)} dz (4.10.5)

is the work done by the forces and moments distributed along the z-axis of the element, force
per unit length

{fl(z)}T = [flz(z), fly(z)a ftz(z)7 mlz(z), mly(z)7 mlz(z)] (4106)
during the small virtual displacement (translations and rotations)

{6ue(2)}T = [Bus(2), buy(2), bus(2), 60.(2), 6, (2), 60.(2)) (4.10.7)
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These expressions are not quite general, because it is assumed that body moments are not
present and that surface-forces and -moments have been transformed to the elastic axis.
Further, concentrated forces and moments are neglected, because they are only present on
a wind turbine in very special cases, and when they are, they can always be placed on the
structure at the nodes.

The body forces arise from inertia forces and gravity forces, while the forces and moments,
distributed along the elastic axis, will arise mainly from wind loading.

The displacements at a point of the element, with coordinates (z,y, z), are expressed by the
relations (refer to Fig. 15)

4 u]l

0,

y
4 Infinitesimal
volume at (z,y, 2).
Elastic axis.
\0,
y T

__) ozuz
T

The z-axis is directed
out of the paper

Cross section.

Figure 15: Position of infinitesimal volume.

Upe = us(2) - ¥.(2)
Upy = Uy(2) + 20,(2) (4.10.8)
tpe = wa(2) + 40, (2) — 20y(2)
or written as a matrix equation
{up(z,y,2)} = [Nr(z,y)] {u(2)} (4.10.9)
where
1 00/0 0 -y
[Nr(z,y))=]0 1 0|0 O =« (4.10.10)
001y —z O

and
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{u(2)}" = [ua(2), uy(2), us(2), 0:2(2), 6,(2), 6:(2)) (4.10.11)

is the displacement vector referred to the elastic axis coordinate system.

Now, {u(z)} is replaced by the interpolation relationship from Eqs. 4.6.9 (unstarred here) in
Egs. 4.10.1 and 4.10.9 and the new expression for {u,} is introduced in Eq. 4.7.8

W, = [ [, w3, ) (Ne(e, )] Vs ()] dodyds

+ [ Wss( = | {5a) (41012

The work done by the forces and moments at the nodes, during the virtual node displacement
{6q}, is expressed by

W, = {F,}T {6¢) (4.10.13)

Equating the two work expressions from Eqgs. 4.10.12 and 4.10.13 and cancelling the arbitrary
chosen virtual displacement {éq} on both sides of the equation by division, we get the expres-
sion for the node forces equivalent to the distributed forces consistent with the principle of

virtual displacements

(R} = [ INsa(@)" N2(o,9))" {fole, 9, 2)} dadydz

+ /0‘Z [Ns(2)]T {fu(2)} d2 (4.10.14)

where both sides of the equation have been transposed.

The relevant terms in this equation are derived in following sections for each of the types of
distributed force.

4.11 Consistent transformation of inertia loads to the nodes.

In general we consider a substructure of the wind turbine. The substructure is described in a
local coordinate system, which may be moving both in translation and rotation. Further, the
motion is general, so that both translational and rotational velocities are changing with time.
Thus translational and rotational accelerations must be taken into account. The acceleration
of a particle on a specific substructure, relative to the inertial coordinate system, is derived
in Sec. 3, and it is there denoted by {r"go(:c,y, z,t)}. This acceleration includes both the
acceleration of the substructure coordinate system and the local acceleration of the particle,
and its components refer to the substructure coordinate system S, as indicated by the upper

index S.

The acceleration results in an inertia force on the particle, which according to d’'Alembert’s
principle is

{(if5= 0,2 0) ) = —0: {i50(2, 9, 2, 1)} (4.11.1)
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where the meaning of the indices are as follows

S as upper index indicates that the components of the vector are mea-
sured in the substructure coordinate system, as lower index that the
vector is to a point on substructure S.

P refers to body force on a particle of infinitesimal volume.

I refers to inertia force.

0 refers to inertial coordinate system.

t refers to element number. In general the element index i is only retained
in the equations, when new terms are introduced, and may later on
be omitted in order to simplify the indexing, where the possibility for
mistake is negligible.

The symbol
0i denotes the density of the material for element No. ;.

The following analysis of the inertia force considers a single beam element of the substructure.
So the inertia force must be transformed to the element coordinate system

{ifﬁi(xa Y,%, t)} = =0 [TE:'S]T {ii:go(xa Y, 2, t)} (4112)
where

[TEis) s the originally derived transformation matrix (refer to Sec. 4.8), which
according to the general index rule, transforms a vector from the lo-
cal element system for element No. i (index E:) to the substructure
system, (index S). Because the matrix is orthonormal, the transfor-
mation matrix needed here, the one transforming a vector from the
S-system to the Ei-system, is simply the transpose of the originally
derived matrix [TSE:'] = [TEiS]_l = [TE,'s]T.

The upper index

E: means that the vector coordinates are with respect to the local element
coordinate system.

The coordinate indexing for vectors is retained throughout the report, because the risk for
mistake is always present here, and a mistake has serious consequences. The purpose of the
following analysis is to transform the distributed inertia loads to consistent nodal loads in
accordance with the theory outlined in Sec. 4.10.

To accomplish the analysis the acceleration must be expressed as a function of the substructure
coordinates for the nodes and the node displacements.

The acceleration vector {#3;} is the second time derivative of the position vector in the inertial
coordinate system to the particle in the substructure coordinate system, {r3,}.

The general form of the acceleration {3}, as derived through the kinematic analysis in Sec. 3,
s
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{730} = (As]{s5} + [Bs){u} + [CsH{as} + {asc} (4.11.3)

Here, the elements in the coefficient matrices [As], [Bs] and [Cs] and the vector {a3,} are
functions partly of the system parameters and partly of the degrees of freedom for the structure
outside the substructure coordinate system, and their time derivatives.

The vector

{a3,}  isafunction of the degrees of freedom, and it is therefore generally time dependent.
The vector may be written as a matrix product.

Now the element node coordinates and the element node displacements are introduced in the

expression for the acceleration vector in Eq. 4.11.3.

The position vector, in the substructure coordinate system to a particle on element no. i, is
written

(is3(z,y,2,t)} = (i} +edirdy} + [Tas) [{irP(2,9)} + [Nr(z,9)|:Nss(2) g™ (1)}
= {irf}+e[lirf) - ()]
+Tgis] [{rFi(z,9)} + [Nr(z,9)|:Nss(2){a" (1)}]

(4.11.4)
where
{;rf} is the position vector in the substructure coordinate system to node
No. j, j =1,2, for element No. 7, (constant).
{irf;} s the vector from node No. 1 to node No. 2, for element No. 2, (con-
stant).
{irfi(z,y)}T = [z,y,0] is the vector in the plane of the element cross section from

the elastic axis to the position of the particle in question, with reference
to the Ei—coordinates in the undeformed element.

(Nr(z,y)][i Ns(2)]{:g%'} s the displacement of the particle due to the deformation,
which is expressed by the interpolation relation derived in
Sec. 4.4. The lower matrix—index 7 indicates, that the ma-
trix is related to element No. i. Again, the lower vector-
index ¢ indicates, that the node deformations are related to
element No. 2.

& =f is the normalized z—-coordinate in the element coordinate
system, 0 <¢; < 1.

¢;  is the element length.

The time derivatives of the position vector are
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{iu3} = [Teis][N1l[:Nss){:¢"'} (4.11.5)
and
{ig} = [Tris)(Nrl[:Nss){:§"'} (4.11.6)

The Eqs. 4.11.4-4.11.6 are introduced into Eq. 4.11.3, which in turn is transformed to the
element coordinate system, to give the node displacement dependency in Ei—coordinates for
the acceleration (the S index is omitted on the [A], [B] and [C] matrices below)

() = Ual” | A +esfrd) — )]
+Tsis) [{sr*} + [NllNsal{ia™)] |
+[Bl[Tgis}[Nr]l:Nss){:¢"'}
+[Cl[TE:s)[Nr)[:Nssl{:d"'} + {a3.} ] (4.11.7)

and the inertia load
{; ff,‘} = —p; {75 (4.11.8)

The distributed inertia forces are now transformed to the nodes consistent with the principle
of virtual displacements, as outlined in Eq. 4.10.14

{{FEL} = /V [:Nss]T[Ng]T{: £ dzdydz (4.11.9)

After substitution of Eqs. 4.11.7 and 4.11.8 into Eq. 4.11.9 and finally reordering the terms
to facilitate integration we get

sy = (= [ CNonl” (f, oMl s "ICTissl Neldady) i Nsldz) ()

(4.11.10)
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where every single integral now has been divided into a double integral. The inner integral is
taken over the cross section and the outer integral over the element length. The inner integrals
are all independent of the z—coordinate, which means that the integration in principle can be
carried out in two separate steps, the only complication being the fact that the integrals are
composed of matrix products, and the order of the factors must be retained.

The integrals in Eq. 4.11.10 are now determined. The integrals covering the area consist in
reality of only three different types, because the matrices [A], [B] and [C] all are independent
of the coordinates.

For reasons of simplification the following symbols are introduced
[Tis| X[ Tris] = [T¥] (4.11.11)
where the elements in the matrix [T'X] are denoted by

TX 4,j=1,2,3and X = A,B,C

where X also may be omitted when there is no possibility for mistake.

Further, the following integrals are defined. They appear as results from the integration over
the cross section:

m; = [,, eidzdy  : mass per unit length, [L‘"-‘f]

Szi = [4, 0iydzdy : 1* mass moment with respect to z—axis per unit length [kg].

Syi = [4, 0izdzdy : 1** mass moment with respect to y—axis per unit length [kg].

I; = [, oiy*dedy : mass moment of inertia with respect to z—axis per unit length [kgm)].
L; = [,, eix*dzdy : mass moment of inertia with respect to y—axis per unit length [kgm].

I = [4, eizydxdy : product of mass inertia with respect to z—axis per unit length [kgm].
I,; = 0 here because the coordinate system has been chosen as the
principal bending axis system, which is just characterized by the van-

ishing of I,;.
(4.11.12)

By division of the integrals in Eq. 4.11.12, of order 1 and higher, by m;, we get the following
commonly used quantities:
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Sz — . : y-coordinate for center of mass.

mq

S, .
L =ry, :z—coordinate for center of mass.

mg

Li — 2 . squared radius of inertia, y~coordinate.

my

i o r}i :squared radius of inertia, z—coordinate.

mq

J

(4.11.13)

The integrations over the cross section area are now carried out. The element number index :
and the X-index on the [T'X]-matrix are omitted during the derivation, except for the defining

equations.

1% integral type over the cross section.

We define the 6 x 6 matrix
iax] = [ eNaIT(T¥|[Nrldady

The matrix product is partitioned in 3 x 3 matrices

= fe| Sl | (1 il sy

where

1
[NT1] = 0
| 0

[0 0 -y
[NTz] = 0 0 T
The following equation defines the partitioned result

| (han] [haa)
[114] = [ [11:21] (11422 }

(4.11.14)

(4.11.15)

(4.11.16)

(4.11.17)

(4.11.18)
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The submatrices in Eq. (4.11.18) are now calculated

Ll = [ elNn|(T](Nn]dedy

= /A o[T)dzdy
= m[T] (4.11.19)

The second top~row submatrix is derived

) = [ elNn[[T][Nr]dady

= /A o[T)[Nrs)dzdy
Ty | —Thsz | (—Tuy + Thez) ]
= /A 0| Tasy | —Tasz | (—To1y + Toax) | dzdy
Tsay | =T33z | (—Ta1y + Taaz) |
T3Sz | =ThaSy | (—T11S: + T12Sy) ]
= T23Sz —Tgssy (“TQ]S: + T22Sy) (41120)
T53S; | —=T33S, | (—T3155 + T32Sy) |
Next we look at
[Tang] = /A [Npa] 7 [T][ Nt |dz dy (4.11.21)

This matrix is similar to [I; 415)7, only the rows and the columns in [T] have to be interchanged,
T;; = T};, in order to achieve agreement.

Finally we integrate

(T1422) = /AQ[NTz]T[T][Nn]dxdy

(0 0 -y Ty | —Thsz | (—Tny + Thax)
= L 0 0 0 T T23y —T23.’L‘ (_TZIy + Tzzz) d{tdy
ly —z 0 Ts3y { —Tasz | (—Tmy + Tsex)
[ Tsay? —Tzary (—Tny? + Tsazy)
—T. Tysz? Tsxy — Taox?
- ./A 0 233”3-'/ ” 2 (Tfllyzy - 351;112-331/ dady
i (=Thay® + Toszy) | (Tiszy — Tasz?) —They + Tpz?
Ts3l, —T33l, (=Tl + Tsoly)
_ —T531, Tssl, (Tl — T321,,) (4.11.22)

- _ TIIII - Tl?IP
(—T13Iz+T23IP) (T13IP T23Iy) —Tlep + T22Iy

The complete matrix in Eq. 4.11.18 can now be written. We make use of the fact, that I, =0
in the principal axis coordinate system. Further all elements are divided by m, which is placed
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as a common factor in front of the matrix, making use of Eqs. 4.11.12 and 4.11.13, when the
resulting matrix elements are derived

[[14] =
Ty Ty, Tis Tyar: —Tiary (=Ture + Tiary)
Ty Ty, Ty Tasry —Taary (=Taars + Toary)
T3 T3z T3s Tagry  —Taary (=Tsirs + Tsory)
m Ta1rs Tsars Ts3r: Taari, 0 ~Ts1r,
—Tglry —Tazrv —T33r, 0 Tsa"? —41327],
(=Ture + Taary) (-Tiere +Taary) (=Tiarz + Taary) | =Tiard, —Tzsf%, (Tur, + Tz»z"?,,)
(4.11.23)
2" integral type over the cross section.
Here we define the 6 x 1 vector
(ihaa} = [ aiNr|T(T¥irE Y dody (4.11.24)
where multiplication gives
. T + Ty
[T]{"f ‘}=9 Taz + Tooy (4.11.25)
Tz + Tagy
and further
( Thz + Ty )
Thx + Tyy
; Taiz + Tay
Np)[T|{rE} = ¢ 3 » 4.11.26
[ T][ ]{ P } Tazy + T32y2 ( )
— T31(172 - T32.’Ey
| — Tuzy — Thay? + Tnz? + Tozy )

which after integration and factorization with respect to m and further making use of I, = 0
gives

( Tury + Tiers
T217'y + T22rx
T317'y + T32rz‘

o, (4.11.27)

- Tslf‘%y

| — Ty, + Turl, )

{IzA} =m 4
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374 integral type over the cross section.

Here we define the 6 x 3 matrix
[ils4] = /A 0i[N7]" dzdy (4.11.28)

which is integrated to give

[ 1 0 0
0 1 0
0 0 1
Ial = [le g o , |dod
0 0 —=z
L -y z 0 ]
[ 1 0 0 ]
0 1 o0
0 0 1
=m0 0 . (4.11.29)
0 0 —-r
| =1 Ty 0]

where again m has been placed as a factor and the appropriate division has taken place in the
matrix elements. The integration in Eq. 4.11.10 is continued by derivation of the integrals over
the element length. The integrals are referred to by the actual line number in the equation,
lines 1-6.

Integration of the 3 first lines in Eq. 4.11.10 over element length.

The first 3 lines in Eq. 4.11.10 are almost identical. Inside the brackets only the central matrices
are different in the three cases. They are, in the previous integration over the cross section,
represented by the common symbol [X] and the similarity transformed matrix [TE.-S]T[X TE:s]
by the symbol [T'X] or simply [T']. The order of the factors in the matrix product, which has
to be integrated over the element length, must be retained. The integral, which results in a
12 x 12 matrix, is written as

bhiax) = = [ [N ()l hax]Nsn(2))dz (4.11.30)

where the sign has to be changed if the inertia forces are placed on the same side as the elastic
stiffness term in the equations of motion, according to common practice.

The steps in this integration are not shown in detail here, because it is rather lengthy, when
we are looking at a rotating substructure and several degrees of freedom for the surrounding
structure are retained. Further, the derivation will not contribute with much useful information
for the reader. The integration is straightforward and may either be carried out by partial
integration or simply by initial multiplication of the three matrices and finally integration of
the single elements in the resulting 12 x 12 matrix.

The latter procedure is applied here and only the results are given. The general matrix is listed
in [Part 2, Sec. D].
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4.11.1 The mass matrix.

The [C)]-matrix in line 1 of Eq. 4.11.10 is a unity matrix, because no non-local degrees of
freedom enter the coefficients for the second time derivatives in the substructure coordinate
system, {iig}, so the third term in Eq. 4.11.3 is simply the local acceleration vector. Because
of the orthonormality of the transformation matrix, [Tg;s], the [TC]-matrix is also a unity
matrix, and this integral is much simplified compared to the integrals in the lines 2 and 3.

The integral results in the mass matrix for the element. It is obvious from the symmetry of the
matrix product in line 1, that the mass matrix is symmetric. First the mass matrix is shown in
symbolic form

(M] =
[ Uz uy  un 0z1 Oy1 0 Ugz Uy2 Uz 022 Oys 02 ]
My O M3 0 Mys Myg} M- 0 M 0 My M
My, Myz My, 0 Mg 0 Mys Mys Mo 0 My
- M3z Mazs4 Mzs Mseg| —Myzs —Maz Mzg Mzjo Mz —Mss
e My 0 Myg 0 —Ms10 Mo Mo 0 My o
oo Mss Mse | —Min 0 M3 1, 0 Msi, M2
sym— o Mes| Mina  Mzis  Mae —Myj2 —Msiz Mg
melric M1,1 0 —M1,3 0 —M1,5 Ml,G
. Mss —My3z —My, 0 M ¢
e M3 M3, Mss —Msg
M,y 4 0 —My¢
Mss —Msg
| Mss |
(4.11.31)
where
M; ; denotes the non—zero value of the element in row No. : and column

No. 7, where that particular value first appeared, when the matrix is
traversed in a row-wise direction, starting with element M, ;.

Next the values of the M; ;—elements are listed following the guidelines outlined above, resulting
in 31 numerically different elements (M = m/ is total mass of the element)

1% row :
42 13 6 (7] )2
— 2 2 - -v Ty
My = M"y[(48"y+ 5””+35)+5<e ]
1 T
Mo, L
g7
11 11 1 T\ 2
_ 2 2, 11 Ay _1\ ('
My = Mg, [(6"y+10""+210) (6"” 10)(@ )]
42 13 6 /T1,\2
—Meszgf, [(48773 + ?77,, + gg) + '5‘ (—?‘) ]

7
- M@y ("':L’ - e.92) [4773/ + 56]
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M7

1]

Ml 11

Ml 12

’

nd row:

Mg} [24113 + — - g (—Z‘i) }
2 2 2
~Mte, [6’7!' Tomt 420 ( ) ( ) ]

18 9 6/r
_Me,zgf, [24'73 + 5 + 0 5 ( ?’) ]

3
— Mgy (rz — €,2) [2771/ 20]

42 13 6 /r1\?2
2 2 4 24 22V 2 (=
Mg’[(48”’+5"’+35)+5(£)]

1 T
Mo, =
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11 1 1Y (r1)2
_Meg? | (6n? Ttz
Mte. [(6”’+ 0%t 210) (6"’ 10) ( ; ) }
42 13\ 6 (rp\?
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Meae. [(48’7” Tt 35) T3 ( ¢ ) ]

7
+ Mgz: (ry - eal) [4771: + "2'6]

18 9 6 /rp\?
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9 13 1 Ty )2
2 2, v il . _iz
M[93[6"”+10”’+420+(6"” 10)(2 ]
18 9 6 rr 2
2 2 b Yy _ Y11z
Mese: [24"’+ 57t 5( 7 )]

3
+ Mg:l: (ry - eal) [277:: 20]

1
§M

1
Mo,r, [417z + 12]

1
—Meoyry [4% + 12]

_];M [ealgzrx es29yry]
2
1
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6M

1
Mgz:ra: [2771 - 1_2']

1
—Moyry [277u - '1'5]
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4% row:
6 L\
My = MEo; [577.., +em -1—03 + (4817, + 20, + 15) (_;;) ]
M = Mt i+ i (e 3) (7)]
— Mg, (ry — en) B’nz + 56]
i = wee [+ (it n ) ()]
M = M o4+ + (o) (7
— Mg, (ry — eq) [%nz + :_}6] |
5% row:
Mss = Mg [6 + ;qy + 1(1)5 + (481,3 +2n, + 123) (’%)2]
i = i [+ 35— (= ) ()]
~ Mt (r. — ea) [37+ of]
Msn = —Mby, [§ + ;ny + T}Iﬁ + (~24n2 + 20, + 3%) (’—})2]
M = M o+ 54+ (o 1) (7]
— Mg, (r; — e52) ['2'17,, + %]
6% row:

42 13 6 /r:\?
Mss = iy 2 ( )
616 Mesl Qz [48"1‘ + 5 ” + 35 + 5 ]

42 13

+ Mengy [48773 + ?7714 + = 35

+
7
+ Meal Oz (Ty esl) [8771: 10]
+ Meagy (ry = ea) (80, + 7]

1
+ gM (efl +e+ri + rﬁy — 2,17y — 26,21‘,,)

18 9 6(r)?
i 2 2 2, - ——=[==
Mei12 = Me;j 0 [2477“‘-’_ 577z+70 5(4)]

18 9 6 /rp\?
+Me,29y[24n:+5 +-7—0-—g(-?-)]




4.11 Consistent transformation of inertia loads to the nodes. 78

3
+ Mesl Oz (ry - esl) [4"71: + E]

3
+ MC,ng (T'y - e.32) [47]y + E]

1
+ M (€4 + e+l + 13, — 2ear, — 2e27s)

The integrals in the lines 2 and 3 of Eq. 4.11.10 do not in general result in symmetric matrices.
Depending on the number of retained degrees of freedom and the extent to which linearization
has taken place, the matrices are more or less full. It has therefore been chosen to derive the
matrix for the general case, where the elements of the [TX]-matrix appear in the elements
of the resulting matrix denoted by [I;1x] in [Part 2, Sec. D]. The actual matrix can only be
calculated, when the [TX]-matrix is known during the solution of the equations of motion.

4.11.2 The Coriolis matrix.

The matrix in line 2 of Eq. 4.11.10 has the status of a damping matrix and is referred to at
times as the gyroscopic matrix and at other times as the Coriolis matrix. Here, we will use
the name Coriolis matrix, [C¢c], because it results from the [B]-matrix, which has angular
velocities as part of its terms, and the resulting loads are therefore of the same nature as the
loads usually known as Coriolis loads. The matrix is calculated directly from the [I;; x]-matrix
in [Part 2, Sec. D] by introducing the appropriate T;?-terms. The sign must be changed when
the inertia load is placed on the same side as the elastic stiffness term in the equations of

motion. The matrix is skew symmetric.

4.11.3 The inertia stiffness matrix.

The matrix in line 3 of Eq. 4.11.10 is comparable with a stiffness matrix. In the present context
it is referred to as the inertia stiffness or the softening matrix, [K;], because its origin is the
change in inertia force with position. The elements in the [A]-matrix are composed of angular
accelerations, giving rise to forces proportional to the displacement, and equivalent to the
elastic restoring forces as represented by the [K]-matrix, apart from the sign, that might be
negative, so that the forces have a softening effect. The matrix is calculated directly from
the [ILx]-matrix in [Part 2, Sec. D] by introducing the appropriate ﬂ?-terms. Also, here it
must be remembered that the sign has to be changed, when the inertia load is placed on the
same side as the elastic stiffness term in the equations of motion. In general, the matrix is not
symmetric.

4.11.4 Inertia loads depending on DOFs outside the substructure.

Integration of the 4" line in Eq. 4.11.10.

The integration symbol
£
[ilzL] = /(; [(Nsp(2)]" dz (4.11.32)

is defined for the 12 x 6 matrix, resulting from integration over the element length. Integration
gives
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[ %f 0 0 0 -0, O
0 %Z 0 Oz 0 0
0 0 1A 0 0 0
0 _'1L2£2 0 [ 6Lg,m, 0 0
— 0z€s1 Oy€s2 3
[aL) 1 o o o 0 (4.11.33)
0 %f 0} —or 0 0
0 0 %Z 0 0 0
0 f;lz 0 | 64,1, 0 0
-5 0 0 0 6loyn, O
| 0 0 0 | —ozen —0QyCs2 %l ]

The final result of the integrations in line 4 is obtained by multiplication of the matrices [I1]
from Eq. 4.11.33 and [I;4] from Eq. 4.11.27. We get the 12 x 1 vector

{.'F,ﬁfg} = [iar] {iL2a}

( (Tury + Thorz) 2 + Tslrﬁyéy%
(T2lry + T227'1:) =+ T32r%a:ez%
(Tsarz + Tarry) 3

— (Tary + Taar) 5 + 6Ts20:m:7%,
(Tllry + Tl2ra:) 12 6T319y77yr%y

- (ler%z - Tzlrzj % + T3293r%zg;l - T3lgyr?yg;z
(Tury + Tyorz) {— Tslf'%,,éy%
(T2lry + T22r.1:) 2 - T32r?zgz%
(Tsorz + Tairy) 2
(T21ry + T22r:c) i't— + 6T329:c"h7‘?$

— (Thyry + Thors) 35 - 6T310y'ly7'%y

2 211 2 2
| — (Tl2rlg: — T2lrIy 2~ fl-'329:t:‘rI:c£;‘L + TSIQVrIyg;z J

(4.11.34)

= M|

where the T;;-terms are equal to T/}, with the units [sec™%]. M = m/ is the total mass of the

element.

Integration of the 5 line in Eq. 4.11.10.

The integration symbol
4
(L] = /0 [:Nsp(2)]" e:dz (4.11.35)

is defined for the 12 x 6 matrix resulting from integration along the element length. Integration
gives
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[IsL] =
[ oy (2m, + 3 0 0 0 —& 0
0 Oz (27],; + 5%) 0 & 0 0
0 0 L 0 0 0
0 ~to. (3o +3%) 0o (20— %) o 0
Lo, é%"?y + 31_0'3 0 0 0 Oy (2771! - 11_2) 0
o |z [ey 20, + %) - %] +es [gz (2771 + -2%) -3 0 Len e, s
oy (4, + %) 0 0 0 @ 0
0 o= (4n: + %) 0 —& 0 0
0 0 1 0 0 0
0 to. (3. + % 0o (4n:+3) 0 0
—to, (3, + %) 0 0 0 oy (4my +5) 0
| —en [gy (4n, + z) - %] €s [Qa: (40 + %) - %] 0] —e, —Ben 3
(4.11.36)

The final result of the integrations in line 5 is achieved by multiplication of the matrices [I31]
from Eq. 4.11.36 and [I54] from Eq. 4.11.29. We get the 12 x 3 matrix (M = m{)

[iF5]) = [ilsL] [ilsa] =

Oy (2’714 + 2%)
0
0

0
oyt (%’7;« + 3%)

- (27Iy + %) Oy€s2 + (632 - 1"_.,,-) %

0
o= (21: + )

0

—0:t (3. + %)
0

(20: + ) 06 — (ea — 1)} (0o

-

2y (4’711 + 575)
0
0
0

—o,¢ (%Wy + 2%)

0

o= (4n: + %)

0

0-t (310 + %)
0

- (4771/ + 576) eyes2 + (€2 — 12) § (4’7z + 2_70) 0z€n — (€1 —Ty) 5 — (ng‘,‘lrz — 0y -;7‘7',,)

(4.11.37)
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Integration of the 6% line in Eq. 4.11.10.

Here the necessary integrations have already been carried out, and we define the resulting
12 x 3 matrix by (M = m/{)

[iFe) = [iI 2IF] [i134)

; 0 o
0 2 Qa:zf
0 0 1
0 - (R
l'f'e 10 " 691:7711"1;
= M| Ty oy GuTe T T (4.11.38)
2 ? 07
0 2 —szf
0 0 1
0 5 6021272
T 01 —6oymyTy
Ty Tyz ~O0o°fTz+ @ FTy |
Final result.
The final result after integration in Eq. 4.11.10 has now been achieved
{z‘FIESi} = —[Ms] {i "Ei} — [iCsc] {;dEi} — [iKsil {ini}
-{iFE}
— [iF5] [Tmis]” [As] ({i"zs } - {J‘f})
— [iFo] [Tais]” ([As] {ir$} + {a5.}) (4.11.39)

where the lower vector index n — for node force — has been omitted. This will be done through-
out the rest of the report, and the vectors will be representing quantities related to the nodes,

unless otherwise stated.

4.12 Gravity node force.

The distributed gravity load is transformed to the nodes by use of Eq. 4.10.14

{,’qu"} = 0 /V [iNSB (z)]T [,'NT (:E, y)]T {gEi} d:cdydz
= 0 (/V [iNsg (z)]T [Nz (z,9)]" dz'dydz) {gE‘} (4.12.1)

where
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{gE‘} is the gravity acceleration in element coordinates.

The integral above is identical to the integral of the 6 line in Eq. 4.11.10, which was derived
in the previous section, and we get the result

{iFE'} = [:Fe {4"} (4.12.2)

4.13 Structural damping.

The structural damping accounts for the energy dissipation during the system response. In
genral, it is not possible to derive the element damping matrix from element parameters in
a way similar to the derivation of the stiffness- and mass-matrix. Experience shows that the
representation of the damping is important in order to get reasonable response calculations.
The most commonly applied damping model is the one which assumes that the damping matrix
can be expressed as a linear combination of the mass- and the stiffness-matrices

[C)] = & [M] + B[K] (4.13.1)

where a and § are constant scalars, the former having units [sec™!] and the latter having units
[sec]. This way of representing damping is referred to as proportional damping or Rayleigh
damping [B1, pp. 527-532].

The practical estimation of the proportionality constants is often carried out with recourse to
the logarithmic decrement, corresponding to two unequal eigenfrequencies for the complete
structure or alternatively for the substructures. The logarithmic decrement is the logarithm to
the ratio between two successive vibration amplitudes of the free vibration and is assumed to
represent the decay of the vibration due to dissipation of energy. The logarithmic decrement
can be related to the damping ratios which are next used for the estimation of a and §.
Experience and comparison of simulated and measured results are often important ingredients,
when damping parameters are derived.
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5 General about coupling of substructure equations.

The general procedure for coupling of the substructure equations is basically identical to what
is usually done in the finite element analysis (FEM), when the coupled equations are set up with
reference to a common global coordinate system, allthough the resulting equations are quite
different. In the present work each substructure is described in its own coordinate system, which
is rigidly attached to the substructure at the node, where the actual substructure is coupled
to the neighbouring substructure. This has as a result that the rigid body displacements of
the substructure relative to the inertial system, translations and rotations, are eliminated from
the equations of motion.

One main purpose with the actual choice of division into substructures is to facilitate the
kinematic analysis, as described in Sec. 3, by chosing the substructure coupling nodes at
positions on the substructure, where important built in degrees of freedom (DOFs) are located.
These DOFs will then enter the equations in a straightforward manner. Further it has as a
consequence, that the influence of these DOFs will be easier to identify, when the model
is developed with the purpose of being used in a parametric study. One could with some
Justification claim, that the physics of the structure is better reflected in the equations, at least
compared to one of the more refined models, which uses a quite general numerical procedure
for description of the state of each structural element, without distinguishing between actual
structural main components.

The actual division into substructures has as an important positive implication that the equa-
tion structure is simplified, and the work with updating of the equations of motion, necessary
on account of the change in geometry, mainly attributed to the rigid body motions of the sub-
structures, is essentially reduced because it is related to the few DOFs identified in advance.
This is done during the solution of the equations of motion as shown in Fig. 19 Sec. 7.

A disadvantage with the present substructuring technique is that the coefficient matrices of
the equations of motion all become nonsymmetric and full in columns corresponding to the
coupling DOFs on one triangle of the matrices. This does not really constitute a problem but
increases the computational work.

As the coupling of the substructure equations is very central in the present formulation, it will
deserve a more detailed description, the main purpose of which is to show that the present
substructure formulation is equivalent to the well known finite element formulation within a
common coordinate system, and thus it is indirectly shown that the accepted formulation is
valid. As a quite general proof of this equivalence is rather comprehensive, when the complete
set of dynamic equations are involved, the technique will be shown below only for the more
simple static case. Further, the purpose is to show that the key for coupling of the substructure
equations, is to impose force equilibrium at the coupling nodes.

An initially straight beam, divided into two beam elements, as shown in Fig. 16, is considered.
The beam is clamped at one end. Each element is at the same time considered to be a
substructure, numbered 1 and 2 enclosed in circles. The substructure coordinate system for
element 1 is denoted the G-system. It is attached to the clamped end of element 1 and
identical to the global system, which usually would be chosen in an ordinary FEM analysis.
The substructure coordinate system for element 2 is denoted the L-system. It is rigidly attached
to the node of element two, which corresponds to the global node 1, as shown in Fig. 16. The
generalized forces and displacements at the two nodes are shown symbolically. The generalized
force vectors {Fjo} and {Fy} thus include both forces and moments, and the generalized
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displacement vectors {q;0} and {gz0} include translations and rotations.

This simple example may be used without any loss of generality, because only the elements
closest to the coupling node are involved in the more impenetrable change in equation structure.
The coupling of the complete set of dynamic equations in Sec. 6 will help throwing light on

the complete coupling schedule.

Only elastic stiffnesses and external node forces are taken into account.

X1 =xG 4 {Fa0}
Node 2
3 =7
Z] =2¢G

Y1 =YG

Figure 16: Coupling of substructures.

5.1 Coupling procedure in usual FEM formulation.
The equilibrium equations for element 1 is written as

[[Km [K;QJH {df} }_{ {Fﬁ‘}} (5.L1)

(K3 (K3 {qlaz} - {FS
The boundary conditions at the clamped end imply that

{5} =10 (5.1.2)

and the first matrix row of Eq. 5.1.1 only serves to find the reactions. The second matrix row
of Eq. 5.1.1 gives

(3] {afo} = [Kh] {dho} = {F3} = {Fe} + {F) (5.13)

where

{Fge} is the external force on element 1, transformed to node 1 (node 2 of
element 1)
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and

{Fg,} is the reaction on element 1 at node 1 from element 2

Equivalently, the equilibrium of element 2 is expressed by

[[Kf{‘] [K35) ]{ {a} }z{ {Fs } (5.1.4)

(Kl (K311 {45} {Fg
k2 (k][ {1 _ [ {F5)}+{F5.}
[ (K31 (K3 ] { {d5} } _{ {F5.} (5.1.5)
where

[K?j*] = [Tn] [K,?j] [T12] is the similarity transformed stiffness submatrix aris-
ing from the transformation to global coordinates (G)

{F.ge} is the external force on element 2 transformed to node 1 (node 1 of
element 2)

{Fg,} is the reaction on element 2 at node 1 from element 1

{Fge} is the external force on element 2 transformed to node 2 (node 2 of
element 2)
The displacement compatibility at the coupling node is satisfied by the requirement that the
displacements at the nodes, regarded as individual element nodes, must be equal. In the
equations, this requirement is met by expressing the common displacement by the DOFs at
the common node. The result is that the total number of DOFs are reduced by 6 each time
an element is coupled at a global node, compared to the DOFs for the individual elements.

The final coupling of the equations is carried through by use of the equilibrium condition at
global node 1, expressing that the reaction at the node on element 1 is equal to the reaction

at the node on element 2 with opposite sign

{F5.}=-{F5.} (5.1.6)

The equilibrium expression for the complete structure is obtained by substituting the expres-
sions for the reactions from Eqs. 5.1.3 and 5.1.5 into Eq. 5.1.6. The result is

[aK;ZMKf:] ) (K5 ] { {af} }z{ {F3 } (5.17)

[KZZ;] {‘bo} {Fg)

where now the external node forces are composed of

{Fe}={F5.} +{F.}  and 5.1.8
(k) = {rs.} } o

Eq. 5.1.7 is the usual FEM equation, when the equilibrium is expressed in the common global
coordinate system (G). The equation reflects the well known rule that the global stiffness matrix
is obtained by adding stiffness contributions from the single elements at matrix positions, which
correspond to the actual nodes. The stiffness matrix is symmetric.
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5.2 Coupling procedure in the substructure FEM formulation.

In the present work the local or substructure DOFs are retained and the equilibrium equations
appear in a different form. These equations are derived for the example structure below.

The equilibrium equation for element 1 is the same as Eq. 5.1.3.

Considering element 2 as a substructure described in the local substructure coordinate system
(L) attached to node 1, an equilibrium equation of the same form, as that for the clamped
element, is arrived at. The substructure coordinate ystem (L) is following the node during defor-
mation, so that the deformation at node 1 of element 2, measured relative to the substructure
coordinates, are {0} or {qff,‘l} = {0}. This is equivalent to elimination of the substructure
DOFs at the coupling node, and the compatibility condition is automatically fulfilled at the
node by this choice.

The equilibrium of element 2 with reference to substructure coordinates is expressed by

|K%) {d} = {Fi} = {Fh.} + {FE.} (5.2.1)

(&%) {dh} = {FE.} (5.2.2)

As the displacement compatibility at the coupling node is implicitly accounted for through the
consistent choice of nodal DOFs and substructure coordinate system at an actual coupling
node, as mentioned above, the final coupling of the equations is carried through by imposing
force equilibrium at the coupling node (node 1), which results in the coupling condition

(T] {F'zlir} =~ {FIC;T} (5.2.3)

By use of Eq. 5.2.2, Egs. 5.1.3, 5.2.1 and 5.2.2 are combined to give the equilibrium equation
for the total structure

[ (K32l [To] (KT ] { {a} } _ { {F 1%} } (5.2.4)

[0}  [K3] {} | | {FE
where
{F3} = {FS.} + [Tn] {FL.} (5.2.5)
and
{F} = {Fh.} (5.2.6)

It is important here to keep in mind that the first matrix row in Eq. 5.2.4 refers to global
coordinates (G) and the second row to substructure coordinates (L). It is observed that the
coefficient matrix (the stiffness matrix) in Eq. 5.2.4 is not symmetric.




5.3 Transformation of substructure FEM to usual FEM. 87

5.3 Transformation of substructure FEM to usual FEM.

The two sets of equilibrium equations, Eq. 5.1.7 for the usual FEM formulation and Eq. 5.2.4 for
the present substructure formulation, should give an identical solution for the displacements,
if the expression in Eq. 5.2.4 is valid, presuming that we accept the validity of the usual
FEM formulation. This is not immediately obvious, when we just look at the final equations.
Eq. 5.2.4 is not symmetric as Eq. 5.1.7 and further the vectors are with reference to different

coordinate systems in Eq. 5.2.4.

The difference in the two sets of equations is due to the fact that rigid body displacements
of element 2 are eliminated in the substructure formulation of Eq. 5.2.4. This can be seen
from the following derivation, where a transformation of Eq. 5.2.4 to Eq. 5.1.7 is carried out
in order to show the legality of Eq. 5.2.4.

The means to carry through the derivation, is to transform {qu} in Eq. 5.2.4 to global
coordinates, by including the rigid body displacements.

The rigid body displacements of a point on element 2 are first expressed by the deformations
at node 1.

The rigid body translations can be expressed as
(ug) = {u%) + {02} x {r§) (5:31)

{uﬁ,} is the translation at node 1 relative to the global coordinates.

{0%} is the rotation (infinitesimal) at node 1 relative to the global coordi-
nates. It is obvious here that infinitesimal rotations must be assumed
in order to express the rotations as a vector.

{rg} is the position vector to the point in question on the substructure.

The rigid body rotation at the point is expressed by

{05} = {65} (5.3.2)

The vector cross product in Eq. 5.3.1 can be rewritten as a matrix product

G G
(65) x {6} = _[ s o fﬁg]{oﬁ,}
—rf ré 0
= [RrO] {65} | (5.3.3)
where

0 L L
[RG] = [Tn] [ —r;f 2L rgby }[Tn] (5.3.4)

v -

If the general case with 6 DOFs at each node is considered, the displacement vector relative
to the global axes for node 2 can be expressed in global coordinates as
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() { ({{u%}+[RG] %" of +{u5}) }

y+{df}+ {5} (5.3.5)

I
)
5Q

{qlco} = { {{ZZG?% } is the deformation at node 1 relative to global

coordinates

REG|[16S
{qg} = { [ ] { 10} is the rigid body displacement due to ro-
{0} tation at node 1

G

{q%} = { {u?} } is the local elastic deformation relative to the
{022} substructure coordinates.

Further, it is possible to rewrite Eq. 5.3.5 so that the node DOFs appear explicitly in the

equation by noting that

{5} +{d} = “g} [ﬁT] }{qﬁ}
= [Rol{¢%} (5.3.6)

where [I] is the 3 x 3 unity matrix.

Isolating {q%g}, which is wanted for substitution in Eq. 5.2.4 we get

{aha} = [Tua) ({45} - [Ral {a5}) (5.3.7)

Now, considering the second matrix column of Eq. 5.2.4 involving {qf,&} and transforming the
second matrix row to global coordinates yields

T [KE
[ {Tu} {Kz } } T2] ({¢%} - [Rol {¢5}) =

[ (L] (K2) [Ta] [Bo) [Tn] (K2, ][le]] {a} (5.33)
[T21] [KZ) [Th2) [Ro] [T} [K) [Ths) {‘120} -

This expression is substituted in Eq. 5.2.4 and we get the result

[([K;zl—[:rn] [KZ) [Tia] [Rol) (T (K] [Tu]J {6} _[ {me (539)
— [T21] [K3,] [T12) [Ro] [T] [K2,) [T12) {‘120} { FS

This equation should be identical to Eq. 5.1.7, if the substructure related Eq. 5.2.4 should be
valid. This implies that it must be required that
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(K2 = — [T) [K2) [T12] [Ro] (5.3.10)
and
[Kgf] = —[Tx] [ng] [Thg] [Ro] (5.3.11)

This is in general true for an element stiffness matrix, and will be shown here only for the
simple case when the two-element structure is a straight beam. We then have

[T12] = [T1] = [1] (5.3.12)
( Uz Uz 0yl U2 Uz2 9y2
12EI 6EI 12EI 0 6EI
0 0 I 0 I
0 EA 0 0o -EA o
[Kll] [K12] — 6EI : 4E1 6EI ¢ 2E1
_ 12EI 0 _SEI | 12E] 0 _SEI
[ e 2 e
0o -E 9 0 2 0
oo | -sg o |
L ]
1 0 ¢
[Ro] =0 1 0 (5.3.14)
0 01

And it is immediately observed that Eqs. 5.3.10 and 5.3.11 are fulfilled, simply by carrying out
the multiplications on the submatrices in Eq. 5.3.13. The multiplications are straightforward
and simple and will not be shown in detail here.

A quite parallel derivation may be carried through for the dynamic equations corresponding to
the mass matrices. As long as only inertia forces corresponding to the second time derivative of
the DOFs are included, and nonlinearities are neglected, the derivation is straightforward. This
means that an unambiguous connection exists between the present substructure formulation
and the commonly used FEM formulation, where the equations of motion are established
within a common global coordinate system. The derivation for the mass matrices will not
be reproduced here, because the steps are quite analogous to what was done to show the
relationship between the stiffness matrices. Further, a detailed derivation of the equations of
motion for the present formulation is given in Sec. 6.

When nonlinearities are present, it is considerably more difficult to establish the connection
between different formulations, and the subject will not be pursued any further here. However,
since the geometric stiffness has been introduced in the present formulation, it may serve as a
good illustration of the traps that are present, when one formulation is transformed to another.
In the litterature, the geometric stiffness is generally treated quite as the elastic stiffness, and
in the usual FEM formulation the two types of matrices are simply added and combined into
the equations in a complete analogous manner. However, this does not apply in the present
formulation, because the rigid body displacements of the substructures have been eliminated
from the equations. The rigid body translations do not influence the geometric stiffness, but
the rigid body rotations do, because a rotation of an element will result in moments from the
axial force, while a translation does not.
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Again, using the simple example of Fig. 16, it is easy to show how this rigid body rotation
must be accounted for in the substructure formulation.

The equilibrium equations 5.2.1 and 5.2.2 above for element 2, regarding elastic stiffness,
must, when used for geometric stiffness, further include stiffness terms resulting from rigid
body rotations of element 2, i.e. the rotations at node 1.

The modified equations are now written (excluding elastic stiffness)

[Kg212] {‘15'2} +[G] {‘Ifo} = {FZIie} + {F'zlir} (5.3.15)
and

[ngzz] {qu} -Gl {Qfo} = {leée} (5.3.16)

where the last terms on the left side of the equations account for the added stiffness resulting
from the rigid body rotation. The lower index g indicates that the submatrix represents the
conventional geometric stiffness derived in Sec. 4.9 and

0 —F 0
¢ = [f)' 0 (5.3.17)

[0] [0]

Again, imposing the force equilibrium at the coupling node (node 1) results in the equilibrium
equation equivalent to the elastic stiffness equilibrium as expressed in Eq. 5.2.4

([K.;??] + [T21] [G] [T12]) [T21] [I(g212] {quO} B {FI% ~
[ —[G][Tx,] [K2,] AY AN (5.3.18)

Further, following the previously outlined steps, it is easy to show that equivalence exists
between this formulation and the general FEM formulation, which accounts for the rigid body

rotations implicitly.
It should be mentioned here that an indirect test of the stated equivalence has been carried

through by solving the eigenvalue problem for both formulations. The eigenvalues are found
to agree within the numerical accuracy, as will be shown in the test example in Sec. 8.

The steps outlined above, when coupling of the substructure equations is carried out, are
followed in the derivation of the complete set of dynamic equations in Sec. 6, the key being
the establishment of force equilibrium at the coupling nodes.
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6 Derivation of equations of motion for the com-
plete structure.

In the following sections the derivation of the equations of motion (EOMs) for the complete

structure is outlined.

The essential part of this work is derivation of the terms in the inertia load equation 4.11.39.
This is carried out with reference to a specific choice of degrees of freedom (DOFs) for the
involved substructures, tower, shaft, and blades. Further, the boundary conditions between
the substructures may introduce additional DOFs that have to be integrated in the complete
model. This is the case here, because the teeter DOF is retained at the boundary or coupling

node between the shaft and the blade. The tilt is omitted.

The considered model retains the following DOFs, generally 3 translations, {ug} and 3 rota-
tions, {0:2} at each node:

Tower {q%}T =
(i} =
{at} -

6H
Teeter : 87, 65, 0

Blade : {

e} (o)

{uz}f,{of*}i
- [t} fo2)”

= [{a}" f1)

Ho#0

{u8}" {08}

{ag)" {98}

(a8} {38}

()" )"
(GRGS

# {0}"

# {0}
# {0)7

# {0}"
# {0}"
# {0}F

# {0}F
# {0}
# {0}"

The node numbering is as shown in fig. 17

Tower: Nodes are numbered from 1 to ¢

Tower node T'1 is at the tower support

(6.0.1)

Tower node T/ is at the tower top, and common with shaft node Al.

Shaft:  Nodes are numbered from 1 to m
Shaft node Al is at the joint to the tower, and common with tower node T¢

Shaft node Am is at the joint to the blade hub, and common with blade node B1
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Blade: = Nodes are numbered from 1 to n
Blade node Bl is at the joint to the shaft, and common with shaft node Am

Further details concerning the node numbering for the blade substructure is given
in sec. 6.3

Blades

Shaft node Am = node Bl
node T¢ = node Al
/

node T1

Figure 17: Node numbering for boundary nodes of the substructures.

The details of the derivation and evaluation of the respective substructure accelerations are
given in Sec. 3. Below, inertia matrices and vectors are used, which result from rewriting the
acceleration ‘expressions. The rewriting has character of a decomposition, based on sorting
of the acceleration expressions according to common factors of degrees of freedom and their
order with respect to time derivation. A complete listing of these matrices and vectors can be
found in [Part 2, Sec. E], where also the introduced linearizations are described. A description

of their origin is found there as well.

6.1 Derivation of EOM for the tower substructure.

The inertia loads at the nodes can be read directly from Eq. 4.11.39, noticing that the [A7]-
and the [Br]-matrix are identically zero, resuiting in

[iKr1] = [:C1c] = (0] a"d_{o}} (6.1.2)

{irl} = (iF} = (.

where

{ T}_[F5] [TEtT] [AT]{Tm} and }
{ T} [:Fe] [Teer)” ([AT]{ } {aTc}) (6.1.3)

Here it has been utilized that {a%c} = {0} at the tower substructure.
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The EOM for an element on the tower substructure is therefore written as
M (i} + (O (i | + K {iaF } = {FF'} (6.1.4)

where

[iM] is the element mass matrix, Eq. 4.11.31
[iC,] is the element structural damping matrix , Eq. 4.13.1, and
[:K,] is the element stiffness matrix, resulting from material elasticity, Eq. 4.7.5

If concentrated node masses are present, they have to be added to the diagonal elements of
the mass matrix.

{iFr_,E"} is composed of the externally applied loads, including gravity and aero-
dynamic loads, consistently transformed to the nodes.This transforma-
tion is described in Sec. 4.10. At the boundary nodes the vector further

includes the reactions.

The element EOM is transformed according to the general rule in order to have the equation
expressed in tower coordinates and prepared for coupling of the elemental EOMs to the tower

substructure EOM. The transformed Eq. 6.1.4 yields

[Teir] ;M) [Teir]” {zq%} + [Teir) [iCy) [Trir)” {.‘d%
+ [Teir] K] [Teir)” {.'q%} = [Tar) {.-Ffﬁ"} (6.1.5)

The tower substructure EOM obtained by coupling of the elemental EOMs of the form given
in Eq. 6.1.5 is written

(Mr) {i7} + [Cr]{dt} + (K1l {et } = {FF} (6.1.6)

This equation is partitioned in order to allow for introduction of boundary conditions. The

boundary conditions at the root of the tower are taken to be purely geometric, i.e., the
deformations and their time derivatives at the root node are assumed to be zero

{‘I%l} = {‘1%:1} = {‘ﬁl} = {0} (6.1.7)

Further, the boundary conditions at the coupling node between the tower and the shaft are
purely static, i.e., the reactions from the shaft (forces and moments) are imposed on the tower
node by expressing the reactions by means of the shaft degrees of freedom and thus obtaining
a static coupling condition, as shown below.
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The partitioned EOM Eq. 6.1.6 is written

My] [Mir] [Mid 1| 19
[Mr,] [Mr7] (Mg drr (
[Ma] [Mea] [Md] ]| {4, J
(Cul [Cir] [Cud [ i} |
+{ [Cn] [Crr] [Cr grry ¢
[Ca] [Cer] [Cu] | | {dF) |
(Ku] [Kir] [Ku) ] Jr ) ) Ff,
+| (K] [Krr] [K7e] @i ¢ = Fir (6.1.8)
[Kal [Kerl [Kel 1| {¢h} | Ff,

Now, the submatrices [Xy,] and [Xy,], (X = M,C, K), are zero, when node numbering
is carried out in succession, e.g. from root to top of the tower, and the difference in node
numbers for every single element is 1. The matrices will thus have a banded structure.

By carrying out the multiplications in Eq. 6.1.8, the relevant degrees of freedom and reactions
may be isolated.

The result of the multiplication is

(Ml {&r} + (Cirl{dFr} + (Kirl{Fr} = {FRe}+{Fhr} (619

(Mrr) {§Fr} + [Mrd {&h.} + [Crr) {éFr}
+1Crd {7} + (Krr) {dir} + [Krd {ate} = {Ffr} (6.1.10)

(Mer) {dFr} + [Mae) {dF:} + [Cer) { i}
+(Cul { e} + (K {ahr} + (Kl {aFe} = {Ffu}+{Ffr}  (6.1.11)

Here the following notation is used

{F%kE} is external forces on the element, transformed to node k. Included are
distributed external forces and gravity forces.

{F%R} is reaction forces at node i.

F:,TIR} expresses reactions from the support at node 1, the node at
the root of the tower.

{F»}LR[} expresses reactions from the shaft substructure at the coupling
node £.

Eq. 6.1.9 is extracted from the system EOM and is merely used for derivation of the reaction
{F:,TIR}. Because of the banded structure of the coefficient matrices the equation can be
reduced to include only the degrees of freedom for node 2

(M) {dha} + [Ch] {aa} + [Kb] {aha} = {Fhig} + {Ffun) (6:1.12)
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where the dimension of the coefficient matrices now are 6 x 6.

{F:,TIR} can be found from Eq. 6.1.12.

Eq. 6.1.10 is part of the system EOM, and so is Eq. 6.1.11, where the reactions {Ffm} have
to be expressed by means of the equations for the shaft substructure.

This relation will result from the following derivation of the EOM for the shaft substructure.

6.2 Derivation of EOM for the shaft substructure.

With the actual DOFs, the acceleration on the shaft substructure is written as (refer to
Eq. 4.11.3)

{4} = [4a){s4} + [Bal{uA} + [Cal {iiA} + {ad.} (6.2.1)
where

{ad.} = (DAl {ide} (6.2.2)

and [C4] is equal to the unity matrix.
From Eq. 4.11.39 all the terms will now contribute to the EOM for an element.

The three last lines of Eq. 4.11.39 shall first be rewritten, taking advantage of the possibility
of extracting DOFs from the [A 4]-matrix. As shown in [Part 2, Sec. E.3], the inertia vector

{;F‘ﬁ,} for the shaft, according to [Part 2, Eq. E.3.1], can be written

{FA} = iFT204) {07, } + {:F T, (E3.1)

where the matrix

[iFT244] originates from the skew-symmetric part of the [A 4]-matrix.

The product

(A4 {irf}. 5 =112
is rewritten by initial multiplication and next writing the resulting vector as a product of
matrices and DOFs. The result is [Part 2, Sec. E.1]

[Aal {ir2} = LAT2;){8E,} + [:AT1;] {6F,} + {:aC04} (6.2.3)
where now
[1AT2;] = [iAT2; (iryj, iT2j, iT35))s
AT1;] = [ATL; (;r1;, ir2j, iT3;)), and

{:ac02} = {;ACO2 (iryj, iraj, i735) )
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are functions of the vector coordinates for {.-r;‘}.

By introducing Eq. 6.2.3 into line 3 of eq. 4.11.39 this line changes to

— B [Taial” [Adl {irfy} =
— [iFs) [Tgia)” [[,-AT212] {08} + [:AT11) {63, } + {:AC0%, ] (6.2.4)

For reasons of simplification of the written expressions, the following substitution is used for
the matrix product

[Tgial i) [Teia]” = [:Fa) (6.2.5)
where k£ = 5,6 and

o a0
Tial = | (g [“f)']A Toud [0 (6.2.6)
[0] (0] [0] [TEial

resulting in a 12 x 12 matrix, which gives the correct transformation of the 12 x 1 vector.

Using the substitution from Eq. 6.2.5, the following matrices are now defined

[iF5al [{AT2y2) = [;FT254)
[(iFes) [iAT112) = [iFT154] (6.2.7)
[Fra {:Acot} = {iFCog,

The definitions from Eq. 6.2.7 are introduced into Eq. 6.2.4 and we get

— [T5:a) iFs) [Teia)” [Ad] {irs} =
— [:FT254) {0} — [:FT154]{0F,} - {iFCO, (6.2.8)

The resulting vector is with reference to the shaft coordinate system.

An analogous procedure is carried out for line 4 in Eq. 4.11.39, and the following matrices are
defined

[iFeal [AT2,]) = [iF'T24]

[iFea) lAT11] = [;F'T1e4) 6.9
Feal {sAC0f} = {iFC0g, (6.2.9)
[iFé'A] [DA] = [,-F DGA]
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With these definitions the last line in Eq. 4.11.39 is written

— [Tial [iFel [Toial” ([A4 {irf} + {ad.}) =
— [iFT24) {07} — [FT164] {67, } — {iFC044} — [iF Deal {iif } (6.2.10)

Eq. 4.11.39 for a shaft element may now be rewritten, using Eqs. E.3.1, 6.2.8 and 6.2.10.
Introducing structural damping and stiffness at the same time, the result is equivalent to the
EOM for the element, excluding external forces and boundary conditions for convenience

(Ma) {si4} + (Cal {idd} + Kal {ih} =
_({,. FTA} + {,-Fcog‘A} + {,-FCOQA )
~(FFT204] + [FT254] + [FT204]) {8,

~(IPT 164l + [FT164]) {8}

— [iF' Dga] {“%z} (6.2.11)
where
[iCa] = [iCac] + [iC,] and
[iK/:] = [J{:CI] + ;K] } (6.2.12)

The indices refer to the origin of the matrix, which is inertia or structural properties
[Cac] is the Coriolis matrix, which is related to the [B4]-matrix

[Ka1]  is the inertia stiffness matrix, which is related to the [A 4]-matrix

[C,] s structural damping
[K,] is structural stiffness

If concentrated node masses are present they must be added to the diagonal elements of the
mass matrix.

The right hand side of Eq. 6.2.11 gives rise to additional terms in the mass— and damping-
matrices of the system EOM.

In order to prepare the assembling procedure, the matrix products in Eq. 6.2.11 are com-
bined such that the deformation vectors are written as the usual 12 x 1 dimensional vector,
corresponding to 6 DOFs at each node.

The following vectors and matrices are now defined
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[ [iF' Dea] ! ([iFT24A] + [iFT254] + [iFT26A]) ] = [{Mr4] ’
[ [0] l ([iFTlsA] + [iFTlsA]) J = [;Cr4l ( (6:2.13)
{iFTL} + {iFC04, )} + {iFC04, ) = {iFiea J

By using these definitions the EOM for a shaft element (Eq. 6.2.11) may be written

[iM4] {iqﬁ} + [iCa] {iq'f} + [i K 4] {iqﬁ} =
{iF4} - {iFites} — :Mra] {@e} - [Cral {dte} (6.2.14)

where also the external force, {;Fj‘}, has been included

{,—Ff} is composed of all externally applied loads, including gravity and aero-
dynamic loads, consistently transformed to the nodes, as outlined in
Sec. 4.10. Further, the vector includes the reactions at the boundary
nodes.

Still, the resulting vectors are with reference to the shaft coordinate system, the A—system.

Assembling the element EOMs to the total substructure EOM reads

Mal {34} +(Cal {d4} + (Ka){dh} =
{F£} - {Fis} — (Mral {éF,} — (Cral {ie} (6.2.15)
To prepare the coupling of the shaft EOMs to the tower EOMs and the blade EOMs, respec-

tively, Eq.6.2.15 is partitioned in order to facilitate the insight in the appropriate process. The
result of the partitioning is

[MAII] [MIA] [MAlm] ﬂl [CAu] [CIA] [CAlm] qﬂl
[Ma1]  [May] [MA,,.]} Gaasr ¢+ | [Cul [Cadl [Caml 44

[MAmI] [MmA] [MAmm] q“ﬁm [CAmI] [CmA] [CAmm] q’ﬁm
[Kan] (K14l [Kaim] 7
+1 [Km] [Kaa]l [Kam] Giaf =
[KAml] [KmA] [I(Amm] qﬁm
F Fiiem [Mr 1] [Crai]
FfA - F4A56AA — | [Mraa] {‘317"':}— [Craa] {‘ﬁt} (6.2.16)
Fi. Fica.. [Mr am] [Cram]

Before multiplication in Eq. 6.2.16 some simplifications are considered.

The definition of the moving shaft coordinate system with origo at node 1 of the shaft sub-
structure implies that the substructure is considered clamped at node 1, such that
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{‘Iﬁl} = {‘}ﬁl} = {‘iﬁl} = {0} (6.2.17)

Using this equation, when carrying out the multiplications in the partitioned Eq. 6.2.16, we
get for the first row (index E — external, index R — reaction)

[Mia] {40} + [Cral {dha} + [K1al {dha} =
{Fie} + {Fhr} — {Flea} — Mra) {ife} — [Craml {&:} (6.2.18)

The second row in Eq. 6.2.16 gives after multiplication

(Maal {dha} + Mam] {d4n} + [Casl {d4a} + [Can] {dhn}
+[Kaal {gha} + [Kaml {ghn} =
{Fis} — {Floan} — Mradl{ate} — [Cradl{dTe}  (6:219)

And finally the third row

(M) {444} + Moum] {Zhm } + [Cmal {44} + [Crum] {dm }
+ [Kma] {‘IﬁA} + [Kmm] {(Iﬁm} =
{Fip}+ {Finn) — {Floan} — [Mranl{&e} — [Cranl {d}  (6220)

Eq. 6.2.18 and Eq. 6.1.11 are the basis for coupling of the tower and the shaft EOMs. The
actions at the tower node ¢ are equal in size and opposite directed to the reactions at the
shaft node 1. This is expressed in the following equation, where the necessary transformation
to common coordinates has taken place

{F:l?m} = — [Tar] {Ffm} (6.2.21)

which by use of Eq. 6.1.11 and Eq. 6.2.18 is expressed as

[Mer] {dF} + [Medd {F,} + [Cer) { i}
+[Cef] {é%} + [Ker] {‘I'}‘T} + [Kee] {‘I%t} - {F}"w} =
~ L) ((Mual {4} + (ol e} + ua {i)

+ Meal (B} + Crad {iF) + {Fhom} - {Fhs}) (6222

After rearranging we get
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(Mer (e} + (1Med] + M) {5}
+ Cer) {dr} + (ICad + [Cra ) {i}
+[Ker) {air} + [Ku) {aFe}
+ [Tar) [Mia) {@Aa} + [Tar] [Cra) {dda } + [Tur] [Kia) {dda } =

{FRg} + 1 Tur) {Fis} — [Tar) {Flenn}  (6.2.23)

Before arranging the equations in a common matrix equation, the EOM for the blade sub-
structure shall be derived.

6.3 Derivation of EOM for the blade substructure.

This derivation is mainly identical to the one for the shaft substructure, and the steps can be
identified in two almost parallel procedures.

The acceleration at a point on the blade substructure is with the actual DOFs written as
{78} = 148] {sB} + (B&] {8} + [CB] {iB} + {aB.} (6.3.1)

Here

{a8.} = [Dsl{if.} +[Es]{6F.} + [Fs] {6F,}
+[Gol {uhn} + [Ha) {id, } + [Re) {iid. } (6.3.2)

as derived by the kinematic analysis in Sec. 3 and the subsequent evaluation and decomposition
as described in [Part 2, Sec. E}.

Again, Eq. 4.11.39 is the basis for the derivation of the blade EOM, quite parallel to what was
done for the shaft. From [Part 2, Sec. E.3] we use the result, where the angular accelerations

have been extracted from the inertia vector {,-FE;} according to [Part 2, Eq. E.3.2]

{:iFB} = :FT25) {05} + (P A28 {64, } + {{FH2E,} 01, + {iFTR}  (E3.2)
Further, for the blade substructure we have the decomposed matrix product
[4p) {ir?} = [:BT2,{6},} +:BT1,) {67, }

+iBS2%] {84} + :BSL;] {64, } + :BS0;1 {04}
+{:BH28} 6% + {,BH1B} 0¥ + {,BCOF} (6.3.3)
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where the coefficient matrices and vectors now are functions of the vector coordinates for
{;rf}. The coefficient matrices and the vectors are listed in [Part 2, Sec. E.2].

For use in Eq. 4.11.39 line 3, the following matrices are defined, based on the expressions in
Eq. 6.3.3.

First, in order to simplify the writing we introduce
(T3] i Fs) (Teip]” = [iFip (6.3.4)

which is used in the following definitions

Y

[iFeB) [iBT212) = [ FT2s8]
[iFgpl [(BT1y,) = [ FT155]
[iF5B) [iBS212] = [iF S25]
[iFsg] [iBSli2) = [;F S1sp]
[iF5p] [iBS012] = [:F" S05p]
[iFs*B] iBH?fz = t'FH2sBB
[(Fg){:BH15,} = ,FH1E,
[Fip) {:BCOB} = {iFCOB,} |

(6.3.5)

=

Equivalently, for use in Eq. 4.11.39 line 4, the following matrices, related to Eq. 6.3.2 and
Eq. 6.3.3, are defined, using the substitution

[T%:8) [iFe] [Tei)]" = [iFes) (6.3.6)
Definitions related to Eq. 6.3.2 are

[iFes) [DB] = [iF Dep] )
o
(Fea] [G] = [:F Gos) (637)
[iFég] [HB) = [i F HeB)
[iFés] [RB) = [iF Rep] )

and definitions related to Eq. 6.3.3 are

\

[iFep) iBT2,] = [iF'T2p]
[iFgg] (BT11] = [iFT1s]
[:iFep) iBS2:1] = [ F'S26B]
[iFep) [iBS11] = [:FS1eB]
[iFep] iBS01] = [:FFS06p]
[,’FgB] ;BH2{3 = 1FHQGBB
[iFes) {iBCOP} = {{FCOE,;} |

(6.3.8)

N A et
T W
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Eq. 4.11.39 may now be rewritten, using Eqs. 6.3.5, 6.3.7, and 6.3.8, and further, for the
moment assuming that the resulting inertia force is zero for convenience. The result is

(Ms] {48} + :Cac) {12} + Kl {8} =
_({,.FT;;} +{iFCoBs} + {iFC0Z, )
({ FT25p} + [iFT2s8] + [iFT268] + [:F FsBI) {07}
- ([-FTlsB] + [FT1ep) + [iFEsB]) {0n}
[:FA24p] + [;F S2sp] + [:F S26p ) {04}

~(
([ FS155] + ; FSleB]) {64}
~(
~(

[[FS0s5] + [FSOGB]) {oﬁm}
FHp} + {iFH2Ep} + {iFH2E,} )35,

({ FH1E} + {FH1Z, )0,,,
— [iF Des] {“Tz}
~ [iF Ge) {4 }
— [iF Heg) {4, }
— [:F Res] {iihn} (6.3.9)

In order to use the usual 12 dimensional DOF-vector, Eq. 6.3.9 is rearranged by using the
following definitions
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[N

[ [iF Dgg] l [iFT248) + [ FT258) + [ FT268) + [;F FGB]) ] = [iM7B]
[0] | ([ FT1sp] + [iFT1es] + | FEGB]) ] = [:Crs)

r

. [iF Rep] ([ iF A24p] + [iFS25p] + [;F 5263]) ] = [iM4g]
- [:F Hep] (

[:FS1sg] + [.FSlsB]) } = [iCas) ' (6.3.10)

[ [iF Ges] ([aF S0sg] + [;F SOGB]> ] = [;Kas]

{ FH2E} + {iFH2E} + {iFH28:} = {iMB)

{,‘FHI‘?B} + {;FHI?B} = {%CEB}

{iFTB} + {iFCO8} + {iFC0B;} = {iFLep} ‘

Further, structural damping and structural stiffness, given by

[:iCB) = [iCsc] + [iC,]
o~ kol vl | 610

are introduced into Eq. 6.3.9.

The indices refer to the origin of the matrix, which is inertia or structural properties
[Cpc] is the Coriolis matrix, which is related to the [ Bg]-matrix

(K1l is the inertia stiffness or softening matrix, which is related to the [Ag]-matrix

[Cs] s structural damping
[K,] is structural stiffness

If concentrated node masses are present, they have to be added to the mass matrix [; Mp], at
the diagonal elements. Also, the external load vector is entered into the equation.

The result is the EOM for a blade element

:Ms] {:dB} + :Ca] {:dB } + i K5] THE
{iF8} = {iFien}
— [:Mrg) {dF,} — :Cral { ¢}
— [iMa5) {Gam } — (:Ca8) {ihm } — K a8l {ahn}
- {iMI?B} b1y — {ngB} 0% (6.3.12)
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where, analogous to the tower— and shaft—substructure

{,-Fg} is composed of the externally applied loads, including gravity and aero-
dynamic loads, consistently transformed to the nodes, as prescribed in
Sec. 4.10. For the coupling node to the shaft substructure the vector

also includes the reactions.

When the blade EOM is assembled, the node numbering must be considered, because the
structure is no longer a simple chain, as was the case for the tower and the shaft. To illustrate
the preferred systematics, a general example with 3 blades is used. The difference between
global node numbers for one element determines the band width of the coefficient matrices.
Therefore, the following way of assigning node numbers is used.

Node numbers z = Bz

Figure 18: Node numbering for blades.

As illustrated in fig. 18, the node which couples the blades to the shaft is given number 1. The
remaining nodes are numbered sequentially by chosing the node closest to the center node on
one blade as node 2, and then step from blade to blade in the same direction, e.g. clock-wise,
always taking the unnumbered node closest to the center as the next one in the sequence.
This procedure results in a maximum node difference equal to the number of blades, and this
number is also equal to the half band-width of the coefficient matrices.

The assembled EOM for the blade substructure is written

(Mp] {8} + [Cs] {dB} + (K] {48} =
{FB} - {Fies}
— [Mrg){dF.} — [Crs]{dt}
— [Masg] {"iﬁm} — [Cas] {fiﬁm} — [Kas] {‘Iﬂm}
- {MII;B} b1y — {053} O (6.3.13)

Partitioning of Eq. 6.3.13 prepares the coupling of the shaft and the blade EOM
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[[Mm] [Mw]J any |, [ (Con] [Cwl] i
[Mp:] [Mps] iBp [Cr] [Cgs] iBs

(Kenl| [Kis] gy | _
| [K,;]Hfﬁ}‘

{ fFBlE} { IR} {F 45631} }
FBBE - 456BB
| e ] (i1~ [ 15 ] an
[ ot ] ot~ [ G ] a - [ |G}
{ fM”B‘}’ } { {CHBI} }o (6.3.14)
Miigg HBB

Here

{6'31} = {dgl} = {qgl} = {0} (6.3.15)

this being an implication of the choice of coordinate system that has its origo at node 1, and
follows the movements of the blade point.

The first partitioned row of Eq. 6.3.14 gives after multiplication and using Eq. 6.3.15 (index
E - external, index R — reaction)

[Mi5) {85} + [C16] {dBs} + [K15] {aBs } =
{FRie} + {Fhir} — {Flion}
- [Mrp] {qg:z} CTBI]{‘IT(}
— [Mapr] {@hm } — [Cam]{dhm} — [Kap1] {ghn }
—{MEp,} 05 - {CBs} 6%, (6.3.16)

The reactions at the shaft node m, must be equal in size and opposite in direction to the
reactions at blade node 1

{Fiur} = —[Tsa) {FEiR} (6.3.17)
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The reactions are isolated in egs. 6.2.20 and 6.3.16, respectively, and substituted in Eq. 6.3.17

[Mal {44} + [Muum] {G4m } + [Crmal {dha}

+ [Coum] {§4m } + [Kmal {@ha} + (K] {€lem }

+ [Mram] {‘ﬁt} + [Cram] {‘ﬁz} + {F£6Am} - {Ffmb‘} =

~Taal ( (M6 {@Ba} + Cu51 {8} + [ Ksn] {3}

+ [MrB1] {‘ﬁe} + [CrB1) {‘gz}
+ [M4p] {‘iﬁm} + [Cani] {dﬂm} + [Kapi] {‘Iﬁm}
+ {MgBl} bt + {Cgm} 6l
+{FZepm} - {FBix} ) (6.3.18)

After rearranging we get the equation ready for combination in the system EOM

(Mol {@a} + (M) + (T3} Maz]) {4}

+ Cnal {dha} + (Conm] + [T541 Cam]) {in}

+Kna] {aha} + (K] + (T3] Ka1]) {h}

+((Mram] + [Toal (Mrem]) {d}

+(ICram] + (T34 (Crm]) {iF:}
+ (Toa) {MEp } 6351 + (Toa] {Cp1 } 65
+(Tsal [M15] {85 } + (T8l [C15] {455} + [T5a) [K15] {aBs} =

{Fing} +Toal {FBie} — {Fiiean} — [Toal { Ffiem } (6.3.19)

The EOM for the inner blade substructure is identified as the last row of the partitioned
Eq. 6.3.14, which after introduction of Eq. 6.3.15 is written as

(Mps] {ﬁgs} + [CBs] {ng} + [KBB5] {qu}
+[Mrpp] {§Fe} + [Cros) { &}

+ [Mass] {ﬁﬁm} + [Cass) {tiﬂm} + [K4B5] {qﬁm}
+ {M}?BB} O + {0533} off; =

{Ffag} — {Fitess} (6.3.20)
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This equation is also ready for assembly into the total system EOM.

6.4 Derivation of EOM for the teeter DOF.

The reactions at blade node 1 must be transformed to the teeter degree of freedom in order
to derive the EOM for the teeter DOF.
Assuming that the teeter DOF has a stiffness and a damping given by

Kig  — teeter spring stiffness
Cig - teeter damper

the EOM is written

Cruf; + Ky, =

row, [— ([MIB] {‘YEB} + [CIB] {éga} + [KIB] {qu}

+ [Mrp1) {7e } [Cren] {1 }

+ [Mapi) {4 } + [Cam) {dhm } + [Kum1) {cim }

+{Mf5, } 0% + {Chu } 65

+{FBep) - {Fgw})} (6.4.1)

where the symbol row, identifies a sort of operator, which indicates that only row number 4
of the resulting vector on the right hand side is part of the equation.

After minor rearrangements Eq. 6.4.1 can be directly combined with the other substructure
EOMs into the total system EOM, where the teeter DOF then will appear as one single DOF.

6.5 Assembly of substructure EOMs to the system EOM.
In the previous sections, all the relevant substructure equations of motion have been derived,
and the force compatibility conditions at the coupling nodes have been established.

The actual equations are

Eq.6.1.9 — Reactions at the tower support, corresponding tower DOF {q%l}. May be deter-
mined, when the node displacements have been solved for.

Eq.6.1.10 — EOM for the inner tower DOFs {q%'T}.

Eq.6.2.23 — EOM for the coupling node between tower (node T¢) and shaft (node Al) sub-
structures, corresponding to DOF {q%,}.

Eq.6.2.19 — EOM for the inner shaft DOFs {qﬁA}.
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Eq.6.3.19 — EOM for the coupling node between shaft (node Am) and blade (node B1) sub-
structures, corresponding to DOF {qﬁm} .

Although the teeter DOF, 6%, is at the same coupling node, the force compatibility
still ensures that the coupling is correctly established, as the kinematic analysis has

provided for the geometric compatibility.
Eq.6.4.1 —~ EOM for the teeter DOF, 8%,

Eq.6.3.20 — EOM for the inner DOFs of the blade substructure, {qu}.

Combination of these equations in a single system equation of motion gives
[Ms]{4s} + [Cs}{ds} + ([Ks] + [K,ys]) {gs} = {Fs} (6.5.1)

where
{asy" = [{abe} " b} {cha} {hn}” 000 (s} ] (652

The geometric stiffness matrix [K,s] is shown separately in order to simplify the appearance
of the matrices.

The following coefficient matrices are obtained:

The system mass matrix

[Ms] =
[ {5;7“} {‘3'}‘:} {iﬂn} {'iﬁm} 6 {"SB}
[mrr) [Mre] fo} [o] {0} fo)
Myr [M”] Tar)] [M14 0 o o
[ ] + [TAT] [MTAI] [ ] [ ] “ © “
[0] [MTAA] [MAA] [MAm] {o} [o]
o [#r.4m] M [M"""] T, MB 54| [Mip
“ +[74] [Mrp ] ema] +[784) [Mam] (724l {fizi} | [raa] o]
o | rous <[Mm]) 0 rous ([Mm]) rous ({Mgm }) o ([Ml,,])
R [MrEs] o] [Maps5] {MEsp} [M55]

(6.5.3)
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the system damping matrix

[Cs] =
[ {&r} {&:) {444} {¢m) oty {435}
[err] [er] fo) ] } ]
Cir [cu] Tar] |C14 0] o 0]
[cer] + [7z] [oma] [rar] [c14) fo) () o)
[0} [c744] [caa] [cam) fo] o}
0 [ozam] c [crmm] T cB T4] [€18
O | tranlform] | ] | tTroalfeam] | Feal (e} | Fraal [l
o rowy ([Crm]) 0 rowy ([CABI]) + rows ({Cﬂm }) rowy ([Cm])
(o] [CTBB] lo] [cABB] {cBes} [C'BB]
(6.5.4)
the system stiffness matrix
[Ks] =
[ {"g"r} {eFe} {'ﬁa} {edm} o {25}
[xzr] | [xre] o) ] {0} [0}
[Kn'] [Ku] [TAT] [Kl A] ] {0} fo]
) fo] [€a4) [ am] {0} ()
0 0 K, [K"""] (1] T, K:
(o) [o] [Kma) + [roa] [Kam] 1 | [7Ba] [x15]
o 0 0 rowy ( [KAm]) Kyg | row, ([Kw])
0} (0] (0] [xaps) {0} [¥B5)

(6.5.5)
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and the system geometric stiffness matrix

[Kos] =
{8} | {8 (] {edn} | o | ()
[0] (0] (o} [0} {0} [0}
[0} ] [0] (0] {0} (0}
[o] (o} fo) {0} {0} {0
lo] [K yTA] o] [K gAA] { KgHA } [K gBA]
o {KgTH}T 0 {KgAH}T Kong {KgBH}T—
[o] [KgTB] (o} [KgAB] {KgHB} [KgBB] ]

(6.5.6)

The geometric stiffness submatrices are not listed. Their derivation is based on the consider-
ations in Sec. 5 and specifically Eq. 5.3.18.

The system load combines to

[ {FL) |
{Fhi} + [Tar) {FAe} — (Tar) {Ffien}
{Fs} =+ {Fha} - {Floa} ‘ (6.5.7)

{Fine} — {Flieam} + Toal {FBic} — [Toal { FBop: }
row4({FglE}) — row4({F435631})
| {FBss} — {Fions} J

The program includes only the external loads on the blades {FEBE}, combined of the gravity
load as derived in Sec. 4.12 and the aerodynamic load as derived in [Part 2, Sec. F].
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7 Solution procedures.

The mathematical model has resulted in a computer program written in Fortran 77. This closely
follows the mathematical model and therefore a detailed description is omitted. The program
allows for calculation of eigensolutions and time integration of the equations of motion.

The eigensolutions are found by a two step procedure. The first step involves calculation of
eigenfrequencies by use of the Sturm-sequence property for symmetrical matrices and the
method of bisection [M6, pp. 157-162]. The symmetric form of the equations of motion is
established (see Sec. 5) including geometric stiffness (centrifugal stiffening) and the eigenso-
lutions are calculated. These eigenvalues are then used in the second step as starting values
in an inverse iteration performed on the nonsymmetric eigenvalue problem of the substructure
formulation. The procedure works well as demonstrated in Sec. 8.

The time integration is performed by use of the Newmark implicit integration scheme [B1, pp.
549-552]. The sequence in the integration is shown in the diagram of Fig. 19, where also the

START

Initial
conditions

{

Calculate
induction

1

Update EOMs.

Geometry:
Rotor angular position: §
Tower top:{6%,}
Yaw: 05
Shaft end: {64,,}
Teeter: 07,

Calculate loads.

y
Integration No

Newmark
t Z tstOp? Yes STOP
r

Displacement: {g}

Velocity: {¢}

Acceleration: {§} l t=1t+ At ]
4

Y
,4.—<N° Equilibrium'.RfYes -

Figure 19: Solution of equations of motion.

step concerning updating of the geometry is shown. Due to the time dependent coefficient
matrices, it is necessary to perform iterations in order to obtain equilibrium at each time step.
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The Newton-Raphson iteration scheme is used [B1, pp. 490-491]. in genral no convergence
problems arise when just an appropriate time step is chosen.
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8 Results.

To illustrate some of the abilities of the model, simulations have been carried out on a three
bladed rigid hub turbine. Initially the model parameters are established from known geometry
and material parameters. A final adjustment of the model is carried out so that agreement
is obtained between the measured and the model eigenfrequencies for the fundamental mode

shapes.

The presented results concentrate on the dynamic characteristics. Initially, examples of deter-
ministic response are presented. Due to omission of the tilt in the simulations and uncertainty
on the tower interference and aerodynamic models, a realistic comparison of the shape and
size of the deterministic response would require some transformations and adjustments and
this tedious work has been avoided. Still, the comparison of the dynamics of the deterministic
response is justified when only the relative distribution of energy on the frequencies, and not
the actuel energy content, is compared.

Next, simulations including turbulence are compared with measurements. Again, the distribu-
tion on frequencies of the energy is the only characteristic where agreement can be expected,
when the above mentioned adjustment of parameters have not been accomplished.

In all the simulations the gravity has been omitted in the model in order to elucidate the
dynamics in the response variables, which otherwise would be dominated by the gravity.

8.1 Main data for the reference wind turbine.

The wind turbine used for the preliminary comparison of simulation results with measurements
is the 180 kW Danwin [R1] of the stall regulated type. The main data for the turbine are listed

in Table 1.
Finite element model.
A total of 14 elements have been used for the finite element model, corresponding to 84

degrees of freedom. The distribution of elements on the substructures and the node location
in substructure coordinates are listed in Table 2.

Eigenfrequencies and mode shapes.

Initially, the fundamental eigenfrequencies and mode shapes have been calculated for the non-
rotating turbine and the model parameters adjusted at the same time, in order to obtain
agreement between the model and the measured eigenfrequencies. The tower model is based
on the drawings. The blade model has been established with recourse to a similar model set
up at the Test Station for Windmills at Risg. The shaft dimension is the basic parameter
when the shaft-nacelle substructure is modelled. Final addition of mass and mass moment of
inertia at the tower top node brings the frequencies to agree within approximately 2%. The
centrifugal stiffening (geometric stiffness) is included when the simulations are carried out. For
this case, the five lowest eigenfrequencies and the corresponding mode shapes are described
below with reference to Fig. 20. Because the dominating displacements take place in the z-
and y-directions, due to the slender tower and blade substructures, only the tower top and the
blade tip displacements in the horizontal plane are reproduced in this description.

The rotor azimuthal position is with blade No. 1 vertical upward, i.e. § = 180 deg. The angular
velocity of the rotor is w = 4.95 rad/sec corresponding to 47.3 RPM.
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Table 1: Main data for Danwin 180 kW.

Rotor. | Rotor diameter: 222 m
Number of blades: 3
Position of rotor: Upwind
Rotaional speed: 46.5-47.5 RPM
Cone angle : 0 deg
Tilt angle : 5 deg
Pitch angle : —0.4 deg
Blade. | Glass fibre reinforced polyester.
Fundamental flapwise freq. : 3.2 Hz
Chord at radius 2.2 m. : 1445 m
Chord at radius 11.1 m. : 0.565 m
Twist : 16 deg
Thickness variation : 32.0%-13.2%
Total mass : 650 kg
Center of gravity, radius : 312 m
Mass moment of inertia : 11500 kgm?
Tower. | Tapered tubular, steel.
Height : 298 m
Diameter at top : 124 m
Diameter at foundation : 210 m

Below, the number following the eigenfrequencies in parenthesis is the percentage increase due

to the centrifugal stiffening. The mode shapes have been normalized. The units are [m].

Mode 1.
Eigenfrequency = 0.886 Hz (+1.84%).

Mode shape displacements at tower top and blade tips:

ul =  3616E-12 |ul = 1.167E—02
ub, = —1456E-13 |uf = 1.722E—03
uf, = 2331E—05|uf = 1.619E—03
ub = —2331E-05 [uB = 1.619E—03

It is characteristic for the mode that the deformations are mainly in the y-direction and that
the tower top and blade tips are in phase. As regards the tower, the mode is comparable with
the fundamental tower mode without rotor.
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Table 2: Finite element model.
Node Node coordinates [m].
Substructure. | number. X y z
Tower. 1 0.000E4+00 | 0.000E+00 | —1.070E401
3 elements. 2 0.000E+00 | 0.000E+00 | —1.870E4-01
3 0.000E+00 | 0.000E+00 | —2.770E+01
Shaft. 4 0.000E+00 | —1.500E+00 | 0.000E+01
2 elements. 5 0.000E+00 { —2.000E+00 | 0.000E+01
Blades. 6 0.000E+00 | 0.000E+00 | 2.200E+00
9 elements, 7 1.905E4+00 | 0.000E+00 | —1.100E+00
3 per blade. 8 —1.905E400 | 0.000E4+00 { —1.100E400
9 0.000E+00 [ 0.000E4+00 | 6.650E400
10 5.759E+00 ( 0.000E+00 | —3.325E400
11 —5.759E4+00 | 0.000E+00 | —3.325E+00
12 0.000E+00 | 0.000E4+00 | 1.110E401
13 9.613E+00 | 0.000E+00 | —5.550E+00
14 —9.613E+00 | 0.000E+00 | —5.550E+00
Mode 2.
Eignefrequency = 0.888 Hz (+1.85%).
Mode shape displacements at tower top and blade tips:
ul = 1.169E—02 u;;r = —2.345E-13
up, = —4.706E—04 [ uf = —3.461E-14
up, = —9.455E—05 | up = —4.452E-06
uB = —9.455E—05 ul =  4.452E-06

The deformations are mainly in the z-direction and the tower top and the blade tips are in
phase. This mode is tower dominated as it is the case with mode 1. This fact is also reflected
in the almost identical eigenfrequencies.

Mode 3.

Eignefrequency = 2.67 Hz (+7.66%).
Mode shape displacements at tower top and blade tips:

ul = —7.739E-04 | ul = —7.047E-18
uf = —8.602E—04 | uf =  4.012E-16
up = —3.094E—04 [ uB = —1.006E—-01
uf = —3.094E—04 |uf =  1.006E—01

The deformations are mainly in the z-direction and the tower top and the blade tips are in
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Rotor azimuthal position:
xT 0 = 180 deg.

z7

Figure 20: Coordinates for fundamental mode shapes.

counter phase in this direction. The tower is in a torsional motion (yaw). Blade 1 is almost at
rest while blade 2 and 3 are in counter phase with respect to displacement in the y-direction.
The rotor mode is often referred to as the asymmetrical mode.

Mode 4.

Eignefrequency = 2.78 Hz (+8.59%).
Mode shape displacements at tower top and blade tips:

ul = 2682E-18 | ul = 7.776E—04
ub = —5448E-18 [uB = 1.182E-01
up, = —2.762E—04 | uj = 6.455E—02
uf =  2762E-04 | uf = 6.455E—02

The deformations are mainly in the y-direction. The tip ends of blade 2 and blade 3 are in
phase with the tower top and blade 1 is in counter phase. The tower is in a bending motion
(tilt). This rotor mode is also referred to as an asymmetrical mode. In fact, if the rotor was
considered as an isolated structure, the rotor mode from mode shape 3 and this one correspond

to a double eigenfrequency of the rotor.
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Mode 5.

Eignefrequency = 3.39 Hz (48.65%).
Mode shape displacements at tower top and blade tips:

ul =  7.790E-18 | ul = —2.132E-03
uf = 1909E-17 [uf =  1.118E-01
ub = —4.863E—05 |ul =  1.063E-01
uf, = 4.863E—05 | uf = 1.063E-01

<

The deformations are mainly in the y-direction. The blade tip ends are in counter phase with
respect to the tower top. The eigenfrequency is close to the blade eigenfrequency.

8.2 Simulation of deterministic response.

The deterministic response has been simulated in a mean wind speed of 12 m/s, i.e. no
turbulence is present. The wind shear corresponds to a surface roughness of 0.05 m. Two
simulations have been run with and without tower interference represented, respectively. Wind

shear is present in both cases.

The simulation is initiated with the structure static deflected, corresponding to the steady wind
load, with blade 1 in zero azimuthal position. Initial deformation velocities and accelerations
are zero. Therefore, the first revolutions show some transient response. The structural damping
is set rather arbitrarily to approximately 5% of critical.

Generally, reasonable agreement is observed as regards the order of magnitude of measured and
simulated response. In Fig. 21 the flap wise blade bending moment at radius 0 m is shown. The
most dense curve with the square legends shows the response moment with tower interference
included. It is evident that the blade dynamics is heavily influenced by the impulse from the
tower. The lighter curve shows the response due to pure wind shear. The saw tooth is the signal
corresponding to azimuthal position. A discrete Fourier transform (DFT) of the response shows
the distribution of energy on the frequencies in Fig. 22. The peaks are at multiples of the rotor
rotational frequency (1P = 4.95 rad/sec). The 4 first peaks are comparable in size, while the
following peaks are significantly smaller. An equivalent analysis of a measured response [R1,
p. 39] is shown in Fig. 23, where the same tendency can be observed. The reason for the
discontinuity in peak heights at 4P is that the blade fundamental flap wise eigenfrequency is

close to 4P.

The flap wise response with only wind shear present has been analysed in the same way. The
result is shown in Fig. 24 where the energy is concentrated around the 1P frequency.

A similar analysis has been carried through for the blade moment in the lead lag direction.
The simulated time response is shown in Fig. 25 and the Fourier transform in Fig. 26. An
increase in the harmonic peaks around 6P is observed, due to the higher eigenfrequency of the
blade in the lead lag direction. Measured results are not presented, but they show the same

tendency [R1, p. 61].

The present treatment of the simulated deterministic response is concluded with presentation
of some time series showing deformations and resulting loads corresponding to important
degrees of freedom.
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Deterministic flap wise bending moment.
At radius = 0 m.

Wind speed = 12 m/s.
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Figure 21: Blade flap wise bending moment. Deterministic.

The deflection of the blade tip in the z- and y-direction is shown in Fig. 28. The shape and the
dynamic characteristics are very similar to the blade root moments described initially. In Fig. 29
some of the tower top deformations are shown. Generally, the transient response has died out
after approximately 10 rotor revolutions. For deformations in the wind direction even before
due to the aerodynamic damping. The tower top displacement in the across wind direction
(ulre) is clearly lower damped than the displacement in the along wind direction (uZr,). The
3P harmonic is observed in all the tower top signals. The DFT of the across wind displacement
in Fig. 27 is presented as an example. Further, in this signal the lowest mode eigenfrequency
is clearly present (0.88 Hz) due to the low aerodynamic damping in this direction and the
harmonic input from 1P = 0.79 Hz. The lowest peak corresponds to the eigenfrequency and
not 1P. The significant, higher harmonics are multiples of 3P. The rotor loads, thrust (Ff},),
tilt moment (MZ;,) and yaw moment (M%), and further the power ( P) presented in Fig. 30,
show the same characteristic 3P content. These observations are in good agreement with the
measurements.

8.3 Simulation of stochastic response.

A simulation has been carried out with the purpose of comparing with measurements and of
illustrating the influence of turbulence on the response. The simulation parameters are chosen
in agreement with the immediately available corresponding parameters for a measurement
carried out in a mean wind speed of 8.1 m/s. Representative response characteristics of the
simulation results are compared with the measured. The turbulence length scale has not been
adjusted to the actual measured but is chosen to 150 m, which is known to be typical for the
test site for similar conditions. The standard deviation of the measured wind speed is 1.04 m/s
at hub height, corresponding to a turbulence intensity of 12.5%. Only flap wise blade bending
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DFT of flap wise blade root moment, Myg.
At radius = 0 m.
Wind shear and tower shadow included.
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Figure 22: DFT of blade flap wise bending moment. Deterministic.

moment at radius 0.47 m is presented in the comparison.

The measured signal is sampled at a frequency of 25 Hz, and 8192 samples covering a time
period of 328 secs are used. As mentioned previously, only the relative distribiution of energy
on the frequencies and not the energy amount can be expected to agree when adjustment of
the wind field model and the aerodynamic model has not been accomplished, and the actual

energy content is not considered.

The simulation period covers a time period 52 secs with a sample rate of 39.4 Hz giving a
total of 2048 samples. It corresponds to 50 samples per rotor revolution.

Initially, the blade root moments are compared, and the section concludes with a presentation
of some characteristic response variables.

Fig. 31 and 33 show a 12 secs interval of the simulated and the measured blade root flap wise
moments, respectively. The shapes of the time signals are very much the same. This is also
reflected in the dynamic content, as shown in the PSD plots for the two signals in Figs. 32 and
34, respectively. The harmonics of the rotor angular frequency are clearly present. Partly due
to the tower interference, as previously observed for the deterministic signal, but further the
rotational sampling of turbulence influences the peaks. The simulated signal peaks are located
at slightly higher frequencies than the measured, due to a too high rotational frequency in the
simulation. The peaks of the simulated PSD are more distinct. Especially the measured 3P
and 4P peaks are more "smeared out” than the simulated. Probably, this is mainly due to the
time varying rotational angular velocity of the rotor, caused by the slip in the asynchronous
generator. For the power variations appearing during the considered measurement period, the
corresponding slip is approximately 1.5%. At the same time structural eigenfrequencies are
close to the rotaional harmonics 3P and 4P and the energy “smear out” can be expected.

The influence of the rotational sampling of the turbulence on the wind speed felt by the blade
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Measured flap wise bending moment Mgy.
At radius = 5.5 m.
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Figure 23: Fourier series resolution of measured signal.

is shown in Fig. 36, where the PSD of the sampled turbulence at the blade tip is presented.
The energy is shifted from lower frequencies to harmonics of the rotational frequency. A time
signal of the sampled turbulence is shown in Fig. 35. Some wind speed variance is lost during
the simulation. The target spectrum has a variance of 1.1 (m/s)? while the sampled turbulence
variance has decreased to 0.6 (m/s)?. The explanation for this is partly the limited simulation
time but also inherent in the turbulence simulation model as mentioned in [Part 2, Sec. F].

Other simulation variables are presented below in order to give a more complete picture of
the dynamic response. In Fig. 37 some tower top deformations are shown. The PSD of the
across wind tower displacement (uX;,) is shown in Fig. 40. The lowest eigenfrequency (0.88
Hz) is again very significant in this signal. But generally, the 3P content is dominating for
these deformations as it was the case for the deterministic response. Again it is observed that
the damping in the along wind direction is higher than in the across wind direction.

In Fig. 38 the blade tip deflections are shown. Influence of the tower interference is still very
clear. The relative energy distribution on frequencies is comparable to what is seen for the

blade root response.
Simulated signals corresponding to rotor loads and power are shown in Fig. 39. In general,

these variables are comparable with the corresponding signals for the deterministic response
with tower influence included. The PSD of the yaw moment is shown in Fig. 41. The 3P

harmonic is dominating.
The preliminary simulation results presented above show in general a reasonable agreement

with corresponding measured results and experience. Alithough the material is rather limited
and covers a wind turbine of the "rigid type” it is concluded that satisfactory model represen-

tation of the most important dynamic effects is achieved.
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DFT of flap wise blade root moment, Myg.
At radius = 0 m.
Wind shear included, (no tower shadow).
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Figure 24: DFT of blade flap wise bending moment. Deterministic without tower shadow.
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Figure 25: Blade lead-lag wise bending moment. Deterministic.
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DFT of lead—lag wise blade root moment, M.
At radius = 0 m.
Wind shear and tower shadow inciuded.
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Figure 26: DFT of blade lead-lag wise bending moment. Deterministic.

DFT of tower top deformation, ux
Wind shear and tower shadow included.
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Figure 27: DFT of tower across wind displacement. Deterministic.
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Figure 28: Blade tip deformation. Deterministic.
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Figure 29: Tower top deformation. Deterministic.
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Figure 30: Tower top node loads (rotor loads). Deterministic.
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Flap wise bending moment, Myg.
Simulated at radius = 0 m.
Turbulence included.
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Figure 31: Blade flap wise bending moment. Simulated, stochastic.
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Figure 32: PSD of blade flap wise bending moment. Simulated, stochastic.
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Figure 33: Blade flap wise bending moment. Measured.
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Figure 34: PSD of blade flap wise bending moment. Measured.
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Figure 36: PSD of simulated turbulence, sampled at blade tip.
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Figure 37: Tower top deformation. Simulated, stochastic.
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Figure 38: Blade tip deformation. Simulated, stochastic.
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Figure 39: Tower top node loads (rotor loads) and power. Simulated, stochastic.
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Figure 40: DFT of tower across wind displacement. Simulated, stochastic.
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Figure 41: PSD of yaw moment. Simulated, stochastic.




9  Conclusion. 133

9 Conclusion.

With the purpose to develop a tool which can support the choice of level of refinement in
response calculations for horizontal axis wind turbines, a mathematical time domain model
has been derived, and a corresponding computer program has been written.

The work concentrates on the representation of the inertia loads in the model. Depending on
the stiffness of the structural elements, the appropriate model can be more or less simplified,
in that the aim always is to use the simplest possible model that still provides the appropriate
answer for use in designing the structural elements with the wanted safety. Therefore, the
inertia loads have been represented in the model in a form which makes it possible to identify
and isolate effects from selected degrees of freedom. If these effects are negligible the model
can be simplified accordingly by omitting the degrees of freedom in question in the inertia
expressions.

For one choice of degrees of freedom, expected to correspond to what would be important
for the next generation of more flexible wind turbines, the final model equations have been
derived and programmed. Only very limited linearizations of the kinematic terms have been
introduced. With this model, time simulations have been carried out and the results used in
preliminary comparisons with measurements. Good agreement has been found. Allthough the
comparison covers a rather stiff turbine, it can be concluded that the model representation of

the basic dynamic effects is satisfactory.

The more exciting testing of the model, when used on more flexible structures, still remains. If
the work could be continued, a natural line to follow would be to concentrate on investigation
of the next generation wind turbines of more flexible design. The model could then be optimized
by including exactly the inertia loads which are important for the actual design.

In its present form, the model is well suited for supporting the development of the less com-
plicated design tools and for providing information of the limitations of these tools as regards
their ability to incorporate the inertia loads.
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A Notation.

The notation used in this report is explained below. All symbols are explained in the report,
where they appear for the first time. The symbols that are used mainly in connection with
local derivations, are not repeated in the present listing. Below, the general notation, used
mainly for vectors and matrices, is explained in the first subsection. In the second subsection,
the symbols are listed, and finally the meaning of important indices are explained in the third

subsection.

A.1 General about vector and matrix notation.

{a} : Column vector.
[A] : Rectangular matrix.

The information which is related to the vector and matrix indices is explained next.

Meaning of vector indices.

{af,}} : The upper index refers to the coordinate system which is used as ref-
erence for the vector components. This index is always used when it is
important to apply the correct coordinate reference.

The lower index or indices, as the B symbolizes the total lower right
index which may be more than one character, is a part of the name.
The only exception is the lower double index for the angular velocity

vector mentioned next.

{wgc} : The lower indices refer to two coordinate systems, the B- and the C-
system. The vector represents the angular velocity of the B-coordinate
system relative to the C-system. The opposite sequence of the indices
is equivalent to a change of sign for the vector. The upper index refers
to reference coordinate system as explained above and may be any
system available.

{;a} : Vector related to finite element No. 2.

{asi} : Vector related to node No. ¢ on substructure S.

Meaning of matrix indices.

[T4B] : The matrix represents a coordinate transformation matrix. The lower
inices indicate that the transformation is from the A- to the B-

coordinate system.
[: A] : Matrix related to finite element No. ¢.

General symbols.

a, {a} . Differentiation with respect to time.
a : Differentiation with respect to position.
{a}T, [A]" : Transpose of vector and matrix.

[A]™ . Inverse matrix.
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A.2 Symbols.

{as.} : Component of acceleration vector for point on substructure S, solely
dependent on degrees of freedom outside the substructure.

A : Cross sectional area.

[A] : Inertia coefficient matrix to position vector.

[B] : Inertia coefficient matrix to velocity vector.

c : Length of profile chord.

[C] : Inertia coefficient matrix to acceleration vector.

[C] : Damping, Coriolis or gyroscopic matrix.

[Cs) : Gyroscopic matrix.

Cp : Profile drag coefficient.

Ci, . Profile lift coefficient.

[C,] : Structural damping matrix.

[Csc]  : Coriolis matrix for element on substructure S.

Ciy : Teeter damping.

{e:} : Coordinate axis unit vector, ¢ = 1,2,3 or ¢ = z,y,2.

€s1,€s2 . T,y-components for shear center in element coordinates.

E : Modulus of elasticity.

E : Energy.

fzy fys f2 : Components of distributed force.

fi : Finite element interpolation function No. ¢ corresponding to coordinate
direction a, a = z,y.

{for} : Inertia force on particle of infinitesimal volume.

{F} : Node load vector.

{F1s} : Node inertia load for element on substructure S.

{Fss} : Inertia vector for substructure S.

[F5) : Mass matrix.

[Fe] : Mass matrix.

{9} . Gravity.

G : Modulus of elasticity in shear.

I; I, : Principal area moments of inertia.

I, : Torsion constant.

[lLiLx] : General inertia matrix.

k., k, : Form factor for shear.

[K] : Stiffness matrix.

(K] : Geometric stiffness matrix.
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A.2  Symbols.

[K,] : Structural stiffness matrix.

[Ks1] : Softening matrix for element on substructure S.

K.y : Teeter stiffness.

14 Element length.

eshaﬂ : Shaft length.

m Mass per unit length.

Mg, My, m,: Components of distributed moment.

[M] Mass matrix.

[M;] Mass matrix corresponding to rigid body translation.

[M;] Mass matrix corresponding to rigid body rotation.

[N(2)] Finite element interpolation matrix.

[Nsg(z)] : Finite element interpolation matrix corresponding to inclusion of cou-
pling between bending and torsion.

[Nr(z,y)]: Matrix, transforming between principal axes deformations and local
deformations on cross section of finite element.

{gss} Displacement vector corresponding to degrees of freedom for inner
nodes (not on the boundary) of substructure S. The number of com-
ponents is 6x(number of nodes).

{gam} : 6 component node displacement vector for shaft end node No. m. The
displacements are 3 translations and 3 rotations.

{gs} 12 component node displacement vector for finite element on substruc-

{gz¢}

{r1}
{r12}
{ra(z,9)}:

{rso}
{rs}

T

TIx

T[y

{ss}

ture S. The displacements are 3 translations and 3 rotations at each
of the two nodes.

: 6 component node displacement vector for tower top node No. £. The

displacements are 3 translations and 3 rotations.

: Substructure position vector to local node No. 1 for finite element.

: Vector from local node No. 1 to local node No. 2 for finite element.

Vector in cross sectional plane of finite element from the elastic axis
to infinitesimal volume.

Position vector from tower foundation (node T'1) to point on substruc-
ture S.

Position vector from origin of substructure coordinate system (S) to
point on the substructure in the undeformed state.

: y-coordinate for center of mass.

Radius of inertia with respect to z-axis (measured in y-coordinate di-
rection).
Radius of inertia with respect to y-axis (measured in z-coordinate di-
rection).

: z-coordinate for center of mass.

Position vector from origin of substructure coordinate system (S) to
point on the substructure in the deformed state.
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t : Time.
{us} : 3 component vector of translations at node on substructure S.

{udn}
{uf}
Uis
w

T

rs,Ys,28 -

ba
Nz, My

0 pitch

{0s}
{64n}

{6,

A
92.4

H
01 H

N
03N

R
01k

{waB}
O
Oz, Oy

: 3 component vector of translations at shaft end node No. m.

: 3 component vector of translations at tower top node No. .
: Component of {us},i=1,230ri=uz,y,z2.
: Work.

: Coordinate axis.

Coordinate axes belonging to system defined for substructure, coupling
node, specific intermediate orientation of structural element or finite
element, each identified by the corresponding index substituted for S.

: Coordinate axis.
: Coordinate axis.

: Virtual displacement or corresponding variation in energy or performed

work, a =u, 8, Wor E.

Normalized coordinate along z-axis of finite element.

Ratio between element bending and shear parameters corresponding to
principal bending axis.

Rotor azimuthal position (84, also used).

Profile pitch angle.

: 3 component vector of rotations at node on substructure S.

: 3 component vector of rotations at shaft end node No. m.

: 3 component vector of rotations at tower top node No. /.

: Component of {6s},1=1230ri=2z,y,2.

Rotor azimuthal position (6 also used, 2A: y4-axis).

. Teeter rotation (1H: zg-axis).
: Yaw rotation (3NV: zy-axis).

: Tilt angle (1R: zp-axis).

: Angular velocity of rotor.

: Angular velocity of A- relative to B-coordinate system.

Density of material for element No. z.

: Scalar function of ratio between element bending and shear parameters

(e, my) corresponding to principal bending axis.

A.3 Indices.

A :
Am :

Shaft substructure coordinates.

Shaft node No. m, coupling node to blades.




142

A.3 Indices.
Al : Shaft node No. 1, coupling node to tower.
B : Blade substructure coordinates.
Bn : Blade node No. n, highest numbered blade node.
B1 : Blade node No. 1, coupling node to shaft.
E: : Blade element coordinates for element No. .
N : Yaw rotation coordinates.
R : Tilt angle coordinates.
R : Tilt angle coordinates parallel displaced to shaft end.
S : Substructure, S =T, Aor B.
S : System equations.
N : Shaft end elastic deformation coordinates.
T : Tower substructure coordinates.
T : Tower top elastic deformation coordinates.
T¢ : Tower node No. ¢, tower top.

: Tower node No. 1, foundation.
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B Formal representation of the blade inertia load

In the following a simplified expression for the blade inertia load is established, meant for use
in the comparison with other models and in general for providing some insight in the present
model.

Alithough the kinematic analysis in the present model includes deformation degrees of freedom
(DOFs) at the shaft end and the teeter DOF as well as the yaw DOF at the tower top, only
the tower top deformation DOFs will be included in the following survey and the azimuthal
angular velocity is assumed constant, in order to keep the expressions in a reasonably clear

form.

In order to prevent the reader from being too confused about the matrix and vector notation,
it should be noted here that the notation in the following Eq. B.0.1 is not important for
the considerations in this section. The notation is only retained here in order to maintain
consistency with the sections which treat the general analysis.

The node inertia force from Eq. 6.3.9 for finite beam element No. i corresponding to the
inclusion only of the tower top DOFs is expressed by

{iFf} = —1iMs]{:i8} - iCscl{:dB} — :Karl {5}
- ({,-FTS;} +{:FCOZ%} + {:FC05; )
~(LPT245) + [FT25) + iF 28] + [P Fos)) {05,}

—([;’FT]-SB] + [;FTlsB] + [iFEGB]) {0%,}
— [:F Deg) {iif, } (B.0.1)

A dot over a vanable indicates differentiation with respect to time.
With t denoting the time, the degrees of freedom are

{qg} = {qg (t)} a 12 component column vector of node displacements for
a finite element on the blade, as indicated by the lower
index B. The vector coordinates are with reference to the
blade substructure coordinate system, as indicated by the
upper index B. The displacements are 3 translations and 3
rotations at each of the two nodes.

{u%} = {u% (t)} a 3 component column vector of translations at the tower
top node as indicated by the lower indices, where T' means
that we deal with tower DOFs and £ is the node number.
The vector is with reference to the tower substructure co-
ordinate system, as indicated by the upper index T'.

{0%:,} = {0:7,', (t)} a 3 component column vector of rotations at the tower top
node. The indices are equivalent to those for the tower top

displacement just mentioned above.

As finite rotations cannot be expressed by a vector (see Sec. 2.1) it is necessary to impose
limitations on the rotational degrees of freedom. The rotations must be small (strictly speaking
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infinitesimal) in order to make the vector representation valid. In the present substructure
representation it is sufficient to require, that the local rotations relative to the substructures
are small. This means that the model is still able to work with non-infinitesimal, but still
limited, rotations on the blade as measured relative to the fixed frame of reference, i.e. the

tower support.

All matrices and vectors in Eq. B.0.1, except the mass matrix, are time dependent. This
dependence is not stated explicitly below, unless it can help in clarifying the actual context.

It is the intention to write matrices and vectors formally as functions of degrees of freedom
and geometric and material parameters.

With "formal” is here meant, that the introduced functional relations are not functions strictly
in accordance with usual mathematical conventions, but rather a listing of the independent
variables as arguments to the function in question. The purpose is only to show in a clear
form, which DOFs and parameters the actual coefficient matrix or inertia-vector depends on.

One such formal function to be introduced is
ihe = ihe (0iy Swis Syiy Iziy Ly Eiy Gy kgiy kyiy €y €aziy €ayi) (B.0.2)

with the independent variables being material parameters and geometric parameters for element
No. ¢, (lower index z). This function is thus used to express, that the matrix or vector in question
depends on these parameters, allthough the functional relationship may be different in different

contexts.

The parameters in Eq. B.0.2 have the following meaning (omitting the element number )

0 mass density.
E modulus of elasticity.
G modulus of elasticity in shear.

and the geometric parameters are
Sz, Sy 1% mass moment about z- and y-axis, respectively.
I.,], mass moment of inertia about z- and y-axis, respectively.
ky,k, form factor for shear related to forces in z- and y-direction respectively.
€sz,€sy coordinates for shear center. |
¢ length of beam finite element.

The influence of transformation between the element coordinate system and the blade coor-
dinate system, which depend on three direction cosines, is simply expressed by the functional

symbol
ife = ife (direction cosines) (B.0.3)

Further, the following symbols are used below, apart from the DOFs listed above
=6(t) is the azimuthal position of the rotor.

w=20 is the angular velocity of the rotor, which is assumed con-
stant.
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r=12,3, are lower indices, which correspond to the coordinate axis
s=1,2,3, and X, Yy, or z, along which the component in question has been
m=1,2,3 resolved. In general these indices are independent, so they

assume all combinations of values. Repeated indices are
also independent and do not imply summation.

Lehase  is the shaft length, equivalent to the distance from the tower top to
the hub.

is the m'* component of the vector from node 1 to node 2 of the beam
finite element, with reference to blade substructure coordinates.

is the m*® component of the vector from the origin of the blade coor-
dinate system to node 1 of the beam finite element, with reference to

blade substructure coordinates.

In the example calculation in Sec. 6 a limited linearization has been introduced in order to limit
the number of terms in the integrated model, which also includes shaft and teeter DOFs. A
detailed description of this linearization is given in Sec. 6. In the terms below this linearization
has been omitted.

By use of the definitions above, the matrices and vectors from Eq. B.0.1 are now formally
written as functions of degrees of freedom and geometric and material parameters.

The mass matrix.
The coefficient matrix to {ég} is the mass matrix for a beam finite element

[:Mg] = [Mp (ihe, ife)] (B.0.4)

The matrix is composed solely of geometric and material parameters, in accordance with the
principles chosen to transform the inertia loads to the nodes.

The Corioli .
The coefficient matrix to {qg } is denoted the Coriolis matrix
[iCBc] = [CBC (w, 07740, 6774, ihe, ife)] (B.0.5)

The matrix is skew-symmetric and the inertia force represents the inertial damping due to the
local deformation velocity.

The softening matrix.

The coefficient matrix to {qg} is denoted the softening matrix

i Kpir] =
[KBI (“"2’ wO%r0, 010770, 77050, 0774, 67 O%res ihe, ife,)] (B.0.6)

The product of the stiffness like matrix and the DOF-vector accounts for the inertia force
depending on change in local position. Due to the fact that the inertia force has the same sign
as the deformation, the resulting effect is a softening, hence the name "softening matrix” of

the coefficient matrix.
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The inertia-vector.
The line of Eq. B.0.1 composed of vectors are combined to one formal vector function as
follows

—{iF?} =
~({FTB)+ {iFCos} + {iFooz;))

= - {iFB (w21Wé?Ttaé?Tt‘b?Ttaov 03TTza0$Tz9TTz’rm12,Tm1, ihe, ife)} (B.0.7)

No general attempt shall be made here to relate these rather complicated expressions for inertia
force to terms usually applied in the area, but a few notes shall be made about dominating

terms.

The vector accounts for the dominating centrifugal force from the w-rotation of the blades.
Further the vector contains terms which give rise to damping, those dominating usually includ-
ing the factor w67;,. The damping terms are part of what is often denoted gyroscopic damping.
It would be possible to extract the latter terms and include them in the [C;]-matrix described
below. Considerations, regarding the final form, concern subjects such as computational effi-
ciency and extent of work needed to prepare an actual representation of the equations. The
extraction is a matter of algebraic manipulations, which in itself is straightforward, allthough
rather involved. However, the resulting expressions might well require more basic arithmetic
operations for evaluation than the original expression. The quality of the solution is usually
not influenced by the actual choice here, at least not as long as numerical stability can be

achieved.

[M;), coefficient-matrix to {0%}

The sum of matrices, constituting the coefficient to {é%,}, is combined to one formal matrix

—iMz] = - ([iFT24B] + [iFT258] + [iF T268] + [iFFGB])
= - [Mo (0, O?Tlveshafh Tm12s Tml, ihea ife)] (B08)

This term accounts for the inertia force resulting from rigid body accelerations of the beam
finite element due to angular accelerations at the tower top.

[C;), coefficient-matrix to {0?,}.

Following the same‘recipe for the next term in Eq. B.0.1, the sum of matrices, constituting
the coefficient to {0%}, is combined to one formal matrix

i

— (WFT1s8) + (FT1en] + [ FEes))
- [Cé (w,érTTz,O, 0,TT¢, H?TtafTh Lohafts Tm12,Tm1y ihe, ife)] (B.0.9)

~ [:Cy)]

This term accounts for one part of the inertia force resulting from products of angular velocities.
Another comparable contribution is embedded in the inertia vector ,-FB}, as mentioned above.
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Because more than one rotating frame of reference is involved, the expressions in the matrices
above are composed of products of 4 different angular velocities, and the realtions to the well
known case with one rotating frame of reference is no longer obvious. For that reason no
further attempt shall be made to clarify the origin of the terms by comparing with the simpler
case, only should it be mentioned that the effect of this inertia force will be a damping, which

is often denoted gyroscopic damping.

[M;], coefficient-matrix to {u'fl}

The coefficient matrix in the last term of Eq. B.0.1 is formally written
—[iMs] = — [iF Deg) = — M5 (6,67, ihe, if.)] (B.0.10)

This term accounts for rigid body translational acceleration of the beam finite element due to
translational acceleration at the tower top.

Final expression for inertia force.

After introduction of these formal expressions in Eq. B.0.1 we get (omitting the element
number ?)

{Fiz} =

~ (Mg (he, f)1 {48}
— [Coe (w,6%re, 6, 6%7e, he, £2)] {45}
[KBI (“’ werTbarTloaTl’orTl’o 0770, 0770210, heafe,)] { }
{F i (w w0Tre, 071070, 0, 07re, 07 B7res Tm12, T By fe)}

- [Mé (0, 02r¢» Lohafts Tm1zs Tt he,fe)] {0 }
[Ce (W, 071220, 0770 0570037 ¢ Laha 1 Tma2s T s Be, f’)] {OT‘}
[M (o’arTl’he,fe)] {“Te} (B.0.11)

It should be mentioned here, that the appearance of the elastic rotations at the tower top, 67.,.
in the equation, is due to the fact that the rotations are part of a coordinate transformation
matrix, giving rise to an updating of the equations in accordance with the deformed geometry,
quite parallel to the treatment of the azimuthal rotation 8, the only difference being, that the
elastic rotations are part of the solution.
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C Time derivation in rotating coordinate systems.

The differentiation with respect to time of a position vector to a point on a rotating structure
is addressed in this section. The vector may be a sum of position vectors defined in local
coordinate systems, and the expression for the vector will consist of product terms of time
dependent transformation matrices and vectors. Without loss of generality only one such term
is considered below. The time derivative of the transformation matrix is payed special attention.
The general expression for the transformation matrix is derived. Another important purpose
with the derivations is to establish a unique notation which helps managing the matrices and
vectors correctly with respect to frame of reference.

Derivation of velocity and acceleration of a point on a rotating structure relative to an inertial
coordinate system can be carried out basically in two different ways. Either by establishing
the angular velocity vector of the rotating system and next use the well known vector product
expressions for the final calculation. Or by establishing the position vector to the point in
question and next obtain the final results by differentiation of this vector with respect to time.
The latter method has been used in the present work, because it is found to be more safe and
straightforward when more than one rotating frame of reference is involved.

Below the general transformation matrix is derived for transformations of vectors between
coordinate systems that undergo finite rotations relative to each other. Finally, the matrix
elements are linearized. The initial position of the system is denoted the A-system as indicated
by the upper index in Fig. 42. The final position, for example corresponding to the deformed
state of a structural element which the coordinate system follows, is denoted the D-position.
Intermediate positions are marked by indices B and C. As finite rotations are considered
initially, a sequence of the rotations must be prescribed. A sequence corresponding to the Euler
zyz-convention is applied. The name arises from the fact that all three axes are involved in
the rotations, ([G4, pp. 143-148], [M7, pp. 101-112]). The description is therefore appropriate
for this situation where elastic rotations may be involved, and no axis can be assigned any

preference.

The sequence of the rotations and the angles and axes involved in each rotation are (see
Fig. 42)

1. 6 about the z{-axis
2. 62 about the zP-axis

3. 6§ about the z§-axis

Considering the three transformation steps, we get the corresponding transformation matrices

1 0 0 b 0 —s6f S  s65 0
[Tagl=10 co4 04 |. Tecl=| 0 1 0 |.and [Tep]=| —s65 c6S 0 |(C.0.1)
0 —soft cof s08 0 cof 0 0 1

where the abbreviations s for s2n and ¢ for cos have been introduced to save space.

The total transformation from A to D is expressed by the matrix product
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C
Xy

A —*
xl xlB

1% rotation: 67 about z#

2™ rotation: 82 about =B

37 rotation: 65 about z§

/0

Figure 42: Finite transformation angles.

[Tap]l = [Tep)(Tae][Tas]
cbB oS 804508c0S + 04305 | —c0s02 05 + 504565
= | —chBstS | —s04308305 + cOACHS | cOAs0Ps05 + s0AcoS | (C.0.2)
sb7 —s0f 0} off b7

This matrix is orthonormal as rotation matrices in general, and the inverse can be found from

[Tap)” = [Tap]™ = [Tp4] (C.0.3)

In the following derivation of angular velocity we will also need the partial transformation
chBco s —s65c85

[Tsp] = (Teo] [Tecl = | — cbBs8S cbS 0265 (C.0.4)
s62 0 cb?
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If the rotations are time varying, the angular velocities will also be needed to describe the
resulting angular velocity of the D-system relative to the A-system.

The angular velocities of the involved coordinate systems relative to each other can be described
as vectors as follows

T .
{ng} = [0{‘,0, 0} B- relative to A-system in B-coordinates

T .
{wgB} = [0,023,0] C- relative to B-system in C-coordinates (C.0.5)

T .
{wBC} = [0, 0,65 ] D- relative to C-system in D-coordinates

The resulting angular velocity of the D-system relative to the A-system in D-coordinates is
obtained as the sum

{wBa} = {wBc} + Topl {ws} + [Tap) {wh,a} (C.0.6)

where the local angular velocities have been transformed to the D-coordinates.

Carrying out the multiplications we arrive at

0408 cfS + 08 565
{wBa} =1 —64coB505 + 6BcoS (C.0.7)

04508 + 65

A problem arising in kinematic analysis is that the time derivative is needed of a position vector
in a rotating coordinate system (D). The expression for the time derivative with respect to
an inertial system (A) is the final need. The rotating position vector can be expressed in the
inertial system by a transformation

{r*} = Toal {r"} (C.0.8)

where we can assume that the two coordinate systems have common origin without loss of
generality. Fig. 42 illustrates this situation. The time derivative of the vector can now be
obtained by differentiating in Eq. C.0.8 with respect to time, by use of the chain rule and we
get

{4} = %([TDA]) {r} + [Tpal {#°P} (C.0.9)

Here the left upper index refers to the coordinate system with respect to which the time
derivation is carried out. The right upper index refers to the system to which the components
of the vector are referenced. It is important to be aware of these characteristics of the vectors,
when they are manipulated in algebraic expressions. The left index is omitted in the kinematic
analysis for the model, because the time derivatives of the substructure position vectors are
taken consistently with respect to the substructure coordinate systems, and the time defivative
of the resulting vector is taken with respect to the inertial system, so no doubt can anse here.
However, the right index is retained, because the basis for the vectors are frequently changed.

The time derivative of the transformation matix is needed in Eq. C.0.9. It is found by differ-
entiation of the matrix elements which yields
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[ ——023302300:? +0{,330st§ +0.BCOB
—65 08 565 —05 02 chS 2
+ 04 cOps0PcHS | —Ofcits0 565
+85 56 07 63 —03 s0{\c03 s65 —AchAcHB
—05 30 508 565 —05 507508 oS 0}9 034 023
d — 62504 565 —0 50 c8S HiChatet
5 [Tpal = +6C cpA chS — 69 o450 (C.010)
+ 04504568 c4S —égsefsef 305
—6B c04 B o0 +07 cbf' 03 s65 44 504
g . —64304c08
+05cops05 505 | +OScBsOFHS | ap Lk o
G chA 65 +8 cbf b5 2T
| +6S 504 c0S —~05 s0f 365 ]

If the following skew symmetric matrix is formed by the components of the angular velocity
vector from Eq. C.0.7

b [0 ~Wipa ~Wipa
[wDA] = wibha 0 ~wipa
|~ Wipa  Wipa 0
[ 0 _ 07368 —§S | —6AcHB S6S + 6B cHS
= 04508 + 6S 0 —0AcHBHS — 68505
| 64c0B56C — GBchT | 640080 + 6B 56C 0
(C.0.11)

it can be seen by comparison ot the single terms that the following equation is valid

%[TDA] = [TDA] [wBA] (0012)

In this expression it is important to note that the angular velocity is of the D-system relative
to the A-system. Especially when more than two coordinate systems are present there is a
risk that the opposite vector is chosen. The notation serves to choose the correct vector.
An equation equivalent to Eq. C.0.12 is found in [M7, p. 108], but derived by considering

differentials.

The product of the skew symmetric matrix and a vector can further be written as a cross
product

[wBa] {7} = {wBa} < {"}

which can be seen easily by inspection.

(C.0.13)

By using the two last equations, the time derivative of the position vector in the rotating
D-system with respect to the A-system (not necessarily an inertial system) can be derived as
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{4} = 2 (1Toal) {r°} + (20 {°7)
= 1ol [[] {7} + (7))
= [Tpal [{wBA} x {rP} + {fDD}] (C.0.14)

the last line expressing the well known rule for differentiation in a rotating frame of reference.

This equation is the recipe followed in the kinematic analysis, the starting point being the
first line. It is often advantageous for simple systems to start with the last line. However, the
chosen method is found to be more straightforward and safe when dealing with more than one
rotating coordinate system.

If the transformation matrix is expressed as a product of matrices Eq. C.0.14 is still valid. In
this case the differentiation can be carried out by application of the chain rule so that each
time dependent matrix in the product is differentiated in accordance with Eq. C.0.12. For
example, if we consider the [Tp4)-matrix as composed of the three transformation matrices
defined previously, we get for the first term of Eq. C.0.14

& (1704) () = & (o es) 71 (-}
B ({Tm] [wB4] (Tp5] + [Tea] [ws] [Tne) + [Toa] [“’3"]) )
= [Tg4l [{wg,,} X {TB}] + [Tcal [{wgg} X {rc}] + [Tpal [{ch} X {rD}]
(C.0.15)

where the angular velocities of the participating coordinate systems now appear explicitly in
the expression.

The linearization which is necessary in the present application is finally carried out in the
transformation matrix from Eq. C.0.7. Assuming that the rotations are small, so that the
approximations cos @ ~ 1 and sin 8 ~ 0 are valid, we get

1 0§ 658
(Tpal=| —-65 1 of (C.0.16)
8 -0 1

Linearization of the angular velocities is not necessary, because they are found in the model
directly as part of the solution during the time integration.

Tryk: Grafisk Segvice, RISQ
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Abstract. 1

Kinematically Nonlinear Finite Element Model of a
Horizontal Axis Wind Turbine.

Part 2 : Supplement. Inertia Matrices and Aerodynamic Model.

Jorgen Thirstrup Petersen

Abstract.

This supplement contains some of the most space consuming inertia matrices derived for the
mathematical model of a horizontal axis wind turbine. One is the general inertia matrix, from
which the mass, Coriolis and softening matrices are derived. These matrices are coefficients to

local substructure degrees of freedom.

Other matrices are resulting from extraction of degrees of freedom from inertia vectors, which
originate directly from the consistent transformation of the inertia load to the nodes of the
beam finite element. These matrices are coefficients to degrees of freedom outside the local
substructure. They depend on the actual choice of degrees of freedom and the actual lin-
earization introduced by cancelling of higher order product terms of the degrees of freedom
and their time derivatives. The origin of the matrices is explained and some of the most
important algebraic manipulations are shown.

Further, the complete description of the aerodynamic model is contained in this supplement.
A procedure for time simulation of turbulence is part of the model.

Thesis submitted to the Technical University of Denmark in partial fulfilment of the require-
ments for the degree of Ph.D. (lic. techn.).

The thesis consists of 2 parts
Part 1 : Mathematical Model and Results.
Part 2 : Supplement. Inertia Matrices and Aerodynamic Model.

References to Part 1 are given, and the notation is in agreement with the notation of Part 1.
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D General inertia matrix for the beam element. 4

D General inertia matrix for the beam element.
|

The elements in the matrix [I;1x] are listed below. The matrix is the general expression for
the mass, coriolis and softening matrices for the beam element, as derived in [Part 1, Sec.
4.11). The respective matrix is achieved by substitution of the appropriate values for the T},
terms, representing the unity matrix, angular velocities, and angular accelerations for the three
cases, mentioned in corresponding order. Only the terms upon and above the diagonal of the
12 X 12 matrix are listed, because the terms below the diagonal can be found by the relation
Lix(.5)(Tu) = hixe,s(Tiw), which means that the lower triangle can be found from the
upper by assuming symmetry and at the same time transposing the Tj; terms.

1% row.

1
Lixay = —Méz [ Ty, (168017: + 2949, + 13) %

1
+ (T1s + Ts1) % (129, +1) 5

()8 | oo

1
Lixpe = —Moge, [ T2 (1680n,m, + 147 (92 + 1) + 13) 35

+T13 (12'I7y + 1)

;
T (120, + 1) - ] (D.0.2)

1
IlLX(l,S) = —Mpy, [ T13(80n, + 7) 56

ry 1

1
IlLX(1,4) = Mlo.p, [ Ti, (126077z77y + 1059, + 1267, + 11) 510

1
Z (480n,7m, + 427]:: +109, +1) — T

T2 (127, + 1) ] (D.0.4)

~Tyst

Lixas = —Megj[ Tu (12607,§+231n,,+11)m-

1
Tyt ; (48077y+52n,, +1) — m
+T317” (129, + 1) —

~Ts (’"’y) (60n, 1)%6 ] (D.0.5)
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1
Lixae = —Mo, [ —Tn [ €520y (1680173 + 2949, + 13) 3
1 -
— (es2 — 1) (80my + 7) 20 |

1
+Ti, [ €510z (16807,7m, + 147 (n; + n,) + 13) T

1
— (€ — rv) (807714 + 7) oh

T 1

+Th3 (e.lez% (129, + 1) — e, l) 5
Ltl)’l
+T”£( ¢t/ 2

6
—Tases0y (r?) 5 ] (D.0.6)

3
Lixan = —M 9,2, [ I, (560"7,, + 84n, + 3) 70
r
= (T — Ta) - (120, + 1) 2
- r,,,)2g D.0.7
Tss ( t/) 5 ] (D.0.)

3
Lhixas = —Mogp, [ T2 (56070, + 42 (7= +1,) + 3) 7

—T13 (121]” + 1)

+T32—£— (121],; + 1) 5 ] (DOS)

1
Lirxae) = —Mey [ Ths (40n, +3) 55

+TEs (D.0.9)

Lixaiy = —MlLg:o, [ T12 (252097, + 2109, + 168y + 13) — 420

+T15~F (240n,1, + 187, — 10, - 1) ﬁ

Ty 1

e = D.0.10
+T3; 7 (120, +1) 10 (D.0.10)

1
IlLX(l,ll) S MLQ: [ Tll (2520773 + 3787]y + 13) :1'2_0

1
Iy z (24017y+8ny— 1) = 5

+T3l (129, + 1)

?
4T (””) (607, — 1) 110 ] (D.0.11)
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3
Lixai = —Mg, [ -Tn [ €520y (56071‘, + 849, + 3) 70

— (€52 — 1) (40my + 3) on J

+T12 { €510z (560’7::'71/ +42 (’71: + ﬂv) + 3) -

—(en — rv) (4077:4 +3) '23

r T 1
+Tia (632—;' - ealgz—l‘ (12ﬂy + 1)) 5

6
+T33€520, (-l—y) 5 ] (D.0.12)

2nd row
3

1
Lixe = —-Me? [ Ty (1680173, + 2947, + 13) —

+ (T2s + T32) (12ﬂz + 1)

+T3 (1'2,)2_56; ] (D.0.13)

1
Lixes = —Mes [ T3 (80m: +7) 55
rz1

Ts3—~ ] D.0.14
+ 33 79 ( )

1
Lix@gas = Megg[ Ty, (12601;: + 2319, + 11) 510

1

'—T23 f (48077,, + 52771: + 1) _6

+T32 (129, + 1)

—Ts3 ("1:) (609, — 1) 1 ] (D.0.15)
10
Ile(2,5) = ——MZg,gy [ Tgl (126077;,;771, + 1267],,- + 105771( + 11) 210

,
—Tzaj” (480927, + 10% +42n, +1) Tﬁ

+T5 2 (120, + 1) (D.0.16)

4
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Lixgpe = —Meo, [ - Ty [ €520y (168071, + 147 (ns + n) + 13) ar
~ (e =72) (80n +7) g5 |
1
+Ty [ eanez (163072 + 2947, + 13) =
1
= (eat = 1) (800 +T) o5 |
. 1
+T23 [eal'r? - 382914% (127]1' + 1)] 5
Iz 2 1
T‘“e( ) ) 2

z\2 6
+Toene. (12)'S ] (D.0.17)

3
Ile(2,7) = —Moso, [ 151 (560nzn, + 42 (9 + 1) + 3) 70
T (121, +1)

T2 (120, + 1) ] (D.0.18)

3

Lixes = —Mp? [ To, (56017JB + 841, + 3) 70
r.’l:

— (T3 - Taz) - (129, + 1) 5

T (r?) g ] (D.0.19)

1
Lixee = —Mg, [ T3 (40 + 3) 20

rol
T2 ] (D.0.20)

IlLX(2,10) = —Mfgi [ T22 (2520172 + 37817:,; + 13) 120
1
Ty l (24002 + 81;, -1) = T
+T32 (129, + 1)

+Tss (”’) (607, 1)116 ] (D.0.21)

Lipx@uy = Mlgzo, [ T2 (25207, + 1687, + 2109, + 13) — 420

r 1
+T237" (240n,7, — 10% + 18y, — 1) 10

Z
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3
Lix@az = —Mp, [ —Tn [ €520y (560m,m, + 42 (0 + ny) + 3) 7
1
- (632 - rz) (40771: + 3) g
+Th [ e 0 (56002 + 84n, + 3) 3
y z z 70
~(ea —ry) (409, + 3) —
1
+T2 (302914 7 (12’7:: + 1) €51 7 ) é’
1
—Tail (fﬁ) -
ntl ) 3

riz\2 6
Tsse.le,( é) s ] (D.0.23)

34 row,

Lix@s = —MTss (D.0.24)

3
1
Lixeey = Ml [ T3; (107, + 1) —

1
"T33 (487, +1) —

- } (D.0.25)

1
Lix@sy = —Mlp, [ T3 (109, + 1) 20

_Tyu ¥ (48n, + 1) ] (D.0.26)

e(

1 1

IILX(3,6) = —-M [ — T3 [ €520y (807ly + 7) % - (632 —-rz) § ]
1 1

+T3; [ €510z (807 + 7) 56 — (e — "y) § ]

= r,\ 1
+T53 (e,lg,% - e,ggy%) 5 ] (D.0.27)

1
Lixany = —Moy, [ T31 (409, + 3) 2

1
_ 0.2
Ty ] (D.0.28)

1
IILX(3,8) = —Mo. { T3z (40n, + 3) 20

_rrel ] (D.0.29)
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1
hix(se) = —MTaag (D.0.30)
1

Lipx@iy = —Mlg, [ Ts2 (159, + 1) —

T (24n, - ) 1 ] (D.0.31)

, 1

Lixen = Mlig, [ T51 (159 + 1) 30

T (24, — 1) = ] (D.0.32)

£ 12
1 1
Lix@eiy = —M [ —T5 [ €520y (407, +3) 20 (es2 — 12) 6 ]
1 1
+T5, [ €510z (40, + 3) 2" (e — 1) 6 ]
T r,\ 1
—T33 (ealgx'[ - eaZQy'ii) '2' ] (D'033)
4th row.
 __Afp2 .2

Lhipxae = —M&g; [ T2, (12617z + 219, + 1) 105

— (T + T32) 7" (129, + 1) =

+Ts3 ( ”) (360172 + 157, + 1) 2 (D.0.34)

£ z 15
IlLX(4,5) = M[ZQ::Qy [ T21 (2527727714 + 21 (ﬂz + ny) + 2) 210
1
—T23 (6077x77y + 6'71( 77::) 0
'-T31 (6077::7)11 + 69, — ’71/) n } (D035)

IILX(4,6) = Megz [ - T21 [ €520y (12607’1:7711 + 105'71: + 126771/ + 11) 210
1
— (€52 — 1) (107 + 1) 56 ]
1
2 —_—
+Ti | ene. (126002 +231n, +11) >

~(en =) (107 +1) 55 |
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Lirx(a,

Lixpg)

Lirx(a9)

Lix4,10)

Lirx@ay

l
+T5, [ e:29y ] (480772:771/ + 429, + 109, + 1) n

+(e(12-’-)2—e,2 )(48n,+1) ]

\ 1
~Tyen [ e (48002 +52n, +1) 5 — (48n, + 1)

z 1
—T&‘Seslg.t (%’) (6071.1: - 1) 'fa ]

- 1
+153 (e,lf- - e.ze,,t[Ii (129, + 1)) -—

Mlexe,,[ Tn (2520n,n,,+210n,+168q,,+ 13) — 420

~Tpat (120, + 1)

7 (
1
—Tal‘[ (240779, + 1817_., — 109, — 1) m

1
2 2
Meg? [ Ty, (252002 + 378n, + 1) o
Tz 1
~Tn (127: +1) 75
_.T= 2 L
T, (24002 + 8y, — 1) 0

+Ts (r”) (609, — 1)116 ]

1
= Mlg,,. [ T23 (1517,,- + 1) oy

—T33 (2477:1: - 1)

1

2 2
Mt g,[ Ty (16872 + 280, +1) = 0

1

+(Tps— Ty) = (360173 + 18y, — 1) =

0
_ TIz 2 _ _ _]-_
Tas( ; ) (7201;, 60n. — 1) 30 }

'—M‘ezgzgy [ T21 (168’7.1:1]1/ + 14 (77:: + 77y) + 1) 140
T35 (360n,m, + 24m — 610 — 1)

Tz 1

(D.0.36)

(D.0.37)

(D.0.38)

(D.0.39)

(D.0.40)

(D.0.41)
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Lixaay = Mg, [ -1y [ €520y (252071, + 2109, + 168y, + 13) — 420
~ (e = 1) (5. + 1) 5

4T, [ enos (252072 + 3781, +13) —

22 81tz z T 420

)
Tz r 1
~Ta3 (eal—[ - e..zey—; (129 + 1)) 10

—(ea —1y) (159, + 1) =

Tz 1
+T5 [ €ty (240n;ny + 189, — 109, — 1) 10

+ (z (-"—?)2 - e,gfeﬁ) (24n. - 1) 5 e ]

1
~Tyen = ; [ 0s (24011, + 8, — 1) - (@240 -1) 35 ]

TIz 1
== -1)— .0.42
ith row.
hixes = —Mﬁ@z[ T (1267 +21m+1) 105
~ (Tis + Tx) S, (120, +1) 5
2
Iy
+T33( e) (360m; + 159, +1) T2 ] (D.0.43)
1
Lixsey = —Mlg, [ ~ Ty [ e.20y (126072 + 2317, + 11) 510

—(es2 — rz) (109, + 1) —1-

+T12 [ €510% (1260173171, + 126173 + 1057]!, + 11) 210

—(ess —1y) (10, +1) — 50 ]
Tz 1" 1
+T13 (Csl@z— (1217y + 1) - 6,27) 1_0_
1o [ 6’29” e (48077:1 + 527, + 1) 10 332 (4817,, + 1) ]

—T32 [ esl@z? (48077::7714 + 1077:: + 427]1/ + 1) —

+(e(1§!) -—e,le)(487)y+1) ]

+Tieae, (12)" (60n, - 1) ] (D.0.44)
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1
hixsn = —Mfgz [ T (25207]3 + 3789, + 13) 190
1
—Tla% (12171, + 1) -
1
Ty ; (240m2 + 817,, - 1) m
+ T ("’”) (60, ] (D.0.45)
IILX(S,B) = —Mfg,gy [ T]g (25207];773, + 1687];- + 210771, + 13) Eﬁ'
—T13 (121]‘, + 1)
' 1
T~ (240n.1, — 101;, 189, — 1) 15 ] (D.0.46)
1
hLixse = —Mlg, [ Ths (15my +1) 25
Ty L
Tss—) (24, = 1) 15 (D.0.47)
IlLX(s,lo) = —Mlzg,_.gy [ Ty (16877::7711 + 14 (’7: + ny) + 1) 140
- 1
+T13£[ (360n,71, + 249, — 6n, — 1) 35
~ T "L (36071, + 24n, — 60, 1) — ] (D.0.48)
22 1
Lixsua = M€y, [ Th (16817!, + 289, + 1) T10
Ty 1
+ (T13 - T31) (360”2 + 1817,, - 1) 60
~Ts3 ( r?) (7201;,, 60, — 1) 3 } (D.0.49)
Lixeazy = —Mlg, [ ~ Ty [ eney (252097 + 378n, + 13) Yo

— (a2 — 1) (150, + 1) 3_0
+Tys [ €102 (25207,7, + 1687, + 2107, + 13) fﬁzﬁ
1
— (&1 — 1y) (157 + 1) an ]
) 1
—Ti3 (ealez; 7 (129, + 1) — €2~ 7 ) 10

1
+T31e,2 7 [ Oy (240’7,, + 81y — ) 0 (24n, — 1) 12 }
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,
T3z [ €s ez—} (2409, — 107, + 18, — 1) —

+ (z (5;—") —en )(24:;, 1)%5]

2
~Tucat, (5¢) @, -1 5 | (D.0.50)

ﬁth row.

1
Lixee = —M [ Tn [ b, (16807 + 294, +13)
1
- (6,2 - 'I',,) €520y (Soﬂy + 7) i'a
Tz 3 1
+ (632 - 2ea2rz' + [2 (T) ) '3' ]
1
+(Th2 + T) [ —€41€4520:0y (1680m:7y + 147 (12 + ny) + 13) 35
1
+€510 (es2 - rz) (8017;; + 7) 56
1
+e,20, (€51 — 1) (80m, +7) 2
1
+ (ealrz — €s1€52 + eazry) § ]
1
2 2 2
+Ty, [ e? 02 (168092 + 2947, +13) 5
1
- (esl - ry) €510z (8071.1: + 7) '1‘6
2\ 1
+ (efl — 2eqry + £ (ré—") ) 3 }
r 1
— (T3 + T) Lenox ( 2’) 3

rr,\21
— (T2 + T32) Lesz0y ( ?) 2
- 6
+Tss (eflei (r—}) + €0} (—f) ) 5 ] (D.0.51)

3
Lixern = —Mpy [ -Tn [ €520y (560'7y + 847, + 3) 70
- (632 - ra:) (407711 + 3) %
3
+Tan | earee (560nmy +42 (0o + 1) +3) =

1
= (€s1 — 1y) (40ny +3) 20

T’ 1
T""e(e) 2
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r ry 1
+T [ euez-f (129, + 1) 6.275 ]

6
+T336,2g,,( ;’) g ] (D.0.52)

3
Lixes = —Mo, [ —The [ es20y (560nz1y + 42 (12 +ny) +3) 70

- (632 - 1",,) (4077:1: + 3) 2_]6 ]

riz\21
+T‘“°'e( ] ) 2

3
2
4713, [ €510z (5601]z + 847, + 3) 70

1
—(ea - ry) (40n; + 3) 2

s r 1
+T3, (6317 - 6:29:;’(! (129, + 1)) 5

=\? 6
—Ts3es1 00 (rz—) 5 ] (D.0.53)
1 1
Lixee = —M| —Ta [ eaaly (40ny +3) 55 — (e —12) ¢ ]
] 1 1
+T23 [ €510z (4077:: + 3) '2'6 — (6.1 - 1'”) -6- ]
Tz ry) 1
AT (eness —eat,2) 5 | (D.0.54)
IlLX(G,lO) = -—Mlg,, [ - T12 [ €520y (25201]37],, + 21017,,- + 16817,, + 13) 420

~ (e = r2) (157 + 1) 52
~Tys [ eazey% (240n2n, + 189, — 107, — 1) Tlﬁ
+(e(%) - eaTp) 20— |
+Th [ eaes (25200 + 3787, + 13) 420
—(eq — 1) (1505 + 1) %
+T23e,1% { 0= (240n2 + 8y, — 1 % = (249- 1) 11_2
+Ts, (en% -

1
+T33e,lez( )(60% 1)1

T 1
eaZEy’?y (12’7z + 1)) E
] (D.0.55)

1
Lixeny = Mg, [ - Ty [ €520y (2520711, + 378, + 13) 120
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1
—(€s2 — 1) (1577v + 1) an ]
1
—Tl3ea2% [ 2y (24077,, + 89y — 1) — (249, - 1) 12 ]

+T5 [ €510z (252091, + 16817, + 2107, +13) —= 420

— (es1 —1y) (159 + 1) 30 ]

r 1
+T)3 [ 6,19,;'[1 (2401];-1],, — 10 + 18171, - 1) E

o 1

+(z( . ) . 1) (247, = 1) 3 ]
: 1

+Tn (e-'lgtL (129, +1) - 332%) 10

Tme,zgy( )(60 1) 110 ] (D.0.56)

3
Lirxeizy = —M [ T [ eho} (560713 + 847, + 3) %
(6,2 r:r:) €520y (407711 + 3)
1
sa'x e2 (rlx) -
+ ( — 2e07: + 7 5
— (T2 + Tn) [ €51€52020y (560n:1, + 42 (1, + ’7:4) +3) %
- (632 - rz) €510z (4077:: + 3) —
— (ea1 — 1y) €520y (40, + 3) %
1
+ (631632 — €T — ea?"y) g }
3
+T [ e 0% (56002 + 841 +3) — 70

- (eal - ry) €510z (4077:: + 3) m
rr A1l
+ (631 - 28,11”” + l’ (—é!) ) 6 ]
riz\*1
+ (Tha — Ts1) Lesr oo ( 2 ) 3

T 1
+ (Tos — Taz) Les0, ( ?) 3

z ri, 2\ 6
—Ts3 (efl o2 (%—) + 63293 (-%) ) 5 ] (D.0.57)

zth row
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16

Lixan = —Mg [ T1, (168072 + 2947, + 13) 513
— (Tia + T) 7 (120, +1) %
r 6
1)’ |
Lixzsy = —Mp.p, [ T12 (168007, + 147 (nz + ) + 13) ‘31_5
—T13 (129, + 1) =
—T327” (120, +1) 5 5 ]
Lixme = —Mp, [ Ty (807, +7) %
~Try ¢ ;
Lixgaoy = —Mlo,e, [ Tia (12607,7, + 105n, + 1267, +11) -1

+T1oF (480m.1, + 421;, 10, 4+1) 7o

-T32 7 (129, + 1)

1
IILX(7,11) = Mlgz [ Tu (12607],1 + 23117,, + 11) 210

1
T2 . (480n,,+52n,,+1) T

—T31-l (129, 4+ 1) -i-a

—Taa(””) (60n, l)flﬁ }

1
Lixmizy = —Mao, [ - Ty [ €520y (1680q3 +294n, + 13) %

~ (e = ra) (80, +7) 5

+Tis [ €102 (168071, + 147 (n, +1,) + 13) —

— (e — "v) (80'714 + 7) an ]

1

—Ts (eslgz 7 (129, +1) — ez~ 7 ) 2
rr 1
o, __z) 1
3 ( t) 2

26
5 ]

r
—Tise,2 Oy (%)

(D.0.58)

(D.0.59)

(D.0.60)

(D.0.61)

(D.0.62)

(D.0.63)
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Sth row.

1

Lixss = —-Mg? [ Ty (16801;: + 2947, + 13 3

—(Taa + Taz) (12% +1)

T, (m) § ] (D.0.64)

[

L) 5

1
Lixse = —Mp., [ T23 (807, + 7) 0

1 |
~Te"23 ] (D.0.65)

1
Lirxeo) = —Megg[ Tao (12601;§+2311;,+11)-2-E
1

(48072 + 5217, +1) = 0

+T23 Z

—T32 (12171, + 1)

T (””) (60n, l)flﬁ ] (D.0.66)

+T23ﬁ (480n,n, + 1017, +42n, +1) I6

—Tal = (129, + 1) (D.0.67)

Lixsiy = —Me: [ - Ty [ €s20, (16807, + 147 (. +1,) + 13) 515
~ (e =) (800, +7) o |
+Tzn | ene. (1680n2 +204n, + 13) =

~(en =) (800, 47) o
~T53 [ (esl% - ea??y% (129, + 1)) ‘;‘ ]
()
+Tssen102 (52—’)2 g ] (D.0.68)

9t row.
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1
Lirx(e) = —MT33§ (D.0.69)
1
Lirxeiy = —Mlig, [ T3, (109, + 1) 20
T 1
T—‘4,1—] D.0.70
T3 (187, +1) 1 (D.0.10)
1
Litxeay = Mg, [ T5,(10m, +1) 50
r 1
Tyt (4 — ] D.0.71
+Ts3 (48m, +1) 5 (D.0.71)
1 1
Lixeiy = —-M [ - Ty [ €520y (80n, + 7) 2 (€s2 — 1) 3 }
1 1
+T3; [ €,10z (807 + 7) 2" (€s1 —1y) 3 }
Ty r,\ 1
—T33 (ealex'? - 63291/'?!’) '2‘ ] (D0.72)
10* row
1
_ 2 2 2 R
Lixgoiy = —MEp; [ T2, (126113 +21n. + 1) 105
z 1
+ (T23 + T32) rf—ﬂa: (129, + 1) 3
— . +1) — D.0.73
+T33(e) (36092 + 159, + )15 ] (D.0.73)
1
IlLX(lO,ll) = Mﬁ@z@y [ T (252'7z17y + 21 (’71: + ’7:/) + 2) ‘2'1—0'
r 1
+T237y (6077::’71( + Gﬂy - 7]1:) 1_0'
T 1
+T3lrz' (607717’1; + 6”.1: - ﬂy) Ia ] (D-0.74)
1
hirx@oizy = —Mlp, [ —Txn [ es20y (126017, + 1057, + 1269, + 11) 310
1
- (632 -_— 7‘,,-) (1017,,- + 1) 2—0' _;
1
2
+T2 [ en ez (126072 + 2315, + 11) 510

11
—(es1 — 1,) (109, + 1) 50 |
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1
+T23 (68291[ Z (121,1 + 1) eal e) 10

~Tys [ €0, (480nam, + 420, + 107, +1) 1

+(z(f-l{—) —en® )(48ng+1) ]

+T32631 7 [ 48071,, + 521, + 1) — — (4879, + 1) ]

T'Iz
T3368191‘( e ) (60”3 1) 10 ] (D‘0'75)
]]th row
IlLX(ll ny = —M(zgz T11 (12677 + 217] + 1) 1
' v v v 105
r
+ (Tas + T=) _y'lv (12n + 1) 2
I 2
+Tss ( ;) (36002 + 159, +1) — T ] (D.0.76)

1
Lrxaay = M, [ - Ty [ enney (1260n2 + 2317, + 11) 510
1 -
— (es2 — rz) (109, + 1) 0 |

+Tia | enes (126077, + 1267, + 1050, +11) 375

210
1
— (€s1 —1y) (107, + 1) —
Tz 1
~Tis (e.le,— (120, + 1) — es2e, e) L
_T31532 7 [ oy 4801]y + 529, + 1) (48,7" + 1) ]

+T15, [ €s1 Qz'[ (480’7x77y + 109, + 4277;« + 1) 1_6

+ (e (’—}) —en l)(4817,,+1) ]

+Tisene, (12)" (60n, -1) 5 ] (D.0.77)

]zth row

1
Lixazizy = —M [ T [ 63293 (16801]3 + 2949, + 13) =
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1
—(es2 = 72) es20, (80my +7) 15 1
. riz\2\ 1
(e (9))3]
1
- (Tl2 + T21) [ €41€520y0y (16801],,1]” + 147 ('h' + ﬂy) + 13) -33
1
- (332 - rz) €310z (80'7.1: + 7) %
1

1
+ (601832 — €517z — en2ry) '3' }

z)2 1

+ (Ths + Ta1) Less - (__r; ) 3
1
T. [ 2 02 (1680n2 + 2949, + 13) —
+ 22 eslgz( 771:+ '] + )35

1
- (esl - ry) €410z (80’7.1: + 7) 'fa

rr 2 1
+ (e:f1 —2eary + £2 (—e—”) ) 3 ]
rp\?1

+ (T23 + T32) le,ggy (7) 5

2 2
+T33 (63193 (52—’) + €0} (f;—”) ) g ] (D.0.78)
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E Acceleration coefficient matrices for a specific choice
of degrees of freedom.

As described in [Part 1, Sec. 3.4], the expressions for acceleration on the substructures are
calculated by use of Reduce [H2], where also the chosen cancelling of product terms is in-
troduced. A subsequent filtering of the Reduce output results in the matrices listed in this
section. The degrees of freedom, retained in the model are described in [Part 1, Sec. 6).

The angular rotor velocity (w) is assumed constant and the yaw degree of freedom (62}) is
set to zero. Further, the tilt angle has been omitted.

In Reduce a weight is assigned to each variable and a weight level is assigned to the calculation.
The weight of a product is calculated as the sum of the weights of the factors. When the
product weight exceeds the weight level, the product term is cancelled.

The calculation weight level is chosen to 6, and the following weights are assigned to the
remaining degrees of freedom

Tower top displacement: uf, =2, uf, =2,

0% =4, 0%: =2, ég‘t= 2

“T _
Up, = 2

Shaft end displacement: ug, =2, ud,=2 4, =2

aﬁm = 4' oﬁm = 2' éfm =2

Teeter: oH, =2, 68 =2 ¢H =2

where the weights for the elastic deformations at tower top and shaft end cover all three
coordinate directions.

These cancelling directions mean that for example products including one of the terms 6%,6%,
or 04,.0%, are cancelled. No attempt has been made yet to estimate the influence of this
linearization on the accuracy of the calculations. The choice is based primarily on the intention
to restrict the linearization as much as possible and at the same time obtaining reasonable
inertia expressions that do not grow too much. A thorough investigation of directions for
linearization would be a natural part of further development of the model.

Where partly symmetry and skew-symmetry is a dominating characteristics of a matrix, a
decomposition in two matrix addends, having either of these properties and a third addend
containing the remaining terms, is carried through, and the resulting matrix is then the sum

of these addends.

E.1 Coefficient matrices for the shaft substructure.

The matrices consist partly of the coefficients in [Part 1, Eq. 6.2.1], which is the general
expression, partly of the coefficient matrices in the expansion for the acceleration vector,
{aﬁc}, [Part 1, Eq. 6.2.2], and partly of the matrices in the expression for the decomposition
of the matrix product [A4] {.-r;l‘}, [Part 1, Eq. 6.2.3].

The actual equations for the shaft substructure are repeated below in order to support the
continuity in reading the expressions
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{#ho} = [Aal{s2} + (Bl {id} + [Cal {a4} + {ad.} (6.:2.1)
{ad.} = [Da] {ii} (6.2.2)
[Aal {irf} = (AT2;] {0F,} + LAT1;1{6%,} + {iac02} (6.2.3)

The matrices are listed in the following, in general without further comments. The most space
demanding matrices are listed in component form for typographical reasons.

The left subscript ¢ is retained on the resulting terms, which are element dependent, in order
to stress this dependency. It results from the spatial vectors

iTkj where 1 refers to element number
k =1,2,3 is vector component number and

j refers to the type of spatial vector:
j=1 position vector to node 1 of element :

g =12  vector from node 1 to node 2 of element :
In order to simplify the writing, the subscript i is cancelled on the

vector components in the following.

The [A4]-matrix.

The matrix is found as the sum
[AA] = [AA]sym + [AA]akewsym + [AA]nosym (Ell)

where the addends are

[AA]sym -
3 —(w) _ 2“'9.2TT1 , , cos (0) sin () (OZTl) )
2 T
- (e) (o - {e, —cos (68)sin ()
- ( o ( 2“) +c0s (0) 6171637y — 5in (6) 637,83 1t
—cos (9)( 37¢ 2 L2 oT T
—2cos(0) sin (6) 67,67 ., + | cos”(8) —3in” (8) ) 611837,
c0s (0) 611637, — #in (6) 621,677, -( lTl) - (¢ Tl) (‘“‘(9) 617y + cos (0) 937‘:) 3re
cos (8) sin (8) (¢ 1Tl)2 - ()? — 206,
—cos(6)sin (6) (€. 3T . . . X —cos?(0) (611,) — 92:”
2 (45 2 ) ; (.l..(e)e}"Tt+cos(a) ":Tn) 6T, —s-n"’(o)((:n)) (67
+ | cos“(8) —sin“ () 1“93“ +2cos (8) sin (6) alT[ g‘Tl

(E.1.2)




2w(cos (8) 6%y, — sin (6) éth)

0 2w(sin (6) 6Tr, + cos () é?m)

0

0 0

(E.1.4)
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[AA]akewcym =
- (.in(o) + cos (6) 611, c) 6Tre
o +cos (6) (,;r Te —*in(0) ‘:'fn) Tre ~63re01re + O3me + O ebir,
- (col(o) — sin(#) O;Tl) 5;1.‘
(’i" (6) + cos(0) O;Tl) 6:1FT¢ - (coo(O) —sin(6) Og;.‘) 5{1.[
—cos(8) | 6T, —sin(e)ol., }6T 0 - T T \T
1T¢ 3Te | %210 sin(0) 6], + cos(0) 011, | 611,
+ <col (8) —sin(6) O;PTI) 6;1"[ +] #in(6) 4 cos(6) Og‘T‘) ég‘Tl
(col (8) — sin (0) eg'“) 6Tp,
3 rebire = 3¢ — O1ePme + (‘i“ (8)677, + cos (6) ’g‘n> e o
- (tin (8) + cos (0) og’Tl) O'g'Tl
(E.1.3)
[AA]noaym =
0 0 0
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The [B,]-matrix.

[Ba] =
F - (.i..(e) +cos ()67 1) 6T,
° + (cos(v) 67y —in(8) "fn) 637, 6~ 0 Sire + 3o + O1red3Te

- (co.(a) - sin(6) ’g:r) [

(.i.. (6) + cos (0) 6%, ,) 6Ty, - (co-(o) — sin(6) O,TT,) é1re

2 - (co.(o) 0T —sin(0) 67, z) 6T, 0 - (.in(o) 0T e + cos(6) cg‘“> 63re

+ (m () —sin (0) 61 :> 6Tr, + (-i-(ﬁ) + cos(6) 0%9 621
(co. (0) —sin(0) 631, l) 6T,

=0+ 63706 11s — G3pe — 1193 + ("" (0) 6] + o8 (0) "g‘m) 3re °
- (sin(o) + cos (6) 0T, z) 677, J

The matrix is skew-symmetric.

The [D4]-matrix.

[Da] =

cos (0) — sin (0) 6%, | cos (0) 6%y, + sin (9) 671, | — cos (6) 631, — sin (6)

— 03re 1 Olre

cos (0) 6%, + sin (0) | — cos (8) 0%, + sin (0) 6%, | cos(6) — sin (6) 62, |

(E.1.6)
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The [;AT2;]~matrix.

[iAT2;] =
[ —r; sin () +73 —ry; cos (#)
—r2; cos (6) 6%, +r25 cos (8) 61y, +,.3;0le
—73i037¢ — 145 5in (8) 6T, +ry;sin (0) 6T,
+ry; sin (8) — ra; cos (6) - (rl,- cos () + ra; sin (0)) 0Tp, | +rjcos(6) + rajsin(0)
+ (1‘1j cos (0) + r3; sin (0)) 031 + (,. ;80 (8) — raj cos (0)) i, | - (rlj sin () — rs; cos (0))9’{71
+r2;5 cos (0) Ty —ra; 8in ()
—ry; sin () 0%, +r2; sin (6) 67, —r1;07,,
+r103r, + 12 cos (8) 63y, —ra; cos (0) O7r, ]
(E.L.7)
The [;AT1;]-matrix.
[AT1;] =
[- - (le sin? (§) — ra; cos () sin (0)) 0T,
+r3; cos (9) 63, —2“";7{ - (rl,- cos? (9)
. —rys .
- [2r1j cos (#) sin (9) _r:; sgl( 0) 9%”7 . +r3; cos () sin (0)) 9;"“

— r3; (cos2 () — sin? (0)) ] 031“
2w (r1 j cos () + r3;sin (0))

- ('1:' sin (9) — rs; cos (o)) 0 Mt ('15 sin (6) — rs; cos (8))

~ rajfip, + ("1:' cos (6) + raj sin (9)) 03re —r2i037s
(rl j cos (9) sin () — rs; cos? (0)) 6%,
+r3; sin (8) 077, _2“"3}1{' - (rlj cos (9) sin (9)
3 _r ] A
+ [rlj (c032 (6) — sin’ (0)) +r:; cgl(O) ﬂg'Tt +r3;j sin’ (0)) O3re

+ 2r3; cos (#) sin (0)] 0%,

(E.L.8)

The {;AC’O;‘ }—vector.

{iacof} = (W)z{ 0 } (E.L9)
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E.2 Coefficient matrices for the blade substructure.

For the blade substructure the relevant matrix expressions are found from [Part 1, Sec. 6.3].
These equations are repeated below

{ifo} = (451 {sB} + [Bs] {i} + [Col {iB} + {aB.} (6.3.1)

{abe} = (Dsl{if.} +[Es] {67.} + [Fs] {0F.}
+(GB {uhn } + [Ha) {idn } + [Bo] {iidn } (6.3.2)

[As){sP} = [:BT2;){0%,} +[:BT1;1{6%}
+[:BS2;]1{04,.} + :BS1,1{64,.} + :BS0;] {64, }
+{:BH2P} 6% + {;BH1E} 6% + {:BCOF} (6.3.3)

The [Ag]-matrix.

The resulting matrix is found as

Ap(1,1) Ap(1,1)5ym

Ap(1,2) = Ab(1,2)sym + AB(1,2)skewsym + AB(1,2)nosym

Ag(1,3) = ABb(1,3)sym + AB(1,3)skewsym + AB(1,3)nosym

Ap(2,1) = Ap(1,2)sym — AB(1,2)skewsym + AB(2,1)nosym

Ap(2,2) = Ap(22,33)sym + AB(22,33)skewsym + AB(2, 2)nosym
(

AB(2,3) = Ap(2,3)sym + AB(2,3)skcwsym + AB(2,3)nosym
Ap(3,1) = Ag(1,3)sym — AB(1,3)skewsym + AB(3, 1)nosym
AB(3,2) AB(2,3)sym — AB(2,3)skewsym + AB(3,2)nosym
Ap(3,3) = Ap(22,33)sym — AB(22,33)skewsym + AB(3,3)nosym

where the single terms are given below
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Ap (1’ 1):ym =
- ()’
+2w [—Og'm — 044 + O5reb17e — 01137,

+ 08 (0) 044817, — sin (6) 044,037,
+0$4m04m ]
—sin? (9) (éfn) : - (éth) ’ — cos? ) (ég‘n) ’
- (o;Am) ’ - (egAm) ’

—2cos (0) SID (0) 017'[
—2sin () H;AmolTl - 20':4".922‘7': —2cos(6) 9;Am9th

Ap (1, 2),ym =

(“’) cos (0 )03Am

+2w|cos (0{{11) 03Am0g'Tt + cos (0{11{) egAmé;Am]

+ cos (8) sin (8) sin (615 ( 1Tt) ? _ cos (6)sin (8) sin (6) (03'“) ’
+ cos (8) cos (0%4) 677,657, + cos® (0) sin (075) 677,077,

—sin? (9) sin (olH) 917‘: —sin (0) cos (017) 07, zaarz
+cos (81%) 04 mO9am + sin (oﬁr) 0f4mb3am

Ap (1, 2).kew-ym =
— sin (6) cos (8%%) 677, + sin (8f%;) 637, — cos (8) cos (1) O3,
+sin (8f};) 04, — cos (011{) O4am
— cos (6) cos (67) 63r. th sin (61};) 03707, + cos (8) cos (01%) 077037
— sin (0) cos (62 0%p,6%r, + sin (807 677 0%p, + sin (6) cos (67) 027-, 3T
+sin (0) sin (0f) 6fumbir. — °°5(9) cos (01%) 05ambTre
— cos (0) sin (67%) 04 A,,,om + cos (05) 024 0%
+ cos () sin (81%;) 044,,0%7, + sin (0) cos (0E) 024 mb%re
+sin (0) sin (8f%;) 044, 03,
—cos (01) Ofum "lAm sin (0) O3am bam
+ cos (8fly) 84 mb5am + sin (8f) 014034

(E.2.10)

(E.2.11)

(E.2.12)
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Ap (1’2)mnym =

[cos (6f%) 4.m + cos (87, )911{

+sin (8) sin (0%) 044077, + cos (8) sin (05) 644,65,
—sin (8fy) 0fambfam — cos (1) OambFam
—sin (95{) OfamOtH ]

+2cos (81) 1 07am + 25“1 (6ff) 0164 m

+2sin (0) sin (6f%) 6'“,,, Tre + 2cos (67) BM," o+ 2 cos (0) sin (0%) 024,057,
+2sin (8) sin (075;) 07,677, + 2 cos (074) 655,627, + 2 cos (8) sin (87 62467, (E.2.13)

Ap (1 3)nym -
- (“’) sin (0111) ogAm
—2w sin (0{1}1) MAmé;Tz
+ cos (8) sin (8) cos (62%) (01“) ’_ cos (8) sin (9) cos (67%;) (O'gn) ?
— cos (0) sin (01}) 077077 + cos® (8) cos (6k) 67reb%re
—sin? () cos (6f) 677,6%r, + sin (0) sin (o) 03167,
— sin (1) 0famO8am + cos (0f) 6f4nb8am (E-2.14)

AB (1,3),kcwsym =
sin () sin (67) 677, + cos (61%) 627, + cos (8) sin (67%) 63,
+ cos (05) 644, + sin (0 L)) 044m
+ cos (8) sin (83%) 6Fr,87r, — cos (85%;) 37Ty, — cos (6) sin (7) 07,67
+sin (6) sin (61};) ‘guoz'n + cos (8fly) 017,03, — sin (6) sin (817) 9%:’?’1':
+sin (9) cos (055) 024,077, + cos (8) sin (1) 644,077
— cos (6) cos (9HH) 03Am th —sin (0”,) 9IAAm02Tt
+ cos (8) cos (8{y) 0{4mbar, — sin (0) sin (0ff) 654,037,
+ sin () cos (0 ) 03Am03T,
+sin (0f;) 044,074 — cos (61) 9:¢Am5‘144m
—sin (87%) 084 024 + cos (01%) 074,04 (E.2.15)
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Ap (la 3)no:ym =
20 in (0f) 6 — sn (03)
+6in (8) cos (817) 044,77, + co8 (6) cos (8157) 04m b3
—cos (0HH) 914m 1am — SiB (9 )93Am02Am +sin (0111) Am03Am
— cos (olH) 01Am0{1ﬂ J

—2sin (8 675,644, + 2 cos (07%) 67,644
+2sin (0) cos (87%;) 024,677, — 2sin (67) 684,057, + 2 cos (8) cos (05) 624,077,
+2sin (0) cos (%) 055,6Tr, — 2sin (87) 674637,
+2 cos (8) cos (61%) 6E 6T, (E.2.16)

Ap(2,1)

nosym =
20 con (6)cos (0fy) 6T, = sin (9)cos (1) 85
— sin (8) cos (0f%;) 037,01, + sin (6) cos (67}y) 671037,
+ cos (6) cos (013) 8372037, — cos (6) cos (81%) O3r.H3re
— cos (6) sin (8{%;) fam0Tr, — sin (8) cos (61%) 054 mbir.
+sin (8) sin (8%) 64037 — cos (6) cos (0f%y) 044037,
+sin (0 044m9%am ]

+2 cos (0) cos (67) 624,611 + 2cos (0) sin (01%;) 044,677,
~2sin (0) cos (%) 62,,,0%r, — 2sin (0) sin (0% ") 024 mb%r, (E.2.17)

Ap (22,33),,,. =

sym

—2“"0&47'12 )
(olTl) - (ath)
- (#tam)’

- (#%)’

~2 cos () Of\ambire

+2sin (0) ém,,,ém

—2 cos (6) 054677, + 2sin (0) 1%, 6%,

—20{%, 604, (E.2.18)
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Ap (22 33):kew3ym =
—2(w)? cos (6%;) sin (6%) 044

+2w [sin (8) cos (61%;) sin (87) 6T, + cos (6) cos (65 sin (67,) 93“

+ cos (81%) sin (1) 044 m
+cos (6) cos (97) sin (6%15) 6367, — cos (6) cos (8%%y) sin (6%s) 0TebiLr

+sin (8) cos (05, ) sin (0% 6Z;,6Ty, — sin () cos (87%;) sin (0% 6Zy46%r,
+sin (8) cos” (67r) 0f4mbTr, — sin () sin® (6%) OfambTre

+cos (6) cos (67) sin (81}) 054m17e — 2co8 (0%) sin (81%) 0f4mb3r

+ cos (0) cos® (81%;) 07 mb3re — cos (6) sin® (07%) bf4mbire
—sin (6) cos (6f}) sin (9 ) 02Am
+cos (01 sin (61};) 054 mOfam — 2 cos (91 ) sin (87) 6f4mb2am
+ cos? (0 )elAmglfl‘Am — sin’ (0{11{) ofAmogAm ]
+25sin (8) cos (67 sin (o L) 6%106%7, + 2 cos (8) cos (88%;) sin (6%) 627,677,
+2 cos (1) sin (81%) 054 mb5am

+2sin (9) cos (8f}) sin (07) 044,677, + 2 cos (85%;) sin (8f%;) 044 mb3re
+2 cos (9) cos (815 sin (67%;) 644,05, (E.2.19)

Ap (2’ 2)noaym =
— (w)*sin’ (61

+2w [“ sin® (07) 077
—sin” (6f};) 084m
+sin’ (6ffy) 037,077, — sin® (01}y) 077037
~ cos (6) cos” (8ffy) O3ambir, + sin (6) cos® (0f%;) 04437
— cos” (6f}) 03 amOtam ]
+sin’ () sin® (7} (o.fn) g sin® (0f) (ég'n)z + cos” (6) sin® (67};) (éth)z

: 2 : 2
—sin? (681) (0m) " = cos? (653) (64am)
+2 cos (8) sin (8) sin? (67) 6%.,0%,
~2sin () cos? (8ff;) 054,017 — 2sin® (81) 052 b3,

—2cos (0) cos? (01%) 624677, (E.2.20)
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Ap (2,3),.,. =

sym —

— (w)? cos (87%;) sin (87,
— (@)* cos? (6%) 8fum + () sin? (8f};) 614
+2w [— cos (07%) sin (07;) 62, — cos (6%) sin (65,) 62,

+ cos (017 sin (81}) O3rof17¢ — cos (91y) sin (1) 677,037

—~2sin (9) cos (6{}) sin (07) 0fam07r, + cos(6) cos (61%) sin (63%) 03ambire
— cos” (01%) Ofamb3re + sin® (01) 0f4mb3re
—2cos (6) cos (81} ) sin (67) olAm03Tt — sin (6) cos (87) sin G 034mB3re

+cos (1) sin (61%) 03 4mO7am — cos ? (61w) 0f4m09am + sin® (61h) 0f4mO5am
~2.con (621 sin (0%) 6 Fam ]

+sin? (6) cos (};) sin (97%) (éfn) ! cos (6ff) sin (67%) (0'3'”) ’
+ cos? (0) cos (015 sin (615) (6Fre)”

— cos (61%;) sin (0f%) ( '{,‘Am) + cos (85;) sin (07 (0'3‘4‘,,,) ?

+sin (6) cos? (8ffy) 07677, — sin (8) sin® (8F}y) 077007,
+2 cos (6) sin (9) cos (875 ) sin (85%;) 671,077, + cos () cos? (81) 6%7,6%r
— cos (6) sin? (8f}) 02Tt03Tt

+2sin (6) cos (6F;) sin (67%;) 03Am01n 2cos (6%) sin (61%;) 044 mb%re
+2 cos (8) cos (6%;) sin (67;) 624,037,

+ cos” (81%y) 05umb3am — sin® (6f%) 054m03m (E-2.21)

AB (2 3)skewsym =
— cos (9) 67y, + sin (8) 63,

_olAm
_gH

+sin () 9271917': — sin (§) 917':927': — cos (0) 63 2’1‘( + cos (6) 921'193'1'1
+58in (8) 044 m077e — 054 mb5r, + cos () 02Am03Tt

+92Am054,4m 05 4m 08 am

(E.2.22)
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Ap (2! 3)noaym =

2w [Sin (] cos? (9{111) 11¢ + cos (6) cos (9111) 93’1‘:

—sin? (6) 044
+ cos (9) cos? (8%) 837.07re — cos (6) cos® (67y) 07707z
+sin () cos? (0fl) 637977, — sin (9) cos? (1) 07163
+ cos (8) cos? (7;) 044077, — sin (6) cos? (01%;) 044 0%
—sin” (6f}) 05 umOfam ]
+2sin (0) cos? (07) 044 677 — 2sin? (65%) 644,637,
+2 cos () cos” (8f%y) 05 mO3re

Ap (3,1)

nosym —
2w [- cos () sin (6{}) 677, + sin (0) sin (01%) 637
+sin () sin (05%;) 627,677, — sin (0) sin (85;) 677,657

— cos (0) sin (81%;) O3re05r, + cos (8) sin (1) og'Tlath
— cos (f) cos (0111) 0f 4 m 07, i7¢ + sin () sin (011”) 02Am 1Tt
+sin (9) cos (81%y) 0f4mb3re + cos (8) sin (0f) 074,057,
—sin (07 044,094 + cos (01%) 024,.084m ]

~2cos (8) sin (6F;) 02Am0’ith + 2 cos (0) cos (8%, ") 0§‘Am 07,
+2sin () sin (91%) 65amb3re — 2sin (6) cos (04) 03am3re

Ap(3,2) =

nosym

2w [— sin () sin? (8f%) 671, — cos (0) sin” (61%) 63y,

+cos® (0ffy) O4m
— cos (8) sin® (87F) 021‘!017'! + cos (8) sin® (8f) 677,677
— sin (8) sin? (65%) 637,057, + sin (8) sin® (07) 621,67,
— cos (8) sin? (0f%;) 044,077, + sin (8) sin® (07%;) 04,077,
+cos” (1) O5umbiam ]
—2sin (8) sin? (81%;) 044, 0Tr, + 2 cos® (0%;) 644, 6%5re

—2cos(f)sin (01H) 02Am 937‘1

(E.2.23)

(E.2.24)

(E.2.25)
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A (3, 3)noaym =
— (w)” cos? (ofk

+2 [— cos? (O{IH) Gg:m

— cos? (1) 0Furm

+ cos? (055 637,6Tr, — cos? (0F) 07r,0%r,

— cos (0) sin® (8f}y) 03477, + sin (8) sin® (81 034 mb3r:

- Sin2 (ngH ) oé‘Améi‘Am ]

) 2 ) 2
+ sin? (6) cos (07%) cos (0{"3 (0{”) — cos® (Ofy) (0;1-,)
) 2
+cos? (8) cos (85%) cos (654) (e
) 2 ) 2

— cos? (offﬂ) (%‘Am) — sin’ (O{IH) (0gAm)
+2 cos (0) sin (8) cos? (055 67r,6%r,

—2sin () sin® (8f}) 044 07re — 2 cos? (8F};) 054,67
—2 cos (9) sin’ (G{IH) égAmég'Tt

(E.2.26)
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The [Bg]-matrix.

The skew—symmetric matrix is listed in component form, where only the three elements above
the diagonal are given

Bg(1,2) =

2 [w sin (07) + w cos (61) 614,

— sin (6) cos (81%) 677, + sin (05%;) 6%r, — cos () cos (0F) 0%y,

+s8in (H{IH ) é2AAm — cos (0¥H ) a.gAm

- (COS (6) cos (87k) O3r, + sin (01%) og'Tt) Ore
+ (008 (6) cos (8%;) 677, — sin (8) cos (8f}) 9§Tl) OFre
+(sin (6 0T, + oin (0)cos (o) 05 ) i
+ (Sin (8)sin (8{) 8f'4m — cos (8) cos (B1%y) 634 — cos (8) sin (1) 0&‘Am) 07re

+ o8 (07) 0437

+(cos(9) in (003) 0 + s (908 (0T) Ha + in 6) s 0 O ) 5
(c0s (5) 0 + in (%) 2 )

+cos (81}y) OfamBsam +sin (07) 91‘4.,.‘5:'?4".] (E.2.27)
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BB (1, 3) =
2 [w cos (03) — wsin (67) 64,
+sin (0) sin (055;) 67y, + cos (87%;) 6%y, + cos () sin (6%, ) 0%,
+cos (07%) O5am + sin (67) O3um
+ (cos (9)sin (81%) 0L, — cos (61) 03'“) 07,

(cos (8)sin (8%;) 671, — sin (8) sin (6]%) og,.,) 0%,

+ (cos (91H) om — sin () sin (0 ) 027',) 93Tt
(Sm (0) cos (0 ) olAm + cos (f) sin (0911) 0;Am — cos (f) cos (9 3Am> 91'1':

—sin (9&!) ai‘Amég‘Tt

+ (COS (6) cos (6{%y) 6fum — sin (8) sin (87%) 024 m + sin (8) cos (61 3Am) O3re
+(s0 (5 O — 0 01) O3 )

—sin (B{IH) #Amé;Am + cos (0 ) alAm03Am] (E'2'28)

Bp(2,3) =

2 ["“’ 34m — o8 (0) 91'12 + sin (6) 0';7;“ - élAAm - éf'n

+sin (6) 077,677, - (Sin (6) 077, + cos (6) 03,11)0'{71 + cos (0) 037,037,

+8in (0) 074,070 — O84mB71y + c08 (8) 0amb7r,

—034m95am + aﬁméiﬁqm] (E.2.29)
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The [Dg]-matrix.

Dp(1,1) =

cos (9) — sin (9) 8%, — sin (8) 044, (E.2.30)

Dgp(1,2) =
sin (8) 611, + cos () 637, + O3am (E.2.31)

Dg(1,3) =
— sin (8) — cos (8) 637, — cos (0) 044m (E.2.32)

Dp(2,1) =
sin (8) sin (6%%;)
+ cos (8) sin (87%) 07, — cos (6%) 621,
+8in (0) cos (015 ) 02,,, + cos (8) sin (07) 024, — cos (6) cos (81 ) 044, (E.2.33)

Dg (21 2) =
cos (81,
— cos (8) sin (8%) 6%, + sin (8) sin (074) 6Ty,
—sin (0f) 624 (E.2.34)

Dgp(2,3) =
cos () sin (677;)
+ cos (07) 677, — sin () sin (6% L) 6%r,
+ cos (6) cos (074;) 044, — sin (8) sin (0F4) 044, + sin (8) cos (01%) 54,m (E.2.35)

Dg(3,1) =
sin (9) cos (87;)
+ cos (6) cos (1) 637, + sin (0{};) O3,
—sin (0) sin (05) 044, + cos (8) cos (0F%) 044, + cos (6) sin (61%) 054 (E.2.36)

D5(3,2) =
—sin (6{})
— cos (8) cos (BfF) 677, + sin (0) cos (61y) O3

— CO8 (01 H) 01Am (E.2-37)
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Dp(3,3) =
cos (f) cos (01%;)
—sin (95{) 611, — sin (9) cos (9f'H) O3re
— cos () sin (8% 044, — sin (8) cos (07%;) 62,,,, — sin (0) sin (07) 04, (E.2.38)
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The [Egp]-matrix.

E B(l, 1) =
—2sin (0) 4d,,,
—Lshayt cos (6) ég’n
+2"'93Tt“mm
+2w €08 (0) 03 Utiam + 2w sin (6) O34 ugum
—sin? (0) 67 ufly,, + cos (8) sin (8) 67r,ufy,, + cos (6) 02Tl“2Am
—2cos (#) sin (6) 0§T[u1 Lem + cos® (6) 6T T reudam —sin® (9) 0mu§m
~2co8 (0) 037,854 — 2057 e i5am
+2sin (0) 93Am"‘14m 2cos (0) ogAm"‘i‘Am - 2co8(0) %Am'.‘gAm

(E.2.39)

Ep ( 1, 2) -
_%qum
+fsha It sin (0) éth
+2ud4,n
+ 20034 U5 A m
_o-g'TtulAAm sin (0) ég’n YA
+2c08 (0) 0T tisa,n — 28in(8) 05,08

+208 il (E.2.40)

Ep ( 1,3)=
—2cos(8) t'z:}Am
— 200 ufam
—2w sin (0) eé‘Am “{‘Am + 2w cos (0) 0;Amu§Am
— cos® 6) 03Ttu1Am — cos (6) sin () 0§Tt“gAm
+2sin () 03 tigapm + 20174 54m
+2 cos (0) 03Am ui‘Am 2sin (9) %Am 1“é‘Am + 2sin (0) 954.4"; '-‘gAm (E'2'41)
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Ep(2,1) =
+2w cos (0) cos (81%;) ufy,, + 2wsin (8) cos (6) ufanm
+€shayst cos (0111) 01“ — £;haye sin (0) sin (011{) 02“
—2w sin (8) cos (0f%) 02T,um,,, + 2w cos (0) cos (015;) 07 p uism + 2wsin (0f%) 037 ufarm
—2w cos (8) sin (8F5;) 074 mufam — 2wsin (8)sin (01H) 03 Ui m
+2sin (6) cos (875 ufy,. + 2 cos (8) sin (0”,) Upam — 2cos (#) cos (0{{},) Wi
+ cos (8) sin (8) sin (87%;) 07, ufty,., + cos () cos (%) 63r,ufs,m
+ cos® (8) sin (07) 03 peufam — sin’ (8) sin (0f) 03r ufam
— cos (0ffy) 61 peufam + sin (8) sin (1) 63, ufam
— cos? (9) sin (6f}) 91Tt“3Am +sin (6) cos (8]}) 67 rcufam
+2 cos (8) sin (8) sin (61%) 67, LT
+2 cos (6) cos (61%y) O3retif'am + 2sin (01) O3rsifam
—2sin (8) sin (8% 657,044, + 25in (6) cos (015 0% idarm
—2sin (6) sin (07 684, il + 2 cos (8) cos (07%) 014 it
—2sin (0) sin (1) 09 amtiiam + 25in (8) cos (81%) 044, tigs,n

+2 CcOs (0) sin (0 ) olAmi‘SAm (E.2.42)

Ep(2,2) =
~2wsin (07) uglhm
—L4hayt COS (0) sin (01%;) 6%,
—2sin (81) ifam
+2w sin (6) cos (07 ) 0T uty,, + 2w cos (9) cos (07) 0w
—2w cos (8) cos (Btly) 81, ufam + 2w sin (8) cos (01 O3rcuiam
—2w sin (07 ) 05 amutam + 2w cos (01y) 044 mufam — 2w cos (01y) famtdam
— sin (6) cos (055) 63rsufanm + cos (8) sin (85y) 03rcufam
—sin (05) 63r¢ugam + cos () cos (8%) O3reugam
—2cos () cos (0f%) 61 reifam + 25in () cos (07%) 63rritam
+2sin(#) sin (0 ) e m + 2cos () sin (0 ) 03 A,
—2sin (0) cos (81 ) 0154 m — 2 cos (0) cos (01y) 037, u5am

—2c08 (0f5) 01 tiiam + 25in (01) 074 Wharm

~2 cos (015) 05am tdam (E.2.43)
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Es(2,3) =
—2w sin () cos (815;) ufly,n + 2w cos () cos (61) ugsm
+eahagt cos (07) 37
+2 cos () cos (61 4 uMm 2sin (0) sin (8% iy, + 2sin (6) cos (07) ©fs,m
—2w cos (8) cos (6f) 67, t“mm — 2wsin (01;) 07r,uy,n — 2wsin (8) cos (01) 67, ubsm
+2wsin (0) sin (87 ) 04 muits,. — 2w cos (8) sin (07) 084, tham
—2w sin (0) sin (67;) 03Amu3.4m + 2wsin (8) sin (87 ) 044 mufam
— cos (6) sin (9) sin (6%) Opsufym — cos (8]fy) O3reusam — sin’ (0) sin (67%) 057 ufum
—2sin (0f%) 67,0y, — 25in (8) cos (67) 0% utsrm '
—2 cos (0) sin (877 ) 03 rstimam + 2 cos (0) cos (07%) 02 iam
—2 cos (8) sin (815 0f4mtfam — 25in (8) cos (6) 044 ifam

—2cos (0) sin (91 ) 2Amu2Am + 2cos (0) cos (0 ) 03Amu2Am

—2sin (8) sin (81) 044, 6f4m (E.2.44)

Ep(3,1)=
—2w cos (f) sin (9 H) uiam — 2wsin (0)sin (01,,) U3Am
—shasi Sin (011{) lTTl — £hayesin (6) cos (87) 021':
—2sin (0) sin (815 ) 41y, + 2cos (6) cos (0fy) iy, + 2 cos () sin (01%) 65am
+2w sin (0) sin (85%;) 61 p,ufts,n — 2w cos (8) sin (07 0%p ufam + 2w cos (07) O3 ubam
—2w cos (0) cos (077;) 024 mufam — 2wsin (8) cos (1) 0y mufam
+ cos () sin (8) cos (81%) 6Tr,uts,, — cos (8) sin (61%) 611 ,ufly,
+ cos? (8) cos (67%;) 637 ,ufly,, — sin® (6) cos (67;) 0T,
+sin (07%) 91Tt“2Am +sin (6) cos (81} 03 rcusam
— cos? (8) cos (91fy) 67, 1T£u3Am sin () sin (07%) o2Tt“§Am
42 cos (0) sin (8) cos (6% 6%r ufarm
—2cos (8) sin (8f}y) 027, tf'am + 2 cos (0) O3rcitam
—2sin (8) cos (8%;) 07,4 am — 2sin (8) sin (81%) 05, 6d4m
—2sin (0) cos (07 04, am — 2cos (8) sin (6]) 04 mtdam
—25in (6) cos (87 ) 05 amUsam — 2sin (8) sin (6F) 044 nidam

+2 c08 () cos (61%y) O1'am ¥3am (E-2.45)
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Ep(3,2) =

—2w cos (07%) vam

~£yhayt cos (0) cos (07%) 637,

—2co8 (07) ifam

—2wsin (9) sin (87}) 0r,uty,, — 2w cos (8) sin (015 ) O3r,uianm
+2w cos (0) sin (051) 0{Tlu3Am — 2wsin () sin (0le) 03’1’!“3Am

—2w c08 (07) O3 am Ufam — 2w sin (01) B3mfAm
+2w sin (81ly) 0f4mU3am

+sin (8) sin (8f%) 637 ufam + cos (6) cos (6f;) 637 ufam
— cos (67) 0g‘Ttu§Am — cos (0) sin (81) 9th“§Am

+2 cos () sin (0111) 011'1"‘1Am - 2sin () sin (OHH) 037'!“1Am
+2sin (0) cos (0f%) 07r¢ifam + 2cos () cos (81 ) O3reiam
+2sin () sin (015) 61 rctida,, + 2 cos (0) sin (075) 0%, ity

+2sin (0 ) 0f4mifam +2 cos (81y) 024 mitfiam

+2sin (0f) 044 mtidam

Es(3,3) =
+2w sin () sin (6%) uf,,, — 2w cos (6) sin (05,) ufim
—2cos (8) sin (8%) 4fy,. — 2sin (9) cos (01) ufm — 2sin () sin (075 &dam

~£;hage 8in (9111) 931‘1

(E.2.46)

+2w cos (8) sin (0 ) 0}7-,_11{“4,,, — 2w cos (01 H) ﬂTTlua Am + 20 sin (0) sin (0”,,) 02T¢u3 Am

+2w sin (6) cos (9 ) 91Am“1Am — 2w cos (0) cos (0 ) olAmuSAm

— cos (§) sin () cos (9HH) 9:3.’1'1“1,471. + sin ((’HH) ogTz“fAm —sin (9) cos (ofin) a.g'TlugAm

—2cos (01}) bireiam + 28in (8) sin (61) 637rutum
~2 cos (8) cos (01%) 037, its4m — 2 cos (8) sin (07%) 6%r,if s m
—2cos (0) cos (8%) 62, ity + 25in () sin (OHH) 0 mtiam
—2¢08 (0) cos (07%) OpamUsam — 208 (8) sin (0) O44m¥3am
—2sin (6) cos (07) Ofamdam

(E.2.47)
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The [Fg]-matrix.

Fg(1,1) =
£,hagesin (8)
+Lsnage cos (6) 037,
+Lanagt €08 (0) O5gm
—sin (0) qum
—cos (4) ath“;Am - 9§T¢“§Am

+8in (0) O;Am“fAm — COo8 (0) 9‘2‘Am“‘2‘Am — cos (0) %AmugAm (E'2'48)

Fp(1,2) =
ugAm
—Lshage cos (6) 9?1‘1 + €snage sin (0) Bth
+ cos (8) 01 r,utsm — sin (8) 037, uis

+03AmUiam (E.2.49)

Fg(1,3) =
£5hags cos (0)
~Lsnase sin (6) 31,
—Lyhasesin (0) 024,
— co8 (0) “;Am
+sin (0) 037, ugam + 01 s 0854m
+ cos (0) 044, uts,n + 5in (8) 04, usy,, +8in (0) 04, ui, . (E.2.50)

Fp(2,1)=
—Lyhayt cos (0)sin (01)
+£,hagt sin (8) sin (075) 6%,
~Linayt co (8) cos (077) Ofam + Lenase sin (8) sin (05%) 07am — Lanasesin (6) cos (6{) 054
+sin (8) cos (07;) ufy,m + cos (0) sin (6% ufy,n — cos (8) cos (01 ) ufim
+cos (9) cos (01}y) O3 cufum + sin (81) 037 ufum
—sin (0) sin (8f};) 677 ,ugp,m + sin (8) cos (0) O3revham
—sin (8) sin (07 04, ults,, + cos (8) cos (81%) 04, . ufem
— sin (6) sin (67%) 024 m Usam + sin () cos (07) O54muam
+ cos (0) sin (6f%;) 074 udam (E.2.51)
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Fp(2,2) =
—8,nayge8in (0) sin (875 677, — Lynage cos (8) sin (075 6%,
—sin (am) ufym
— cos (6) cos (B1y) 017, ufum + sin (6) cos (7% O3reufum
+sin (6) sin (87} O1rsu5am + cos (6) sin (0 O3 ugum
—sin (6) cos (013) 07r¢ufam — cos (6) cos (9 H) 037U 5Am
—cos (0f) 0f4mufum + sin (0f7) 05 4mviam
—cos (6f)) 044 mufam (E-2.52)

Fg(2,3) =
Lyhay18in (0)sin (9{{1{)
+£spays cos (6) sin (01) 6,
+£shas1 sin (6) cos (9 H) 0f4m + Lonags cos (0) sin (951) 03am — Lohage cos () cos (B{IH) am
+ cos (8) cos (07 H) ufsm — sin (0) sin (07) udy,, + sin (0) cos (0f%;) uts,n
—sin (87 611 ufum — sin (8) cos (%) 037 cufam
— cos (8) sin (875 ) 07 uftsm + cos (8) cos (07) 6%rutsm
— cos (6) sin (0F;) 024 mufs,, — sin (8) cos (07) 02, uism
— cos (0) sin (0;) 044 musam + cos (6) cos (0%) 044 tiam
—sin () sin (0%) 024 uiam (E.2.53)

Fp(3,1)=
~L3nayt cos (8) cos ()
+Lshag1 sin (6) cos (07y) 037,
+£5haye co8 () sin (0 %) 0f4m + Lonage sin (0) cos (015) 044 m + Lanasesin (8) sin (8f];) 044,
— sin (9) sin (81) ufy,, + cos () cos (675) ufy,, + cos (8)sin (81%) ud,,,
— cos (6) sin (01y) 037¢utam + cos (Of) O3r,ufam
— sin () cos (81 ) O3, Usum — sin (8) sin (81) 037 u8um
—8in (0) cos (0 ) 01Am“1Am — cos (#) sin (0{',,) afAm“gAm

— sin () sin (815;) 044 musam — sin () cos (0F) 084 musam

+ cos (8) cos (677y) Of4mufam (E.2.54)
Fg(3,2) =
—Lyhayesin (0) cos (0f%) 0T, — £ipaye cos (6) cos (07%) 03y,
- Co8 (OHH) Uiam

+ cos (6) sin (0f}) 077 o ufurm — sin (8) sin (8% O3 ufum
+ sin (8) cos (01 H) 0T ubm + cos (0) cos (0 H) o L Uoam
+sin (6) sin (0f}y) 67rcusam + cos (8) sin (81) 03 usam
+sin (0f5) 044 nutam + cos (05) 024 udam
+sin (08) 044 mtdam (E.2.55)
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FB (3, 3) =
£inage8in (8) cos (81%)
+Lsag+ cos () cos (0f) 077,

—£shas18in (6) sin (of{H) Ofam + Linage cos (0) co8 (0f%) 03am + Lenass cos () sin (81) 834,
— cos (#) sin (87 ) uia,, — sin (6) cos (07 ) uf4,, — 8in () sin (OIH) Ugam
— cos (88) 6Tr,ufsm + sin (8) sin (6% L) 03 eutam
— cos () cos (6%5) 61, usy,. — cos(8)sin (6F) 6T ,ufsm
— cos (6) cos (81) 0 uium + sin (8) sin (07 ) Of4muam
— cos (6) cos (9HH) 03amUsam — o8 () sin (9{{11) O3amuam

—sin () cos (0 04 Uis,n
The [Gg]-matrix.

[Gs] =

-1.0
(w)2 —s8in (0{’,,) 024, + cos (H{IH) 02,
— cos (01””) 044, — sin (B{IH) O

The [Hg]-matrix.

[Hp] =

02Am 0
9, | —sin (0{’,,) — cos (01 H) 044 0
— cos (65,) +sin (61;) 64, 0

(E.2.56)

0 ogAm
0 — sin (0{1 H) (0{{}{) 1Am
0 — cos (0{’},) +sm( IH)OA

(E.2.57)

1.0
sin (0{{}{ ) G;Am — COS (0{{H ) ogAm
cos (08 044, + sin (05 044

(E.2.58)
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The [Rg]-matrix.

[RB] =

1.0

A
oaAm

A
—02Am

sin (9fln) o;Am = cos (9fIH) O4am

cos (7)) — sin (0}) 6{um

sin (8f7) + cos (617 8{um

cos (017) 044, + sin (0];) 044,

L

—sin (a{{H) — cos (0{{11) ai‘Am

cos (957) —sin (051) sy

o

(E.2.59)
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The [;BT2;}-matrix.

:BT2; (1,1) =
—r; sin (8) cos (6ff) + ra; sin () sin (61)

—(raj cos (6) cos (88%;) — rs; cos (6) sin (8%%) ) 3z
- (7'2j sin (8f) + ra; cos (ﬁn)) 031e

+ 2y sin (6) sin (737) + rs; sin (6) cos (64%) ) 8lam
—(ra <08 () cos (8%%s) — ra; cos (6) sin (6%%) ) ¢

- ("2:' cos (8) sin (87) + rs;j cos () cos (0{{;;))93“,,. (E.2.60)

iBT2; (1,2) =
+rg; sin (0ff) + rsj cos (05%;)
+ (rg,- cos (0) cos (8%;) — r3; cos (8) sin (0{’,7)) o7,
- (rz,- sin (0) cos (8F) — ra; sin (8) sin (0{’,,)) 0%re

+(raj cos (63%) — ro; sin (63%) ) i (E.2.61)

iBT2; (1,3) =
—r3; cos (8) cos (6% + r3;j cos (8) sin (81%;)

+(rasin (6ffy) + raj cos (017) )67
+ (a3 in (6) cos (8%%;) — rs; sin (8) sin (63%) ) 031
+(raj con (6)sin () + ra; cos (6) cos (61}) ) 6fam
+(ra; sin (8) cos (8f%) — ra; sin (8)sin (6%4) ) O
+ (fzj sin (8) sin (6{%) + r3; sin () cos (0{’;;)) 05am (E.2.62)

:BT2; (2,1) =
+r1; sin (0) cos (0) — ra; cos ()
+ (1 cos (8) cos (8F) + rs; sin (8)) 03, + r1j sim (6ff) 0%
—r1; sin (8) sin (0) Oy m
+ (rl,- cos (8) cos (01%) + r3; sin (0)) 044
+r1; cos (8) sin (61) 044, (E.2.63)
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iBT?2; (2,2) =
—ry;8in (9{{11)

- ("11' c08 (6) cos (1) + rs; sin (0)) 6ire
+ (rlj sin (8) cos (875) — r3; cos (0)) 0,

—r1j co8 (87) Oam — 73i03Am (E.2.64)

:BT2; (2,3) =
+r1; cos (8) cos (8%;) + ra; sin (6)
—ry;sin (07) 67p, — ("l:‘ sin (6) cos (61} — ra; cos (0)) O3re
115 cos (8) sin (67%) 6{am
—(r135in (6) cos (04) — ra; 08 (6)) #fam
—ry; sin (0) sin (08) 054 (E.2.65)

:BT2; (3,1) =
—r1; sin (8) sin (6%) + r2; cos (6)
- (7'1:' cos (9)sin () + ry; sin (0)) 83r¢ + r1j cos (01} 63re
—r1; sin (6) cos (1) Of'gm
- (rl,- cos (8) sin (8f) + raj sin (0)) 03am
+r1; cos (6) cos (07) 05am (E.2.66)

:BT2; (3,2) =
—11; CO8 (0{’,,)

+(r1j o8 (0) sin (81%) + ra; sin (6)) 6Ty

- (rlj sin (0) sin (0f%;) — ry; cos (0)) 0.,
+r1;8in (07) 0fam + r2i03am (E.2.67)

;BT2; (3,3) =
—ryj cos (8) sin (81%) — ry; sin (0)
—r1j cos (05%) 07, + (rl,- sin (@) sin (675;) — raj cos (0)) 0%,
—r1 cos (8) cos (6F) 624
+ (15 sin (8) sin (88%) — r2; <08 (8) ) 65am
—ry;j sin (0) cos (0f) 05am (E.2.68)
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The [;BT'1;]-matrix.

:BT1;(1,1) =
%oryj 3,
+2w (ru' cos (8) + ra; sin (6) sin (8{%;) + ra; sin (9) cos (0{'H)) B3am
— (1 sin? (8) — ra; cos (6) sin (6) sin (6%%;) — rs; cos (0F57) cos (6)sin (6)) 6%
+(raj cos (6) cos (01) — rs; cos (6) sin (8%%;) ) 027,
~ [2r15 o8 (6) sin (6) — r3; (cos? (6) sin (64};) — sin? (8) sin G)
—T3j (0082 () cos (81%) — sin® (8) cos (81 )] 63re

+2 (rgj sin (8) sin (81%) + ra; sin (8) cos (0f )é‘l‘Am — 2ry;8in (0) 644

+2(r33 sin (0) sin (6%%;) + rs; sin (6) cos (61%;) ) 65y (E.2.69)
:BT1;(1,2) =
—2wr1,-

+20(raj cos (017 = ra; sin (67%) ) 6am
—rl,-ﬁ'gn - (rz,- sin (8) cos (87;) — ry; sin () sin (07 )ﬂg'r”
+2 (rz,- cos (0f%;) — r3; sin (05,))0{;,,, — 21044 m

+2 (rg,- cos (05,) — r3; sin (05,))0{13 (E.2.70)

:BT1;(1,3) =
~2wr1;61r,
—2w (rl_,- sin (8) — ry; cos (8) sin (81%;) — r3; cos (0) cos (Gf'H)) 04
- (r1 j cos? () + ra; cos (8) sin (8) sin (675) + r3; cos (8f) cos (6) sin (0)) 6%,
+2 (rzj cos (8) sin (87,) + ra; cos (8) cos (0{’,,)) 64, — 2ry; cos (0) 64,
+2 ("z:' cos (8) sin (01y) + raj cos (6) cos (0{’,,)) 67, (E.2.71)
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:BT1;(2,1) =
2w (rl, cos () cos (0;) + ro; sin (0) cos (6f5;) sin (6%4) + ra;sin (8) cos? (0HH))

~2u (71 8in (6) cos (85%;) — r2; cos (6) cos (8%%) sin (8%}) — ra; cos (8) cos? (81%) ) 03¢
+2 (ra; sin? (0iy) + rs; cos (61 sin (8%%) ) 0Zre
2 (r15 cos (8) sin (6757) — rz; sin (6) cos? (6%
+r4; sin (6) sin? (0757) + 2rs; sin (6) cos (6%}y) sin (0557) ) O,
20 14 sin (6) cos (8%%) — ra; (cos (8) cos (%) sin () — cos (6) cos? (6F;))
—ra; (cos (8) cos? (6%) + cos (9) cos (8%%) sin (8%%) )| 854
+[r15 o8 (6) sin (6) sin (85%;) + ra; (sin? (8) sin? (0Ffy) — 1)
+r3; sin (05,) sin? (8) cos (62, )]om
+[r1,- cos (8) cos (87;) + 2r»; sin (8) cos (65 sin (67,
+r3; (sin (6) cos? (6%%;) — sin (6) sin? (0%};) )| 62
+[r15 (cos? (8) sin (8%) — sin? (6) sin (8%%) ) + 2ra; cos (6) sin (6) sin® (87
+2r3; cos (9) sin (8) cos (%) sin (6%) | 37
—~2r3; cos (0) Of4,n
+2(r1; c08 (6) cos (8%%;) + 23 sin (6) cos (6%%) sin (0%%y) + ra;in (6) cos? (0F5r) ) 6arm
+2(r15 cos (6) sin (83%;) — r2; sin (6) cos? (6% + rs; sin (6) cos (6%%;) sin (65%) ) Harm

—2r,; cos (0) 05, (E.2.72)

:BT1,(2,2) =
—-2w (rzj sin? (ﬂfIH) + r3; cos (07%;) sin (6%, )
+2w (rlj sin (0) cos (8%;) — r4; cos () cos (81%;) sin (87) — r3; cos () cos? (0HH))0fT,
+20(r15 c08 (0) cos (0F]) + ra; sin () cos (8%%;) sin (0F5;) + rs; sin (6) cos? (6%%) )62,
~2u [2r3; cos (885 sin (655) + rsj (cos (64ly) — sin? (05) )| i
+2wr1; cos (0f%) O5am
= (ray sin? (8% + rsj cos (65%;) sin (055) )6
- [rl,- sin (8) cos (8f%;) — 2ry; cos (8) cos (8f%) sin (01}
—r3; (cos (6) cos® (81;) — cos () sin® (07 )]0;:1-,
~2(ry; sin? (07f;) + raj cos (675) sin (6%%;) ) 64
+2(r2, cos (68) sin (6%;) — ra; sin? (6! H)) - (E.2.73)
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:BT1;(2,3) =
—2w (r1 j 8in (0) cos (61%;) — ra; cos (8) cos (87%,) sin (0]%) — rs; cos (8) cos? (0{{,,))

—2w (sz sin? (0%;) + ra; cos (6%) sin (af’H)) 07,
—2w (rl,- cos (#) cos (0{"”) + ra; sin (6) cos (ﬂﬁ,) sin (0{’,,) + r3; sin () cos? (0{’3 )0{,,

+2u [r1; sin (9) sin (6%%;) + ray (cos () cos? (6ffy) — cos (6) sin® (6f}))
—2rs; cos (6) cos (8%%) sin (64%7)] 6
—%(r1j 008 (8) co8 (917) + r2; sin (6) cos (8%%) sin (65}) + rs; sin (6) cos? (6517) )02,
+2u r2; sin (8) cos? (8%fy) — raj sin (6) cos (91) sin (8571) ) #4am
= [r15 o8 (6) sin (8) sin (8%%;) + r2; (1 — cos? (6) sin? (67%) )
—r3; 8in (9&) cos? () cos (61 ]Gg'“

+2r5; sin (6) 0f4,
-2 (rlj sin (6) cos (OIHH ~ 3 cos (0) cos (0{’,,) sin (0{’3) — ra; cos () cos® (057 )0'-24,,,
—2 (rl_,- sin (6) sin (0{{3) + 7y cos (6) cos?® (0{’,, — r3; cos (0) cos (Of'H) sin (0{’,, )é{,‘Am

+2r,; sin () 07, (E.2.74)
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:BT1;(3,1) =
—2w (rl, cos () sin (0f];) + ro; sin (0) sin? (0) + r3; sin (8) cos (67%;) sin (67, )

+2w(r1; sin (6) sin (02%;) ~ ra; cos (8) sin? (8) — rs; cos (6) cos (81%y) sin (05} )62z
+ow (1'2] cos (8ffy) sin (041) + rs; cos? (0F17) ) 6%
—2u [ cos (6) cos (85} + 2rs; sin (6) cos (8]} sin (81%)
s (s 0) o () i @) 05 oo
+2 (15 sin (8) sin (8557) — ro; cos (6) sin? (8y) — rs; cos (6) cos (61%) sin (6%)) 624
+2w (rz, cos (6) cos (87;) sin (65;) — rs; cos (8) sin? (65, ) A
+[r15 o8 (6%%) cos (8) sin (6) + r; sin (81%) sin? (6) cos (055)
+rs; (COS (6f) sin® () cos (07%) — 1)] 61re
= [r15 cos (6) sim (6%%) — vy (sin () cos? (8%%;) — sin (6) sin? (6%%;))
+2ry; sin () cos (9%) sin (055;)| 7.
+[rag(cos” (9) cos (0ff) — sin (0) cos (6f3)) + 2rs; con (9 sin (6) cos (6r)sim (0f})
+2r3; cos (6) sin (6) cos? (65, }o’gﬂ

~2cos (0) 024,
-2 (rl, cos (8) sin (01F) + ra; sin (8) sin? (85 ) + rs; sin () cos (87 ) sin (67, )0'44,,,
+2 (rlj cos () cos (0) + ry; sin () cos (87%) sin (87%;) — r3; sin (9) sin? (9{13))0';4,»

—2r3; cos (0) 61, (E.2.75)
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;BT1;(3,2) =

—2u(ra; cos (01) sin (6%) + rs; cos? (8%))
—2w (1 sin (9) sin (8%%;) — ra; cos (8)sin® (8%) — ra; cos (6) cos (6%%y) sin (0%5y) ) 0T,

— 2w (1 cos (8) sin (88) + r2; sin (9) sin? () + ra; sin (6) cos (6%%;) sin (0%%) )
~ 2 [ray (cou? (0Ffy) — sin? (60%) ) = 2rs; cos (9% sin (%) |62 — 2wms; sin (655) 64
—(raj cos (8%%) sin (88) + rs; cos? (651) )63

+[r13 5im (6) in (8557) + raj (co8 (6) cos (91y) — cos () sin® (6%%))

—2ry; cos (6) cos (0%y) sin (0517) | 0%

-2 ["2:' (cos (6% sin (81%) — cos® (61 )

+raj (cos? (B81y) + cos (653) sin (857) ) | 644 (E:276)

:BT1,(3,3) =
+2w (rl, sin (0) sin (0fL;) — r2; cos () sin? (83%;) — r3; cos (8) cos (67;) sin (67, )

—2w (" 2j o8 (6f}y) sin (6{fy) + rs; cos® (61 H))oth

+20(r4j cos (9) sin (855;) + ry; sin (8) sin? (8f]y) + rs; sin (6) cos (0% sin (6) )
+2u [ry; sin (6) cos (91y) — 2ra; cos (6) cos (61%;) sin (67})

—ra; (cos (6) cos? (6%%) — cos (6) sin? (64} )] oA,

+2 (115 c08 (8) sim (851;) + ry; sin (6) sin? (85%;) + ra; sin (9) cos (61%;) sin (62%7) ) 03,

—2w ("25 sin () cos (07}y) sin (87) — rs; sin (8) sin” (0 )%‘Am
— [r15 o8 (81) cos () sin (6) — r; sin (81} cos? (6) cos (6F%)

—ra; (cos (8%%) cos? (6) cos (6%7) — 1) 0Zr

+2rs; sin (0) 624,
+2(7’1j sin (0) sin (6%;) — ryj cos (8) sin® (67;) — r3; cos (9) cos (6%) sin (0"3))024,,,
-2 (rl,- sin (8) cos (015;) — ro; cos (8) cos (015 sin (07%;) + ra; cos (8) sin? (87, )agA,,,

+2r3; sin (9) 67, (E.2.77)
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The [,-BS2J-]—matrix.

[iBS2;] =

-

- (—"2,‘ cos (B{JH) = ray sin (O{IH)) O;Am

- ("2j sin (GIHH) + 35 cos (0{%)) aé‘Am

r2;5 sin (BIHH) + ra; cos (OfIH)

+ (rgj cos (GfIH) —r3; sin (O{iﬂ)) oi‘Am

—ra;5 cos (O{IH) + 35 sin (OIHH)

s (,,,. i (91L) + 7y co (oﬁ,))a;‘Am

—r3;

+ 1y cos (O{IH) O;Am + iy sin (G:IHH) eé‘Am

=Ty sin (OIKH)

X H ) pA .
—ry; cos (9111) ot am = 735%Am

+r j cos (Oflﬂ)

. o A R
Ty Hn (Oﬁ.’) amt T3 o’ﬁdm

+ 725

=1 0in (67) fam + 715 cos (offy) 684m

The [; BS1;]-matrix.

;BSlj(l, 1) =

—ry5co8 (G{JH)

. 4 H A .gA
try; sin ("111) 0 am + 2% am

2w(r2,- cos (0%4) — rajsin (Bffﬂ))

~2(rassin (0) + ra; cos (0f}) ) am

+(rsj cos (07) — rs; sin (61r) )6

+(ray sin (8%%y) + rs; cos (0%5) )64

:BS1;(1,2) =
—2wr1j

+20 (135 cos (057) — rs; sin (6%%;) ) 0

nA
—T1j 02Am

+2(raj cos (8%%;) — rs; sin (6%%) )05y

,'BSlj(].,3) =

— 2w (ra; cos (85%) — raj sin (67k) ) Oam

nA
—Tij 03Am

+2(ry; sin (8%%;) + ras cos (65%) ) 6%%

-ry sin (OIHH)

R H A
= Tyj cos (913) alAAm — 2% am

(E.2.78)

(E.2.79)

(E.2.80)

(E.2.81)
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«BS1;(2,1) =
+2u(r2; cos (8]}y) sin (65}) — rs; sin? (6%) ) #am
— (3 cos” (1) — ra; cos (6%%y) sin (6%%) ) Odam

—rzjéi‘Am + 115 cos (951) o'iAAm + ryjsin (affn) éé‘Am
—2r,; 68, (E.2.82)

iBS1;(2,2) =
— 2 (ra; sin? (08) + ra; cos (655) sin (6%}))
~2 [2rs; cos (8ffy) sin (6f}) + raj (cos” (8%y) — sin? (67%)) | o
+2wry; cos (07%) O3urm
- (rgj sin? (0%) + r3; cos (6f4) sin (Bf’H )0.‘2“4,,,

+[2r cos (65}) sin (6%%;) + rs; (cos? (0ff) — sin? (6%)) |6 (E.2.83)

iBS15(2,3) =
+20(ra; cos (8%%y) sin (6%%;) — rs; sin? (015;) )
20 [ra; (cos? (881) — sin? (6417) ) — 2ra cos (6%%;) sin (6%%)] 0t
+2wry; sin (1) 054m
- ("2:' cos? (f7r) — rs; cos (6ff) sin (0{{H))0.§‘Am (E.2.84)

iBS1;(3,1) =
+2u(ra; cos? (fly) — ra; cos (61ky) sin (6557) ) 4.
+2w (rg,- cos (815 ) sin (8%;) — ra; sin? (67, )0{,“,,,

_r3jé{‘Am - T sin (051) é;Am + r; cos (9{111) égAm
__.2,-3].0{1}1 (E285)

;BS1;(3,2) =
—210(ra; cos (61) sin (0%r) + ra; cos® (6%f))
~ 2w [ra; (cos? (883) — sin? (055;) ) ~ 2rs; cos (821) sin (6517) | 0fem
~2ury; sin (0f}y) Ofam — (ra; cos (641) sin (88%) + raj cos? (%) ) Hfam

+[r2,- (cos? (8%%;) - sin? (6%%)) — 2rs; cos (0%) sin (0{',,)]0';”,, (E.2.86)
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:BS1;(3,3) =
+20 (125 cos? (8%%) — ra; cos (675) sin (01%y))
—w [2"21' cos (07) sin (61%) + r3; (0032 (67) — sin® (O{IH))] Ofam
+2wr1; cos (07) Bfam
+ (rgj cos (87%;) sin (87%;) — ra; sin® (a{’,,))égm (E.2.87)
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The [;BS0;]-matrix.

iBS0;] =
( 0 - 0 r3j COS (0{",,) — r3;sin (0{’,,) |
— 2ry; cos (O{IH) sin (H{IH) ' -
w)?| - T3 [cos2 (O{IH) — sin® (0{’,,)] ’ b (OIH)
— ry; [cos2 (G{IH) — sin® (0{’,,)] 0 o ( ot )
+ 2r3; cos (O{IH) sin (0{1}1) Y H ]
(E.2.88)

0
{iBH2P} = { —r3j } (E.2.89)

The {,-BHlf]—-vector.

{ 2w[rgj cos (0{IH) — r3; 8in (0{1”)]

J — Zw[rg,- sin (0{’;;) + ra; cos (WH)]”lAAm

;BH1B} = (E.2.90)
{ ’ } - 2“”'21'0?,4"1 - széfIH |
- 2"‘”'31'0?Am - TSjéfIH J
The {;BCO?]—vector.
.
(iBOUP)Y = (o)? | = ragsin® (6l) — ra oo (6) sim (05 (E291)

— Tg; COS (0{’,,) sin (0{’;,) — T3j cos’ (05&1)
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E.3 Extraction of angular accelerations from inertia vector.

As can be seen from [Part 1, Eq. 4.11.34], the [Ag]-matrix, S = A or S = B, is part of the

vector components of the inertia force vector éng}. Further, the way the matrix enters the
components makes it difficult to extract the DOFs in a simple way solely by symbolic manip-
ulations. It has to be done the hard way, by multiplication of the expression and afterwards
sorting the result after DOFs and finally writing the vector, or part of it, as a matrix product.

It has been chosen here only to extract terms related to the second time derivative of the
rotations. This corresponds to the terms in the skew-symmetric part of the [Ag]-matrix and
will contribute to the mass matrix. These terms are important, when the eigensolutions are
sought. The first time derivatives could equally well be dealt with in the same manner and
would then contribute to the Coriolis-matrix. It has been chosen here to leave the first time
derivatives in the vector, allthough the time integration might appear to be a little slower,
because more iterations might be needed in order to reach equilibrium according to the wanted

accuracy.

When extracting angular accelerations, the vector is written for elements on the shaft as
{iFL} = WFT20l {8, } + {:F T} (E3.1)
and correspondingly for elements on the blade

{iFB} = (FT2p) {0} + [:FA25) {64, } + {FH2E,} 65, + {,FTE}  (E32)

Here {,-FT&} and {;FT,E;} is the remainder, when the other terms have been extracted from

{;F&} and jiﬂ%&’ respectively. The coefficient matrices and vector for the extracted terms

are composed as shown below.
[:FT244] = [iKoa) [Aar) (E.3.3)
[iFT24p) = [:KoB) [ABr] (E.3.4)
[iFA248) = [; Kog] [ABA] (E.3.5)
{FH2E;} = — [:KosB] (E.3.6)

In these equations the matrix [;Kos], S = A or S = B, expresses dependence on local geometry
and material parameters
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[iKos] =

-

(K1:Th — Ky, T4]
[~ K1y Ty — K, T7]
["KlyT4 _ Kla:T7]

[K1:T2 — Koy T5]
[_KlyTZ - K21'T8]
[_KlyTS — Kla:TS]

[K la:T3 - KZyTG]
[_KlyT3 - K2.’L'T9]
[—K&Ts — KlzT9]

[K3,T) — K4, T4
[K3:Th + Kay Ty
[— (Ksz + Ks,) Ty
+K6yT4 - K62T7]

[K3yT2 - K4zT8]
(K31 + Ky T5)
[— (Ksz + Ksy) T
+ Koy Ts — Ko, T5)

(K3, T3 — Ky T
[K3:T5 + K4y T
[_ (KS:c + KSy) T3
+ Koy Te — Koz To)

M; [4Tg;:s)

[K1:Th + K2, Ty
[—K1,T1 + K2, T7]
[— K1, Ty — Ky, T7]

(K112 + K3, Ts]
(K1, T2 + K. T3]
[—I(lyT5 — K. T4

[K12T5 + K2y T
[ K1, T3 + K, To)
["KILTG — K, Ty)

[— K3y Ty — K4, T7)
[—K3,T) + K4y T4)
[— (K51' + KSy) Tl
—Ke, Ty + Koz T7)

[—KSyT2 - K4.’cT8]
[~ KouTs + Ko, T5)
[_ (I(S:r: + KSy) T2
—Ke,Ts + Ke,Ts)

[ K3, Ts — Ky To]
[~ K3, Ts + K4 T)
[~ (Ksz + Ksy) T
_KGyTG + KG::.'TQ] J

(E.3.7)

Here M; is the total mass of the element, and [4Tg;s] is a (12 x 12) transformation matrix

composed of 4

(3 x 3) usual transformation matrices [Tg;s] located on the submatrix

diagonal. All other elements are zero.

The matrix [; Koas] is the column matrix corresponding to the 3™ column of [;Kys].

In [;Kos] the T,-terms, r = 1,..,9, are

Ty = T T3 — ThoTyy
T, = T T33 — T1aT54
T3 = T Ts2 — TooT
Ty = T1Tys — ThaTn
T5 = T11Ts3 — T13T31
Ts = T21T33 - T23T31
T'r = T12T23 - T13T22
TS = T12T33 - T13T32
Ty = T2oT53 — ToaT3;

(E.3.8)

where the T,,-terms are components of the tranformation matrix [Tg;s], located at row r and
column s.

The K, .-parameters, r = 1,..,6, and c =z or c = y, in [;Kps] are
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Y
Klz = %r:z
1
I{ly = 'Z'Ty
K2.17 = % % O
1 |

Ky = ¢} IyQy

K3, = 112 rof

Kz, = Lr ¢

% T 12y , . (E.3.9)

Ky = 69:::771:7”13;

Ky = 69y77y7'§y

1{51 = %T%x

— 1,2

K5y = ErIy

Kez = %er%zesl

K6y = %eri/e-ﬂ J
The matrices in Eqs. E.3.3, E.3.4, and E.3.5 are composed of transformation terms related to

q P

transformation between substructures, the origin of which is the skew-symmetric part of the
[Ag]-matrix. The actual values are

[Aar] =
— [sin(8) + cos(6)6%7,) | cos(8)[0Fr, — sin(0)03r,] | —[cos(6) — sin(6)81,,]
— 031 1 Olre
— [cos() — sin(0)0%,,) | —[sin(8)8T,, + cos(8)0%y,) | [sin(6) + cos(6)07r,)
(E.3.10)
[Apr] =
[ [—sin(8)cos(6Fy) [—cos(8)cos(8, ]
—cos(ﬁ)cos(ﬂ{’H)Og'T, [sin(6%y) +sin(015)007
—sin(8% H)03Tt +cos(8)cos(0fL,)07, +sin(0)cos (015057,
+sin(8)sin( }{,)01 e —sin(0)cos(01 5 )037, +cos(8)sin(0 )0‘1“4"l
—cos(8)cos(015 )24, +cos(07,)64,4,.] +sin(0)cos(01y)024m
—cos(0)sin(0y%)054,) +sm(0)sm(0 1 )084m)
[sin(8)sin(0f, [cos(ﬂ)sm(ﬂ ")
+cos(0)sm(01H)02T, [cos(6F) +c°3(91H)91Tc
—cos(03,)0%, —cos(9)sin(0L,)6%,, —sin(8)sin(01,)01,
+sin(6)cos(d )01 A +sin(0)sin(0] H)93Tt +cos(8)cos (01 )0{ am
+cos(8)sin(01 )04, —sin(0)084,) —sin(0)sin(01y)09am
—cos(0)cos(0f )02 ] +sin(0)cos(67%,)044,,]
[—cos(8) [-sin(6)677, [sin(@)
+sin(0)6%,, —cos(0)83r, +cos(8)6%,
+5in(6)0744 ] ~04m] +eos(0)0fam] ]

(E.3.11)
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[ABa] =

[—cos(0i)05um — 5in(015)054m] | [sin(8f) + cos(81)084m] | [—cos(8f]y) + sin(015)0fy

[3""(051)0?,4"; - ‘-'05(9{[}1)95‘.4@ [c"’(ofln = 3""(931)0?.«» [3iﬂ(aflt;) + C‘”(olHH)oi‘Am]

02AAm

-1 _03AAm
(E.3.12)

The terms of the first row in these 3 matrices belong to the Ag(1,2) element (S = A or
S = B), the terms of the second row to Ag(1,3), and the terms of the third row to A5(2,3),
the only elements of the skew-symmetic matrix different from zero. Column No. r is composed
of coefficients to one of the angular acceleration DOFs 64, = or 67,.

=
4
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F Wind field and aerodynamic model.

The main objective with the present theory is to carry out parametric studies related to
influence of change in dynamic response parameters, rather than provide the basis for the final
design of the wind turbine structure.

It is important that the results reflect what happens relatively, when essential dynamic pa-
rameters as e.g. stiffness and mass are varied. Therefore, the aerodynamic excitation of the
blades must reflect essential characteristics of the real excitation in such a way that changes
in response, when dynamic parameters are changed, are not caused by the different action of
the aerodynamic model for the different structural configurations and load conditions.

As long as this requirement is fulfilled a certain freedom in the choice of model is present.

Because the phenomina to be investigated are of highly dynamic and non-steady nature it
would be preferable to use an aerodynamic model, which was able to adequatley describe the
non-steady interaction between flow field and blade element. This would require a non-steady
vortex model in combination with a blade element theory, which was able to incorporate the
effect of time variation of the resulting wind speed at the profile.

Turbulence is an important factor when the dynamics and the lifetime of a wind turbine are
investigated. Due to rotational sampling, i.e. the effect of the blades moving through the
turbulence in a vertical plane, the frequency content in the turbulence is redistributed, and
this effect is important when a general model for the loads is established.

The influence of turbulence has been treated through the last years with increasing interest.
The most convincing models are mainly attached to the frequency domain methods, where
the treatment of turbulence is carried through with great advantage due to the ability of the
models to deal with the stochastic nature of turbulence, [M3]. When nonlinear effects must
be taken into account, the frequency domain models usually get very complicated.

Also skew wind caused by tilt, yaw misalignment, and slope inclination of surrounding terrain
are important in characterizing the wind speed, because they give rise to time variation in size
and direction of the resulting wind speed as felt by the blades.

Further, experiments have shown that other less obvious three-dimensional effects are of sig-
nificant importance on a rotating blade. The most essential of these effects are [M1]

1. Centrifugal forces on the aerstream
2. Radial pressure gradients

These effects should also be incorporated in the model if the latest findings in the research
field should be properly represented.

The non-steady vortex model is available as a sound theoretical basis, e.g. [H1], [S1], and [H3].
Still, the models suffer to some extent from the lack of verification through a comparison with
experimental data. Further the model is very time consuming, when simulations are run on a
computer and therefore not well suited for parametric studies.

The non-steady blade element theory is not yet developed to an operational model, where
also three-dimensional effects are accounted for. Existing helicopter rotary wing models can
not be adopted directly, mainly because the flow around a helicopter blade is characterized
by Reynolds numbers of about one order of magnitude higher than for flows around a wind
turbine blade. Extensive work is going on in the field, both theoretically and experimentally,

e.g. [B2] and [M2].
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Considering the freedom in choice of model for aerodynamic excitation, and the facts about
the ideal models, as mentioned above, it has been decided to use the simple and well known
blade element theory, with inductions derived by considering the momentum balance for a
stream tube as basically outlined in [G3]. The method is slightly modified here to allow for
axial inductions greater than 7 by introduction of a reduction factor on the mass stream.

The limitations of the method are reflected in the development of new models. These lim-
itations are well known to day, because extensive comparison with experimental results has
taken place through the last decade, for wind turbines of the type and size, the investigation
of which is the aim of the present work.

The three-dimensional effects mentioned above could to some extent be accounted for, because
the investigations in [M1] have resulted in a set of profile coefficients, which reflect the influence
of these effects. The coefficients are valid for one specific use of a specific blade, and that
blade will be a part of one of the configurations, which will be the aim for simulations with

the present model.

The experience with the simple blade element theory has shown that especially when the blades
are stalled, the assumptions for the method are violated and the results might be erroneous,
and perhaps even useless e.g. in a dynamic analysis. The hysteresis loop in [M2] shows that
highly unsteady conditions might arise in the stalled region

Wind shear and tower shadow are included in the model and the tower shadow is the main
source for dynamic excitation of the structure when turbulence is disregarded. Different tur-
bulence models can be included with ease, because the wind vector is defined in space and
time in the model by now.

The numerical turbulence time simulation models available generally require much processor
memory because an adequate model must incorporate the true frequency content and correctly
describe the spatial structure of the turbulence as function of time with a rather fine resolution
in order to get something usable [V1]. Models better suited for computer simulation are under
development. One method uses a backward difference equation in combination with generation
of random numbers, but the method is not yet available for three dimensional flow [GS5].
Another method is based on a series expansion of the turbulence [H4] and when the series is
truncated a model usable in simulations is achieved. The estimation of the influence of the
truncation on the results is then an important part of the use of the method.

In spite of its memory consumption the Sandia model [V1] has been chosen for the simulations
in the present work. The method is rather well documented, allthough some aspects regarding
the preservation and distribution of the variance do not seem to be completely explained. Still,
this is of less importance in parametric studies where we primarily want to look for relative

changes in response, rather than the absolute values.

The induction is calculated under the assumption that the 'frozen wake' approach is valid,
which means that it is assumed that the wake is unaffected by the fluctuations in wind speed,
only the mean values influence the generation of the wake [T2]. For simulations carried out at
constant mean wind speed this assumption has as a consequence that the induction can be
calculated initially and used throughout the simulation.

Because the usual way of setting up the induction equations is based on scalar expressions for
axial and tangential directions, respectively, and the present theory is set up in vector notation,
it has been found valuable to go through a summary derivation of the equations with the aim
of providing the expressions needed in the present context.

Below, the wind field is first described. The free wind is assumed to follow the logarithmic
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shear law as mentioned in Sec. F.1. The tower shadow is modelled by use of the potential
flow model. This is mentioned in Sec. F.2. Below in Secs. F.3, F.4, and F.5 the derivation
of the expressions for induced velocity and aerodynamic forces at a cross section is carried
out. Next, in Sec. F.6 the actual radial distribution of cross sections, where aerodynamic
calculation takes place (denoted calculation points) is described. Finally, in the same section,
the consistent transformation of the aerodynamic loads to the element nodes is derived.

F.1 The free wind.

The local free wind speed, {sz, is defined as the wind speed that would be found at the
location if the wind turbine to be analyzed was not present. The upper index M indicates
that the vector components are with reference to a coordinate system, which is well suited for
description of the free wind field and here denoted the meteorological coordinate system.

The free wind vector at a point, defined by the position vector {rM } is usually resolved in
two vector components

{oM} = {oM [}, ]} = { [(=3]} + {oM [}, 1]} (F.1.1)

where
{vf,f [{rM}]} is the mean wind speed. Usually the averaging period is 10 min-
utes

{vf” [{rM},t]} is the wind speed fluctuation, the turbulence, reflecting the
stochastic characteristics of the free wind (the lower index ¢ refers

to turbulence)
{rM } is the position vector to the point in question
t used as independent variable is the time

In general all factors influencing the free wind should be taken into account, e.g. terrain rough-
ness, atmospheric stability and local topography. Terrain roughness should here be understood
in a wide sense also including e.g. other wind turbines.

F.1.1 Mean wind.

The air flow at a real wind turbine site is often influenced of important irregularities in the
upwind direction. A design model should of course allow for incorporation of these effects also
in relation to the mean wind speed, e.g. reversed flow near the edge of a slope. But considering
the objective with the present work these effects will not be modelled here, because the primary
need is just an appropriate reference case.

The free mean wind speed can often be adequately described by a simple shear law when the
terrain is homogeneous in the upwind direction.

One possibility is to use the logarithmic shear law which will be adopted here:

’{ m [{'M}]}’ ( e rtmt ) H” [thub]}l (F.1.2)
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This equation gives the numerical value of the wind speed at a given height over the ground
zp, and assumes that the mean free wind vector is parallel to the surface of the ground, and

that the zps—axis is perpendicular to the surface.

The new symbols in Eq. F.1.2 has the meaning:
M Zm—coordinate for the hub (|za,nus| =hubheight) in M—coordinates
20 roughness length for the surrounding terrain in upwind direction

The only reason for considering the hub height |zprh4| in M—coordinates, indicating that
|27 hub| and |zpg 5| may be different, is that the simple shear law is believed to be an acceptable
model also for the flow following a slope as long as the location is far enough from significant
changes in slope inclination. The subject of describing the factors influencing the flow in general
is without the scope of the present work and shall not be pursued any further.

F.1.2 Turbulence.

The turbulent part of the free wind speed is completely described in the M—coordinate system
in terms of spectral densities of the velocity components at a fixed point and coherence and
phase spectra to specify the statistical correlation between velocities at two separate points.

Allthough fluctuations in a plane perpendicular to the mean wind direction are part of a
complete description they are disregarded in the present work because their influence on the
blade loads usually can be neglected, at least when the blade profile is unstalled as shown
in [M5].

The longitudinal wind fluctuation, vt]:,’ = u, the fluctuation in direction of the mean wind speed,
is modeled as a stationary and homogeneous random field with zero mean.The stationarity
implies that the probability distributions only depend on separation in time and not on absolute
time. Equivalently, the homogeneity implies that the probability distributions only depend on
spatial separation in a plane perpendicular to the mean wind direction and not on absolute
location in the plane.

The stationarity assumption is necessary in order to make use of the description of the process
by correlation functions. For time periods of the order of magnitude 10 minutes, which will
be the case in the present simulations, it is realistic to assume stationarity and the problem of
how to deal with the instationarity can be preserved untill the longer periods must be analyzed
e.g. in a fatigue analysis.

The homogeneity assumption implies that the probability distributions of the turbulence at
given points must be invariant with respect to a parallel displacement of the given point con-
figuration. Within an area of the size of the rotor disc this approximation is usually good, at
least for small and medium size wind turbines. Comparison of models which assume homogene-
ity with extensive measurements on rotor diameters up to 40 m has shown good agreement,
e.g. for the Nibe wind turbines [P5], at sites without important irregularties.

It is further assumed that Taylors "frozen turbulence” hypothesis is valid, i.e.

u (yMat) =u (yM — Uy T, ¢ — T) =u (yM07 tO) (F13)
YM is the yas—coordinate at time ¢
YMo is the yar—coordinate at time t,

T =t — tp is the time separation
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The hypothesis expresses that an observer would experience the same turbulence whether he
was at rest at a point with the turbulent wind field passing by or he was moving with the mean
velocity —v,,, through a "frozen turbulence”, i.e. a volume with all the air particles fixed at a

given instant.

The power spectrum for the longitudinal fluctuation is here described by a one-sided power
spectrum (i.e. a spectrum only defined for positive frequencies but with a value of twice the

standard two-sided spectrum), which is due to [K1]

L

Su(w) = o?—2m (F.1.4)
) a(1+1.5%)§

where the symbols have the following meaning and relation to other characteristic parameters

w frequency in ;%g

o’ variance

L= -215% spectrum length scale

fm = -‘;ﬂ%ﬁl peak frequency

w frequency at which wS, (w) has its maximum

According to extensive investigations [M3] it is general practice in wind turbine analysis to
assume that the phase spectrum is identically zero and further that the coherence function

has the simple exponential form [D1]

X (D,w)* = exp (—Ap) (F.1.5)
where
A is the decay factor
D\ 2 e .
[ = [(‘:—m) + (%) ] is the similarity factor
D is the separation between the two points in a plane perpendicular to

the mean wind direction
Also, it will be assumed that the cross—spectrum between the longitudinal wind components
at points on a plane perpendicular to the mean wind direction can be factorized giving

Sy ({7‘1} ,{7‘2},&)) =Sy (w)x(D,w) (F16)

where
{r:} 1 =1, 2, is the position vector in the plane to point no. :

Without going into further detail about the actual definition of the meteorological coordinate
system relative to the tower coordinate system, it is at present simply assumed that the
transformation matrix [Tsr], which transforms a vector from the meteorological coordinate
system (index M) to the tower coordinate system (index T°), is known for a specific wind turbine
location and actual wind conditions. The wind-vector is transformed to tower coordinates

through the transformation
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{’UT} = [Trmr) {vM} = (F.1.7)

<
NRy Ry Ey

v

and the wind speed is now specified in space and time to a level where the interaction between
wind field and wind turbine structure can be analyzed. The first step in this analysis is the
incorporation of the influence of tower interaction on the flow field. This will be done in
Sec. F.2. In the following section a short review of the method used for turbulence simulation

will be given.

F.1.2.1 Simulation of turbulence.

In the following the numerical procedure adopted for simulation of the fluctuating part of the

wind field, the turbulence {v{"’ [{rM},tJ}, is described. As explained in Sec. F.1.2 only the

longitudinal component is taken into account in the present analysis, vf: = u.

The turbulence is considered to be adequately described as a homogeneous and stationary
three dimensional random field covering a cylinder with the same diameter as the rotor.

The simulation method is almost identical to the one outlined by Veers [V1] for wind turbine
application and originally developed in [S2] for general simulation of random processes.

On the assumptions mentioned in Sec. F.1.2 the turbulence is completely described by the
power spectral density S (w) and the coherence function x (D,w)>.

The objective is now to simulate the turbulence at discrete points adequately distributed in
the cylindrical volume which during a given time Tj passes through the rotor disc moving with
the mean wind speed v,,,.

The points are assumed to be positioned along lines parallel to the mean wind direction. The
lines are mutually positioned according to some simple geometrical relations which facilitate
the coding. In a plane perpendicular to the mean wind direction the position of the lines might

e.g. be as shown in Fig. 1.

According to the coordinate definitions, the mean wind speed v,, is in direction of the yys—axis.
The simulation points are located at two cylindrical surfaces with radii r, and r;, respectively,
and further a row of points along the ya—axis. The N,;; azimuthal positions are equally spaced
(A6 = 27 /N,;;) and numbered from 1 to N,,; = 6, with the numbers enclosed in circles. The
simulation points belonging to each time series, or equivalently to each line, are all given the
same number, ranging from 1 to Ng;,, = 13. As the Taylor hypothesis is assumed valid, the
generation of the turbulence at a given instant and covering the cylindrical disc volume can
be used in the time simulation by propagating the cylinder with the mean wind speed v,,, and
the cylinder having its axis coinciding with the ys—axis.

If the ypr—axis is inclined relative to the turbine rotor axis (the y4—axis) the cylindrical

volume with turbulence will only cover an elliptic cross section of the rotor and a time delay is
further introduced. As these effects are of the order of magnitude [1 — cos (inclination)] x 100%

they have been ignored here.
As the point spectrum and the cross spectra contain the information about the process, the
spectra are the basis in the simulation.

For the simulation we want discrete time series, which give values of the turbulence at moments
where we intend to sample the turbulence. In order to make transformations from the frequency
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The numbers enclosed in
circles denote azimuthal
positions.

The free numbers denote
simulation points.

The yp—axis and the
mean wind speed are di-
rected into the paper.

Figure 1: Example showing distribution of simulation points at the rotor disc.

domain to the time domain easier by use of the fast Fourier transform (FFT) algorithm for
the discrete Fourier transformations (DFT's) involved, the discretization is carried out already
in the frequency domain.

To proceed we thus have to discretize the spectra which here is equivalent to discretizing the
point spectrum.

If the actual sampling interval is At, and we want the time series to cover N samples, then
the total sampling time is

To = AtN (F.1.8)

By choosing these two parameters we have also chosen the frequency resolution. In order to
make the FFT effective N is chosen as a power of 2, N = 2" with n being an integer. The

corresponding frequency increment is

2r 2r
—_ —— I ——— F. 1 -9
Aw =7 =N (F.1.9)

and the highest frequency represented in the resulting time series is the Nyquist frequency

%Aw (F.1.10)

™
Wmaz = ZE

When using the DFT the spectra must have the two sided representation with also negative
frequencies represented. The discrete auto—spectrum is now derived from Eq. F.1.4 at point
No. r as

Sure (wi) = -;-s,, (wr) Aw (F.L11)
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where
Wi = kAw, and k=0, ..., %—
: gives the two sided spectrum values for positive frequencies

The ordinates of the discrete power spectrum for negative frequencies are found from the
ordinates for positive frequencies because the two sided spectrum is an even function in w, so

that

Surr (—wk) = Sy (Wk) (F.1.12)
where now
k=1,.., (% -1 corresponding to positive frequencies with index

(% + 1) y--+s(N — 1), when used in the DFT

giving a total of NV discrete spectrum values, consistent with the definition of the discrete
Fourier transform.
In the following the counters for discrete values of time (p) and frequency (k) are placed as

upper right indices on the respective discrete values (except for w;), while counters for row
and column positions are placed as lower right indices on the vector and matrix elements.

The discrete cross-spectrum for points no. r and s is found as (from Eq. F.1.6)
Su,rs (wk) = Su,rr (wk) X (Drnwk) = ng (F113)

where
D,, is the separation between points No. r and s

In [V1] it is proposed to use the auto— and cross—spectra corresponding to the actual location
of the simulation points, so that the local mean wind speed enters the above expressions. But
according to the homogeniety assumption the mean wind speed at the center point (in the
example point No. 13), equivalent to the wind turbine hub, is used in the present implemen-
tation. There is then no need for distinguishing between auto—spectra at different points and
the following notation can be introduced

S* = Sy rr (Wk) = Supub (F.1.14)

This simplification reduces the computational work and the need for storage considerably.

The spectra are now arranged in a N,;,, X N, spectral matrix where the row and the
column numbers correspond to the simulation point numbers. The diagonal spectra will then be
identical to the auto—spectrum and the off-diagonal spectra are the cross spectra. The matrix
is real and further symmetric due to the symmetry in the separation parameter, D,, = D,,

Sk Sh S SfN""" -
Sk S,",‘s SfN"-m
Sk gk Sk
k] 34 3Nnm
metric Sk SfN,.-,,.-l)N,.-m
k
i J




F.1.2.1 Simulation of turbulence. 69

When the distribution of simulation points in the rotor disc plane has equally angular spaced
azimuthal locations (A4 in Fig. 1), the number of different cross—spectra can be reduced with
a factor N,,; relative to the trinagular off-diagonal matrix. Considerable computational work
and storage can thus be saved by proper choice of simulation point geometry.

A lower triangular matrix [H] is now defined by the matrix product
[s¥] = [#*] [24)™ (F.1.16)

where '*' denotes complex conjugation and ‘T’ the transpose.

Because the spectra are real valued and S* > Sf_,, then a real solution is found for [H"] and
the complex conjugation has no influence.
As [S[)‘} is positive definite the [H "] matrix can be found by a simple recursive solution

algorithm, solving for the H¥ elements column—wise.

Now, the Fourier coefficients {U "} for the N,;,, correlated time series can be calculated from
the following expression

{v*} = [H*] {P*} (F.1.17)

where the components of the vectors are defined as

VE Fourier coefficient for frequency component k at simulation point No. r

Pk = expi0* is a complex number, with the random phase 6* uniformly dis-
tributed between 0 and 2x. Here ¢ is the imaginary unit.

The equation for the single Fourier coefficients corresponding to point No. r and frequency

component No. k, written as a sum, is

UF =3 Hke® (F.1.18)
s=1

where ¢ in the exponent is the imaginary unit.

The effect of the multiplication with the complex number is at the level of Eq. F.1.17 to
add a random phase to the Fourier coefficient in question and in the time domain to make
the resulting time series approach a Gaussian process with zero mean when the number of
frequency components increases according to the central limit theorem.

The time series at simulation point No. r is now found by an inverse discrete Fourier transform

N-1 T
PR (Z Hf,e""f) gi(2mkp/N) (F.1.19)

=0 \s=1

A convincing exercise showing the validity of this expression can be carried out as follows.

By deriving the auto- and cross correlations for the resulting time series and taking the Fourier
transform of the correlation it can be shown that the procedure generates the original target
spectra in the limit [S2].

The above outlined procedure will generate a discrete time value in the disc plane at each time
step. One would usually choose the discrete time values corresponding to the time of passage
of a blade. For a horizontal axis wind turbine with the number of blades N, and the angular
velocity of the rotor wg the time step would be
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2
— F.1.20
At oV, ( )

When doing so, only discrete values of the time series are sampled at N, azimuthal positions
at each time step. The values at the N,,; — IV, remaining positions are spilled.

A way of avoiding this, and at the same time making the calculation more effective, is to
introduce an appropriate time delay to each time series corresponding to an azimuthal collection
of simulation points, in order to generate discrete values only at the time of sampling.

In order to make the technique effective the number of azimuthal positions should be a multiple
of the number of blades N,. If now the number of azimuthal positions N,,; is divided into
N, groups, then each azimutal position within each group must have increasing time delay in
direction of the rotation starting with zero delay at the first azimuthal position. If positions
with number index j within each group are assigned local numbers from 0 to (N,,;/N, — 1),
with the numbers increasing in direction of rotation, then azimuthal positions with the same
number must have the same time delay. With reference to Fig. 1 the numbering is illustrated
for the number of blades N, = 3. Assume that the zero position is with blade 1 at azimuthal
position 1, blade 2 at position 3, and blade 3 at position 5. Group 1 would then cover positions
1 and 2, group 2 positions 3 and 4, and group 3 positions 5 and 6. The local number 0 would
be assigned to positions 1, 3, and 5, and the local number 1 to positions 2, 4, and 6. The
time series at the center point (No. 13) is not delayed. The directly sampled values at the
center will only cover sampling when the blades are in local position 1. The remaining values
are achieved by interpolation. It is accepted because the accuracy is less important close to

the hub.

The actual time delay for local position No. j within a group is calculated from

180 _ g2 (F.1.21)

wr  Ngiwn

tdelay,j =

Because we actually are generating the time series in the frequency domain it is straight forward
to introduce the time delay here, which is equivalent to introducing a phase delay, which then
is frequency dependent. If one term in the Fourier series is considered

uP = Ukei@me/N) _ [k i(2RERt) (F.1.22)

it is observed that the time delay t4ciqy,;, for the k'th harmonic, corresponds to a change in
phase of

2k 2nk  2mj
_— L F.1.23
delay,i — N At tdectay.; NAt N,iwr ( )

This relation is introduced in Eq. F.1.19 to give the final delayed time series as
N-1 r . .
=Y (Z H,’;e’("f-”.’ienay.r)) ¢'(2mkp/N) (F.1.24)
k=0 =1

where discrete turbulence values now are generated on N, helical sheets following the path of
the blades.
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In this equation a reference between the local number j and the global number r is implied.

For the actual dynamic simulations the time step, required in order to achieve stability and
acceptable accuracy, will usually be much less than the time step which an angular resolution
can offer, owing to the limits in computer storage. It will therefore often be necessary to
interpolate in azimuthal direction equivalent to time. Interpolation will also be needed in the
radial direction with the chosen radial resolution. These interpolations will to some extent
influence the quality of the resulting wind input at the aerodynamic calculation points, but
the problem is believed to be minor as long as the resolution of generated turbulence is good
at the outer part of the blade. The error is due to limited frequency resolution and is detected
in the power spectra as a loss of variance [V1]. This topic will not be investigated any further
theoretically in the present work. The quality of the simulation will only be evaluated by
comparison with measurements.

F.2 Tower interference.

In this section the influence from tower interference on the flow field is considered.

It is assumed that only the mean wind speed is affected by the tower and only its components
in a horizontal plane. It is further assumed that the flow can be modeled as a potential flow
field, and the tower is assumed to have a circular cross section.

In direction of the projection of the free mean wind speed {v,,,} on the horizontal plane an
yu—axis is defined as shown in Fig. 2. The z—axis and the origo of this new coordiante system
is coinciding with the z-axis and the origo of the tower coordinate system (index T') and the
zy—axis is the third axis in the triad. The potential flow field is initially described in a polar
coordinate system (rg,0) and then transformed to the rectangular coordinates (zps, yar, 2um).

In Fig. 2 the symbols not already mentioned has the meaning:

the yaw angle defined here as the angle from the zy—-axis to the z7—
axis, i.e. positive in the usual z—positive sense. As long as the rotor
axis is aligned with the yr—axis this yaw definition is in accordance
with that commonly used

Qyaw

{vr}  polar unit vector in radial direction

{ve} polar unit vector in tangential direction
0 angle for polar coordinates

Tg radius for polar coordinates

rr radius of circular tower cross section

From potential flow theory it is well known that the flow around a circular cylinder is described
in polar coordinates with the actual coordinate definitions in mind as

2
VR = Uh (1 - r—f) sin 6 (F.2.1)
g
2
Vg = Ump (1 + —121) cos 8 (F.2.2)
Ts
Vmh = |{vmr}|, is the numerical value of the projection of the free mean

wind speed on the horizontal plane
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{vr}

ro

The z-axes point out of the ‘T
{vmn}
paper.

Figure 2: Horizontal plane coordinate system and polar coordinates for description of
potential flow around the tower.

Transformation to rectangular coordinates is carried out by use of the geometric relations

cos = “H (F.2.3)
To

sing = 22 (F.2.4)
Tg

ro =tk + v} (F.2.5)

which after substitution on the right hand side in Egs. F.2.1 and F.2.2 gives the wind vector
components with reference to the unit vectors of the polar coordinate system.

Further these must be transformed to the H-coordinates by the transformation (only two
dimensions are considered)

vl cosf —sinl v
fmz _ R
{ i } B [ sinf cosf vg } (F26)

Carrying out this multiplication and the substitutions from Eqs. F.2.3, F.2.4, and F.2.5 the
result in rectangular coordinates is finally written after reduction

H THYH 2
Vimg = —2Vmh 37T (F.2.7)
(= +v#)

2 .2
TH_YH 2 (F.2.8)

H
Ufmy = Vmh |1 + 2'T
™ (= +vk)
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The resulting mean wind speed vector {vf’m} in H—coordinates, including influence of tower,
is now obtained as the new horizontal components from Eqs. F.2.7 and F.2.8 and the vertical
component v¥ = v which was not modified by the tower influence. Finally the vector is
transformed to the tower coordinate system by use of the transformation

T )
Vfmz COS Qygw SN Qyqy 0 v?mz
vhn t = {vfm} = [Tyr] { vfm} = | —sin@yuw C€OSQuy 0 v}{my (F.2.9)
oT 0 0 1 H

fmz vfmz

which also defines the transformation matrix [Tr|. The position in the horizontal plane where
the wind speed is sought is usually known in the tower coordinates. The corresponding H-

coordinates are found from
zg | _ | cosayew —sinay.w Tr (F.2.10)
yr | | sinoyaw  COSQyew YT -

The resulting wind speed in tower coordinates, equivalent to the flow field in the proximity of
a wind turbine without rotor, is now written in tower coordinates as

{7} = {oFm} + {F:} (F.2.11)
where
{v};} is the turbulent fluctuations directly transformed from meteorological
coordinates
{v7.} = [Taar] {o}} (F.2.12)

The tower influence is only considered for points below the horizontal plane through the hub,
defined by the z~coordinates |z7| < hubheight.

F.3 Momentum balance for a stream tube and induced veloc-
ity.

The aerodynamic forces on a blade element are assumed to be adequately described by the
simple blade element theory. As shown in Fig. 3, the blade element is a radial section of the
blade at radius z and of length Az. The aerodynamic properties of the element are assumed
to be completely defined by length and position of the chord, ¢, and profile coefficients, which
relate the resulting wind speed to the force at a specific angle of attack, a (see Fig. 4).

The derivation of induced velocity is carried through by considering the momentum balance
for a stream tube as shown in Fig. 3. The derivations found in the litterature e.g. [G3] consider
the momentum balance for an annular stream tube and assumes that neighbouring tubes do
not interact and further, that the induction is the same all over the annulus. The first of these
assumptions is equivalent to assuming that the shear stress between adjacent annular tubes
is negligible. The second assumption implies that the flow field must be axi-symmetric. These
assumptions lead to rather simple equations for the induction. Only experiments can show
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Figure 3: Stream tube and blade element.

whether the assumptions are reasonable. The flow through a wind turbine rotor is influenced,
among other things, by wind-shear, tower shadow, and turbulence. The above assumptions are
therefore always violated to a certain degree. Nevertheless, the equations are often used in their
original form when incorporated in wind turbine models. It is equivalent to only considering a
stream tube as shown in Fig. 3 and assuming that neighbouring tubes do not interact. This
is done in the following, where the induced velocity is derived by considering the momentum
balance for such a stream tube.

Below, the lower index s refers to the direction in which the momentum balance is considered.

The decrease in momentum for the flow through a stream tube, as shown in Fig. 3, is considered

during the time for one rotor revolution
27
T=—
w

where w is the angular velocity of the rotor.

The mass-stream through the tube is

m = pu, (2A0,Az)

where

Us

A
Az

: density of the air

: velocity of the air through the tube
: actual radius

. increment in azimuthal angle

: radial length of the blade element

(F.3.1)

(F.3.2)
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and the product in the brackets gives the area of the stream tube.

In the simple momentum theory the continuity condition for the flow implies that the decrease
in wind-speed at the rotor plane is half the total decrease in speed for the air-stream passing
the rotor disc. The half decrease is equal to the axial induction, w,, and the total decrease is
equal to 2w,. The same relation is assumed to be valid for the tube considered here.

By use of Eq. F.3.2 for the mass stream and the total decrease in velocity the total decrease in
momentum for the flow through the stream tube, during one rotor revolution can be written

T(2w,) = uy (2A0,A2) i—" (2w,) (F.3.3)

This change in momentum is equal to the impulsive force from the rotor blades on the stream
tube. The impulsive force from N blades (during one rotor revolution) is

NF At = N (I,Az) (AO,,) (F.3.4)
w
where
F, = 1,Az expresses the lift force from one blade element on the stream tube
At = A—j‘ is the time this force acts on the tube during one revolution
[, : projection of lift (per unit length) on the direction in which the momentum balance

is considered

Equating the change in momentum and the impulsive force gives, after common factors have
been cancelled

Nl, = 47 pu,w,z (F.3.5)

The induced velocity on the right hand side w,, is derived under the assumption that the rotor
can be represented by a disc corresponding to an infinite number of blades. w, is therefore also
influenced by the actual number of blades. A correction for this is introduced in Eq. F.3.19

below.

The direction in which the momentum balance is considered, as referred to above with the
index s, is defined by the vector {e,}. In order to distinguish between {e,} and its projection
on the profile cross section, the normalized projection is written with an extra lower index c,
{esc} as shown in Fig. 4. {e,} is parallel to the z—axis of the main shaft element closest to the
hub and is directed downwind. The choice of this direction is based on the assumption that
the total influence of the blades considered as a disc is in that direction.

It is convenient to define a coordinate system at the cross section, (z,,y,, 2,), where {e,.} is
the unit vector in the y,~direction. The z,-axis coincides with the aerodynamic center and is
parallel to the element z—axis. The z,~axis is found as the last in the right hand triad.

This coordinate system is suitable for the calculations concerning the two—dimensional flow
over the profile.

In Fig. 4 a cross section of the blade is shown. The two dimensional flow, from which the
aerodynamic forces are derived, is considered. The vectors in the figure not already explained
have the following meaning:




F.3 Momentum balance and induced velocity. 76

Vectors with lower last index c are
projections of vectors on the cross
section. {esc} is the normalized
projection of {es}. {vex}

Figure 4: Projected wind speed and lift at a cross section.
{v.} resulting wind speed at the cross section

{vr} = {vge} + {vec} + {w} (F.3.6)

{vsc}  projection on the cross sectional plane of the free wind speed {v;}, including
influence from tower shadow, shear, and turbulence, i.e. the wind speed that would

be found at the same location if no blades were present

{vec}  projection on the cross sectional plane of the wind speed {v.}, experienced by the
blade due to its own velocity, including elastic deformation velocity

{vesc}  projection on the cross sectional plane of the sum of {v.} and {v;}

{w} induced wind speed, directed opposite to the lift {I} and perpendicular to {v,}
{vrz}  component of {v,} along z,-axis, |{v,z}| = v,s

{vry}  component of {v,} along y,-axis, |{v,y}| = vry

{1} resulting lift force, perpendicular to {v,}

{e1} unit vector in direction of lift

The remaining symbols in Fig. 4 refer to

c chord length
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a angle of attack. The angle from chord direction to resulting wind speed {v,}.
The angle is positive in negative z,—sense (positive z,—sense refers to the rotation
direction, which a right hand screw should be turned in order to move in direction

of z,)
Qg angle from chord direction to z,. The angle is positive in positive z,—sense

To proceed, it will be helpful to derive the scalar quantities in the momentum balance in
Eq. F.3.5 from the vectors representing velocities and forces.

The following interpretation is given of the scalars above

u, Iis the projection of the sum of the free wind speed, {v? } and the induced velocity, {ws }
upon the shaft-parallel unit vector {e,}. If the projections are expressed by the scalar
product we get

wom (Y ) )

= vfs+wa

(F.3.7)

l is the projection of the lift vector upon {e,}
L= {1} {e$) (F.3.8)

where

{7} = gel{}f cut@ye{er}
= 1{ef} (F.3.9)

In this equation some symbols have been used for the first time and their meaning have
to be explained:

CL(a) the profile lift coefficient for 2-dimensional flow, which is a function of
a.
l numerical value of the lift (Eq. F.3.9 defines the variable)

The vector introduced above, {e,s}, is found as the unit vector in the direction of {v‘f} rotated

% In negative z,~sense. This relationship is explained by the law giving the size and direction

of lift caused by the circulation around the profile {75} and the resulting velocity {vf}
{IS} =p {vf} X {'yf} (F.3.10)

{’yus} is directed along the z-axis.

The unit vector in direction of {vf} is written
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‘US €ry
{ef} = l_{{_t)%—l = { eay } (F.3.11)

Expressing {vf} in this equation by its components in the S—system

{05} = [ras 01y, 0] (F.3.12)
we get

= (F.3.13)

Crp =
/ 2 4 p?
U vry

= (F.3.14)

Ery =
/ 2 2
Uz + vry

The unit vector in direction of the lift is the vector {e,s} rotated 7 in negative z,—sense or
equivalently defined by the cross product

(e} = {5} x {e5) = { g } (F.3.15)

0

Now, the momentum balance can be written in vector notation
e ({es}" {5} + {5} (o)) ({2} o)) 2=
INe {5} Cula)e ({ef}T {ef}) (F.3.16)

2
from which the induced velocity {wS}T = [wf,wf,o has to be found. In fact Eq. F.3.16 is
an equation with only one unknown scalar, when it is realized that

{w'} = —w{ef} (F.3.17)

Introduction of this relationship in the momentum balance Eq. F.3.16 gives after reduction

N {us}] Cr(a)e
N | F.3.18
87z [{ef}T {v‘f} —w{eS}T {eis}] ( )

giving a value for the induced wind speed. The solution is an iterative procedure because {vf },

{ef}, and o are functions of w.
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In deriving the momentum equation it has been assumed that the rotor has an infinite number
of blades. When only a finite number of blades are present the induction will not have its full
strength close to the boundary of the wake due to a flow of air around the edges of the vortex
sheets, which are shed from the trailing edges of the blades. An approximate description of this
flow has been given originally by L. Prandtl and can be found in [G3]. According to this theory,
the influence on the induced velocity is taken into account through the so called tipcorrection
which is expressed by the reduction factor

2 NR-=z
F = — arccos [exp (_Ezsin ¢)] (F.3.19)

where
R is the radius of the rotor

] is the angle between the vortex sheet and the plane of rotation at the blade
tip. The angle can be derived from

{5} {5}
TES (F.3.20)

In the present application of the theory the tipcorrection is introduced in Eq. F.3.18 as a factor
on w, only on the left hand side. This is in accordance with the use of the theory in [@1, 31
pp.] where a reference is given to [V2]. Here, it is shown that the tipcorrection should be used
in this way, and w on the right hand side of the equation should not be corrected, as one

would immediately expect.

sin ¢ =

Defining the axial induction factor as

a= F.3.21
{es}T { 3 (F:3:2D)

it is clear from the derivation of the momentum equation that the theory only is valid for the

axial induction factor less or equal to 1, in that a = 1 corresponds to zero velocity in the

wake.

In order to adapt the theory to situations of high induction an empirical correction factor f,,
on the mass stream is introduced according to [@1, 31 pp.] and [F1, 18 pp.]

(F.3.22)

O {10 =t

o= 1 for a<
™7 ] 1.25—-0.75a for a>
The final equation for w is now

EAC
" 8z [{es} {v} fmw{ess} {Cls}]

(F.3.23)

which, as mentioned above, must be solved by an iterative procedure.
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F.4 Simplification of the induction equation.

With the purpose of simplifying the solution of Eq. F.3.23 the equation is rewritten in the
following by use of the geometric relations, which can be derived from Fig. 4.

By use of Egs. F.3.13, F.3.14, F.3.15, and F.3.17 the induced wind speed can be written

{ws}w{_i’u_:f}_ﬁﬁ_:w{?}i@.(_”rﬁ (F41)
0 J /14 ()’ o JVI+X
where
A= 2 (F.4.2)
VUrx
Signv,, = |—:%:.| (F.4.3)

Equating vector components for the resulting wind speed

Vrg Vefer - ion (v
{vf}={ v&y }z{vffc}+{ws}={ Vefcy }+w{ (]). }s—l\;-%(*-___%) (F.4.4)

0
we get

Asign (v,;) (F.4.5)

Urz = Vefer — W m

sign (v,
Vpy = Vefey + w—gl\/.-_(.T—)‘_;) (F.4.6)

Dividing Eq. F.4.6 with Eq. F.4.5 gives

v Vofoy + wiER s
A= o T iR (F.4.7)

v . 81, Y

rT ’Uefw w T

By solving this quadratic equation in A we get

A= 1ENIFT -6 (F.4.8)

v -8

where

(comparable to the speed ratio l_e,?}%{i{-vTH) (F.4.9)

s

— Uefer

Vefey
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6= (comparable to the axial induction factor a) (F.4.10)

Vefey

During the solution both sides of the equation have been squared in order to remove the square
roots. This implies that some limitations must be imposed on the result. When sign(v,;) = —1
and further v.s.; < 0, which is usually the case because of the wind speed felt by the blade
due to its rotation, A must fulfil the condition

. 1
A> 2l _ - (F.4.11)
Vefex v

When this condition is met, it can be shown that the negative square root must be chosen
in Eq. F.4.8. Similar conditions can be set for other sign intervals for the variables, and the

correct solution can be chosen.

By introduction of the variables defined above in Eq. F.3.23 the equation can be written in a
form more suitable for solution

N(14++*=X)CL()) (F.4.12)

-A
" ( (e {uf} + 1 {ef}T{ : } et )

Fé =

The lift coefficient Cy, is here given as a function of A because the angle of attack can be
written

a = arctan (—\) — ap, (F.4.13)

In this equation an extended definition for arctan has to be used in order to get values correct
when |a| > Z. In Table 1 below the corresponding intervals for dependent and independent

variables are given.

Vpg | Uy | value of &

=0|>0 a=—%
=0]<0 a=7%
>01=0 a=0
<0[=0 a=7x

<0}|>0| 0<a<?
<0[{<0] -32<a<0
>0|>0] Z<a<mw
>0[<0]|-7 <a<-=w

Table 1: Values of modified arctan-function.

The solution of Eq. F.4.12 implies that the S coordinate— system must be determined as well
as the transformation betweeen element coordinates (E) and the S—coordinates. The latter is
used both when establishing the wind-speeds in the S—system and when the loads found in
the S-system are transformed to the E—coordinates. Therefore the direction cosines and the
transformation matrix is derived in the following with reference to Fig. 5.

The shaft parallel unit vector {ef} with coordinates in the shaft substructure coordinates (A)
is transformed to the element coordinate system (E) by use of the transformation
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Chord, ¢
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Aerodynamic center

The z—axes point out of the paper.

Figure 5: Coordinate systems at cross section.
{ef} = [Tg] [Tas) {ef} = { el eb el (F.4.14)

The projection of this vector on the cross sectional plane determines the {eﬁ} vector after

normalizing. The projection is equivalent to setting the e component equal to zero. The

vector defines the unit vector in direction of y,

{ef: . = [esc:!:a eacy10] = {eﬁ}T (F415)
where
E
Cace = e (F.4.16)

(e£)* (e8)’

E
=y (F.4.17)

€scy r—“—'—‘(eﬁ > (e{ﬂ;)z

The unit vector in direction of z. is normal to the cross sectional plane and we have

{E}" =0,0,1] (F.4.18)

The last unit vector in the triad is found as the cross product

{eE} = {eE} x {E} = { e, } (F.4.19)
0
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The components of the three unit vectors define the direction cosines and the vectors are
identified as the columns in the transformation matrix

€scy  Escx 0
[TSE ] = | —€scx Cscy 0
0 0 1

(F.4.20)

The angle, which the S—system is rotated relative to the E-system in the cross sectional plane,
is found from Fig. 5 as

(F.4.21)

Qes = Qps — Qe

with the sign in accordance with the positive z—sense rotation. The value of the angle is found
from one of the direction cosines, e.g. €,., as

(F.4.22)

Qes = arcsin (—egey)

The angle aq. is known from the blade geometry as the angle from the chord to the z.—axis,
which is the principal z—bending axis. The location of the chord is given through the pitch
setting angle. The influence of the elastic deformation of the blade on the aerodynamic load
due to change in geometry may be taken into account, either by updating the FEM geometry
of the blade during solution or by updating only the pitch setting angle according to torsional
deformation.

The angle of attack can finally be found from Eqs. F.4.13, F.4.20, and F.4.21 as

a = arctan (—A) — gy — g (F.4.23)

and all the variables are now determined.

F.5 Cross sectional loads in element coordinates.

When the induced velocity and the angle of attack has been found, the aerodynamic loads at
a cross section can be derived.

Denoting the pressure

po = zo|{of} (F.5.1)

we get from Eq. F.3.9
{ls} =p,CL () c {ef} (F.5.2)

The profile drag is in direction of {v,} and is expressed by

{ds} = p,Cp (a) c{ef} (F.5.3)
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where

Cp (a) is the profile moment coefficient for two dimensional flow. The coeffi-
cient is a function of a.

{ef} is defined in Eq. F.3.11

Finally, the torque is derived from

{mS}T = [0, 0, p.Cwr (a) c2] (F.5.4)

where
Cwum (a) is the profile moment coefficient for two dimensional flow and with
respect to the aerodynamic center. The coefficient is also a function

of a.
The transformation of the aerodynamic loads from the S- to the E—coordinates is considered

next.

The forces in the E-system yields

Iy
{1¥} = p,CL(a) c[TsE] {ef} = { lg } (F.5.5)
df
{dE} = p,Cp (a) ¢[Tsg] {ef} = { df } (F.5.6)
0

Because the aerodynamic center generally lies outside the elastic axis (refer to Fig. 5), the
forces contribute to the moment when referred to the elastic axis coordinate system (E). If
the coordinates for the aerodynamic center in E—coordinates is given by

{2} = [Zacs Yous O (F5.7)

the total moment with respect to the z.—axis yields
0
{mF} = [Tsp) {m®} + {2} x ({1F} + {aF}) = { n‘(z)E } (F.5.8)
Adding the force components gives the resulting force vector
2
{fE}T = [(F +d%), (iF +dF),0] = { fE } (F.5.9)
0

Now, both force and moment are given in the element coordinates, where the consistent
transformation to the nodes is straight forward. This transformation will be shown in the
following chapter.
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F.6 Consistent transformation of distributed aerodynamic loads
to the nodes.

For a good structural model a high resolution in beam elements is wanted at the root section of
the blade, where the highest deformations can be expected, and for a good aerodynamic model
a dense distribution of aerodynamic calculation points is wanted close to the tip, because the
influence of the loads is most important here and because the resulting wind-speed has biggest

variation here.

To ensure the most correct dynamic behaviour, the structural modelling is given the highest
priority, which means that the element division close to the tip of the blade might be rather
coarse. An aerodynamic calculation only at the nodes could therefore prove to be a bad
aerodynamic model in that area. In spite of that, a distribution of aerodynamic calculation
points following the element is accepted, because only a qualitatively correct aerodynamic
excitation is needed.

The reason for not doing things more correctly, and just define the aerodynamic calculation
points independently of the beam elements, is partly to speed up the simulations and partly
to simplify the programming.

A compromise is accepted, where the derivation of the aerodynamic node loads is not only
based on a calculation of the aerodynamic load at the nodes, but at three points along each
blade element. Thus every added element gives rise to three added calculation points instead
of only one, as would be the case if the calculation was restricted to the nodes.

The calculation points are distributed along the element so that the spacing is equal between
consecutive points on an assembly of elements of the same length. The distribution of calcu-
lation points is shown in Figure 6, where £ is the element length. The meaning of the vectors
and the indexing is explained below.

Figure 6: Aerodynamic calculation points.

From the calculated aerodynamic load at each point a parabolic interpolation is used as the
actual distributed load along the element. This distribution is the basis for a transformation
of the loads consistently to the nodes. The theory outlined in [Part 1, Sec. 4.10] with the
result in [Part 1, Eq. 4.10.14] is used. The loads are all referred to the element principal axis
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coordinate-system, and are only functions of the z—coordinate. Thus the transformation for
element no. i is carried out according to

{FE .} = [ INsa(e)I" (k) o (F6.1)

where the factors in the product can be truncated according to the only aerodynamic load
components, which are different from zero

i 1 aerodynamic force component in x—direction
i . » . .
vgpi aerodynamfc force component in y'—dlrec.tlon.
™M aerodynamic moment component in z—direction

where the index cp: refers to calculation point no. 7, + = 1,2,3. The index Ei implies, that
the components are with reference to the element coordinates. As described in Sec F.5 the
situation, where the aerodynamic center lies outside the elastic axis has been taken into

account.

According to the parabolic interpolation the truncated load vector can be written

(", = (")
a,2> + bz + ¢,
= ayzt +byz + ¢,
2%+ bz + cm

= {fa}2? +{fi}z+{f} (F.6.2)

where the index ir refers to truncation. The vector has only three components as explained
above.

In Eq. F.6.2 the coefficient vectors are linear combinations of the loads derived at the cal-
culation points. The coefficient components are found by solving Eq. F.6.2 for each load
component at all three calculation points, giving rise to three equations with three unknowns

for each load component.

For the coefficient—vector to 2? we get

{fa} = ay
[ 9 11 1 ‘
rz3 [Efx,cpl - f:z:,cp2 + '2'fa:,cp3]

% [%fy»cpl - fy,czﬂ + '21'fy,0p3]

=

—

| & [Hfmern = Fmcrn + ] |

25 W} =2 {2} + (S (.63

il

With equivalent notation the coefficient-vector for z is found to be
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U} = 3312 (s} + 3 {fura} — Ufas)] (F.64)

and finally the constant term is

(£} = 5115 {fn} = 10 {fia} +3 {fis}] (F.63)
Now, inserting Eq. F.6.2 in Eq. F.6.1 results in the following integral
{FE .} = [ Wen I [(5} 2 + () + {£}] ds (F6.6)

As above, the index tr refers to truncation. The matrix has only three columns, corresponding
to the load components different from zero. Substituting matrix symbols for the integrals,
which are defined below, we get

{FE .} = Ll {£2} 2 + sl {5} € + [Tzl {2} (F.6.7)
Here

[l = | Nop (<) dz (F65)
and

il = [ Nss () 3 (F59)

have been derived as full 12 x 6 matrices in [Part 1, Egs. 4.11.33 and 4.11.36], respectively.

The result of the integration along the element length of the remaining integral

ks = [ s (1L (5) a: (F.6.10)

(listed without truncation) is the 12 x 6 matrix
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[I4L] =

[ oy (s + %) 0 0 0 — 3o 0]

0 e(ety) 0| & 0 0

0 0 1 0 0 0

0 "'egz (1%77:;- + %) 0 Oz (’71: - ;lg) 0 0

Lo, ('137)’714 + %) 0 0 0 Oy (’7:4 - 313 0

— €42 [Qy (ﬂy + {lg) - 1—12] €s1 [Qz (7):: + ilg) - flf] 0 ::Ol €51 %602 iIE

oy (31, + &) 0 0 0 & 0

0 0z (3n: + &) 0| -3 0 0

0 0 L 0 0 0

0 to- (&n-+ %) 0 | o- (37 + %) 0 0

—to, (&, +3) 0 0 0 oy (3n,+%) 0
L —€42 [Qy (3'71( + I‘g) - %] €s1 [g.‘l: (3771: + li) - %] 0 _%esl _%602 % 4

(F.6.11)

The resulting node load from Eq. F.6.7 is with reference to the element coordinates (E3).
After transformation to blade coordinates ( B)

{FE,.} = Tes] {FE. .} (F.6.12)

the load is ready for combination into the equation of motion for the total structure, where it
is part of {FgBE} in [Part 1, Eq. 6.5.7].
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