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Summary
The call for more cost-effective and environmentally friendly tower concepts is motivated by tower costs [1] and
tower CO2-emission contributions [2], which are high relative to the whole wind turbine system. The proposed
rotatable tower concept with yaw bearing at the bottom instead of the top of the tower will provide beneficial
economic and environmental impacts to the turbine system. This wind alignment capability indicates a loaddirection-derived tower design. By combining this approach with a lattice concept, large material and cost savings
for the tower can be achieved. This paper presents a way to analyze and verify the proposed design through
aero-servo-elastic simulations, which make future certifications of rotatable tower concepts viable. For this
reason, the state-of-the-art, open-source lattice-tower finite-element-method (FEM) module SubDyn [10],
developed by the National Renewable Energy Laboratory, has been modified to account for arbitrary member
cross-sections. Required changes in the beam element stiffness and mass matrix formulation took place
according to an energy method [13]. All validated adaptions will be usable within the aero-servo-elastic simulation
framework FAST and are also beneficial for other nonrotatable lattice structures.
1. Introduction

2. Review of Former Approaches

1.1 Motivation
The cost of a typical multimegawatt wind turbine
support structure, including transport and erection,
can amount to more than 30% of the whole turbine
system cost [1]. The quest to make wind energy
prices more competitive with conventional energy
generation calls for more cost-effective solutions.
But this is not the only reason why innovative
concepts are necessary. Assuming emissions of 2.8
tons of CO2 per generated ton of steel [2], the
production of conventional support structures—
which weigh hundreds of tons—causes a large
environmental impact. The proposed rotatable tower
concept meets both the cost and the environmental
challenges.

Apart from some historical grain-grinding windmills
with a rotatable tower and nacelle assembly [3], a
first attempt at decreasing the tower “dam” effect by
rotating aerodynamic tower segments in the region
of blade passage was suggested by Kleinhenz [4].
This aspect is likewise mentioned in a patent [5]. A
recent publication [6] assumes an elliptical tower
cross section and presents rough cost estimates for
the tower and yaw bearing. Because of its
rudimentary approach of a simply scaled
conventional yaw bearing, economic benefits could
not be observed, but technical feasibility has already
been attested. A German company proposes a
more detailed yaw bearing concept, which is
embedded in the foundation and provides a certain
distance between two radial slide bearings [7].
Fundamental statics show hyperbolic radial load
reductions, which increase with growing bearing
distances. The patent solution of Himmelmann et al.
[8] takes advantage of the same principle, but
assumes the location of the yaw bearing within the
tower. Another problem is the local buckling
strength of tubular tower concepts with elongated
profiles, where flank-sided shells have low
curvature. Therefore, an aerodynamic tower
concept is modified to a shell-lattice hybrid
approach mentioned in [7]. It consists of two Cprofiles at a prescribed distance from each other.
Both profiles are connected and stiffened by strut
members. Such a concept presents high fore-aft
bending stiffness while also using less material, and
buckling vulnerable shells at the tower flanks are
removed. Lift forces are the result of pressure
integration over the surface of the structure. In the
case of a hybrid tower, replacing tower-flank sided
shells with strut members will cause decreased lift
forces. This becomes even more important for high-

1.2 The Rotatable Tower Concept
Conventional tower concepts are equipped with a
yaw bearing at the top of the tower designed to align
the rotor nacelle assembly (RNA) with the wind
direction. For this reason, the tower has to withstand
equal thrust loads from any direction. In contrast, a
rotatable tower concept features a yaw bearing at
the ground level of the support structure, which
implies that the entire tower is aligned with the wind
direction. Furthermore, a fixed tower-to-RNA
connection causes different shear forces and
bending moments with respect to the local tower
coordinate system. By leveraging this difference,
tower cross-sections other than circular are
conceivable. Significant material and cost savings
can be expected because the material can be
located only where it is needed. The generated cost
savings for the tower have to overcome the
increased costs for a yaw bearing at the bottom of
the tower, even though environmental benefits can
still be expected.
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wind-speed parked/idling design load cases (DLCs)
and yaw-drive complications.

around the x-axis. Considering the different member
lengths and dimensions, a stiff-stiff design
philosophy could be followed, where the lowest
natural frequency is higher than the three-perrevolution
excitation
frequency
within
the
operational range.

3. The Rotatable Lattice Tower
3.1 Structural Characteristics
Regarding the aspects mentioned in the previos
section, a rotatable lattice tower is favored by
removing the C-shells on the front and back side of
the tower. This achieves greater material savings
while the number of structural joints remains the
same. The resulting rectangular tower crosssection, such as shown in Fig. 1, is appropriate for a
load-direction-derived design, such as mentioned in
Section 1.2.

3.2 Advanced Economic Significance
Besides the increased material and cost efficiency
of the legs, a slight inclination of the tower, such as
shown in Fig. 2, leads to even greater blade-tower
clearance, which may enable more economical
blades. Summarizing the aspects of this and the
previous section, the presented conceptual
improvements indicate that a rotatable lattice tower
meets the requirements of an innovative,
environmentally friendly, and economic alternative
to existing nonrotatable and rotatable approaches.

Fig. 1 Simplified rectangular cross-section of a
rotatable lattice tower
The tower cross section can be sized according to
its different bending stiffness requirements along the
two main load directions by adjusting the main leg
distances. For conventional, nonrotatable lattice
tower concepts, the leg distance is constrained by
blade-tower clearance requirements for any yaw
orientation of the RNA. In contrast, the leg distance
of a rotatable lattice structure does not have such
constraints. Larger leg distances decrease their
internal normal forces (𝑁𝑁Leg ). This can easily be
shown by observing Fig. 1 and Eq. 1, where 𝑀𝑀y is
the acting bending moment around the y-axis and 𝑏𝑏
is the leg distance according to Petersen [9]
𝑁𝑁Leg = ±

𝑀𝑀y 𝐹𝐹z
− .
2 𝑏𝑏 4

Fig. 2 Rotatable lattice tower concept

(1)

4. Preparations for Future Certifications

In Eq1 𝐹𝐹z /4 is subtracted to account for the selfweight induced axial force. Buckling lengths of the
bracing members, however, are increased, but this
negative aspect is partially compensated by
employing a shallower brace angle 𝛼𝛼b , as shown in
Fig. 2. A lower 𝛼𝛼b is realizable by an increasing
number of X-braces along the tower. Normal
bracing forces caused by shear force 𝐹𝐹x are
calculated by Eq. 2
𝑁𝑁Brace =

𝐹𝐹x
,
2 cos�𝛼𝛼b ± 𝛼𝛼y �

4.1 Modification of SubDyn
A way to analyze and verify the proposed design
through aero-servo-elastic simulations is given by
modification of the state-of-the-art, open-source,
lattice-tower FEM module SubDyn [10]. Its coupling
to the engineering tool FAST achieves aero-hydroservo-elastic load simulations for resolved lattice
support structures in land-based and offshore
situations. SubDyn is capable of representing the
structure through a linear-frame, finite-element
beam model and a dynamic system reduction via
the Craig-Bampton method. Furthermore, the
application of a static-improvement method reduces
the number of necessary modes to obtain accurate
solutions [10]. Up until now, circular members were
the only accepted member cross sections in the
module. SubDyn was modified to account for
arbitrary member cross sections, such as
asymmetrical L-profiles, which are common for landbased lattice towers. Necessary changes took place
in the structural beam element formulation. In the
case of an isotropic straight beam with an arbitrary
cross section, the centroid may not lie at the same

(2)

where 𝛼𝛼y is the tower inclination angle. Note that its
sign depends on the considered member in an Xbracing. In the case of torsional moments, additional
normal stresses within the legs due to constrained
warping would occur, which effectively increase the
torsional stiffness of the structure. To capture this
effect and the member loads within an aero-servoelastic simulation, FEM should be used. Note that
different tower-bending stiffnesses around the main
x- and y-axes lead to two different bending modes,
with a lower natural frequency for the bending
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𝑇𝑇

position as the shear center and the principal
bending and principal shear axes may not be
parallel. These conditions introduce additional terms
in the cross-sectional stiffness and mass matrices
𝐾𝐾c6×6 and 𝑀𝑀c6×6 , which must be integrated along the

𝑇𝑇
[ℱSS ]
𝐼𝐼̂[ℱSS ]
⎧ 𝚤𝚤̂e
⎫
[ℱ ]
[ℱSS ]
𝚥𝚥̂e SS
= 𝐷𝐷Φθψ
� 𝐽𝐽̂[ℱSS ] � ,
⎨ [ℱ ] ⎬
� [ℱSS ]
𝐾𝐾
⎩𝑘𝑘�e SS ⎭

� and 𝚤𝚤̂e , 𝚥𝚥̂e , 𝑘𝑘�e represent
where the unit vectors 𝐼𝐼̂ , 𝐽𝐽̂ , 𝐾𝐾
the axes of the Cartesian coordinate systems and
are given with respect to ℱSS . The corresponding
direction cosine matrix is assembled from three
planar rotations around the Euler angles 𝛷𝛷, 𝜃𝜃, and
𝜓𝜓, according to

element. Shape functions are used to describe the
deflections and rotations of the beam at each
position. Many approaches for the derivation of
shape functions do exist, such as those described in
[11], [12] and [13]. Taeseong, K. et al. [13] assume
that the shape functions are polynomials of
arbitrarily high order, where the corresponding
coefficients are extractable by minimizing the elastic
energy 𝑈𝑈 of the entire beam under prescribed
constraints at the beam ends. The elastic beam
energy is calculated by integration over the whole
beam element length 𝐿𝐿 with
1 𝐿𝐿
𝑈𝑈 = � �𝜀𝜀 𝑇𝑇 𝐾𝐾c 𝜀𝜀� 𝑑𝑑𝑑𝑑,
2 0

[ℱ

]

[ℱ

]

[ℱ ]

[ℱ ]

SS
𝐷𝐷Φθψ
= 𝐷𝐷Φ SS 𝐷𝐷θ 1 𝐷𝐷ψ 2
𝐶𝐶Φ 𝐶𝐶ψ − 𝑆𝑆Φ 𝐶𝐶θ 𝑆𝑆ψ −𝐶𝐶Φ 𝑆𝑆ψ − 𝑆𝑆Φ 𝐶𝐶θ 𝐶𝐶ψ
= �𝑆𝑆Φ 𝐶𝐶ψ + 𝐶𝐶Φ 𝐶𝐶θ 𝑆𝑆ψ −𝑆𝑆Φ 𝑆𝑆ψ + 𝐶𝐶Φ 𝐶𝐶θ 𝐶𝐶ψ
𝑆𝑆θ 𝑆𝑆ψ
𝑆𝑆θ 𝐶𝐶ψ

[ℱ ]

[ℱ1 ]

where 𝐷𝐷Φ SS , 𝐷𝐷θ

(3)

[ℱ ]

𝑆𝑆Φ 𝑆𝑆θ
−𝐶𝐶Φ 𝑆𝑆θ �,
𝐶𝐶θ

(7)

, and 𝐷𝐷ψ 2 represent the direction

cosine matrices for each of these rotations with
respect to their local orthonormal bases [14]. The
abbreviations 𝑆𝑆 and 𝐶𝐶 are representative for the
geometric sine and cosine functions, and its indexes
show its corresponding Euler angle arguments.
Angle 𝜓𝜓 in Eq. 7 is the cross-sectional orientation
angle around the beam axis and is directly definable
by the user. Another way to define the orientation is
given through a representative unit vector for the
local member cross-sectional x-axis, introduced
through a user-prescribed point, which will be
projected to a plane orthogonal to the member axis.

𝑇𝑇

where 𝜀𝜀 = �𝛾𝛾zx , 𝛾𝛾zy , 𝜀𝜀z , 𝜅𝜅x , 𝜅𝜅y , 𝜅𝜅z � is the strain vector
of the Timoshenko beam with shear strains 𝛾𝛾zx and
𝛾𝛾zy , axial strain 𝜀𝜀z , and curvatures 𝜅𝜅x , 𝜅𝜅y , and 𝜅𝜅z .
After introducing the shape function matrices into
Eq. 3, considering the boundary conditions, and
carrying
out
mathematical
transformations,
Taeseong, K. et al. [13] derived the following
equations for beam element stiffness and mass
matrices
𝐿𝐿

(6)

generalized degrees of freedom vector with 𝑝𝑝 − 1 as
the highest power of the assumed polynomials.
𝑁𝑁(𝑧𝑧)6×6𝑝𝑝 is the polynomial matrix and 𝐵𝐵 6×6𝑝𝑝 is the

4.2 Validation of Changes in SubDyn
To validate the changes applied to SubDyn, a
parallel-modelling approach with the finite-element
software Abaqus (version 2016) was conducted.
The lattice tower, shown in Fig. 2, was modeled in
both software packages. A prescribed static-load
case and a frequency analysis were performed, and
certain member loads and the natural frequencies of
the entire structure were compared within both
models. L-beam dimensions were calculated via a
Python script, which coupled an Artificial Bee
Colony [15] optimization algorithm to Abaqus.
Nevertheless, exact dimensions of the members are
not required to validate the changes in SubDyn. In
the validation load case, the lattice tower was fixed
at the bottom and displacements and rotations at
the tower-to-nacelle interface node, shown in Fig. 2,
were applied according to Table 1.

𝑀𝑀c6×6 can be defined for each member in the

𝑢𝑢x
𝑢𝑢y
𝑢𝑢z
𝑢𝑢𝑢𝑢x
𝑢𝑢𝑢𝑢y
𝑢𝑢𝑢𝑢z
0.1 𝑚𝑚 0.1 𝑚𝑚 0.1 𝑚𝑚 0.1 𝑟𝑟𝑟𝑟𝑟𝑟 0.1 𝑟𝑟𝑟𝑟𝑟𝑟 0.1 𝑟𝑟𝑟𝑟𝑟𝑟
Tab. 1 Prescribed displacements and rotations at
the tower top for validation of member loads

orthonormal basis ℱe = �𝚤𝚤̂e , 𝚥𝚥̂e , 𝑘𝑘�e � into the global

Fig. 3 shows the results of this load case in the form
of member load components for the two members of
the fifth bracing level, marked in Fig. 2. Good
agreement between both models for each load
component can be seen. In Abaqus, 24 elements
were used for each member. In contrast, the
rigorous beam-element approach applied in SubDyn
leads to good performance with only two elements
per member. Even one element would produce the
same results in SubDyn, but two elements have
been selected to compare not only loads at the joint

𝐾𝐾el = 𝑁𝑁α𝑇𝑇 �� �𝐵𝐵𝑇𝑇 𝐾𝐾c 𝐵𝐵 � 𝑑𝑑𝑑𝑑� 𝑁𝑁α

𝑀𝑀el =

𝑁𝑁α𝑇𝑇

0

�� �𝑁𝑁(𝑧𝑧)𝑇𝑇 𝑀𝑀c 𝑁𝑁(𝑧𝑧)� 𝑑𝑑𝑑𝑑� 𝑁𝑁α ,
0

6𝑝𝑝×12

where 𝑁𝑁α

𝐿𝐿

(4)
(5)

is the transformation matrix for the

strain-displacement matrix. This approach can be
used for anisotropic curved beams with arbitrary
cross sections, such as wind turbine blades.
Therefore, it indicates more generality than
necessary for the purpose of isotropic straight
beams with arbitrary cross sections, which are
common for lattice structures. On the other hand,
either engineering constants or full six-by-six crosssectional stiffness and mass matrices 𝐾𝐾c6×6 and

structure and may be useful for future research
projects considering composite beams. Another
important aspect is the cross-sectional orientation
with respect to the beam axis in the case of arbitrary
cross sections. Therefore, the direction cosine
[ℱSS ]
matrix 𝐷𝐷Φθψ
is used to transform the local element
� � by Eq. 6
orthonormal basis ℱSS = �𝐼𝐼̂ , 𝐽𝐽̂ , 𝐾𝐾
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nodes of each member, but also at their midpoints.
Other structure members show similar good
agreement.
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Fig. 3 Local loads of two members of the fifth
bracing level along their fractional length in Abaqus
and SubDyn as a result of prescribed displacements
and rotations, given in Tab. 1, at the interface node
The frequency analysis results, shown in Fig.4, are
produced by a 32-element discretization in Abaqus
and different discretization levels in SubDyn. All of
the first 10 natural frequencies are in good
agreement and their maximum differences between
both models are ≤ 2.193 % for one element,
≤ 0.317 % for two elements, and ≤ 0.129 % for
three elements. Higher modes show insignificant
higher discrepancies. These results indicate that not
only the beam stiffness, but also the mass matrix
implementations are correct.

Fig. 4 Natural frequency ratios between Abaqus and
SubDyn with different discretization levels
These validated changes in SubDyn make future
certifications of rotatable lattice tower concepts
viable and are also beneficial for other nonrotatable
lattice structures.
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