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Abstract: Multi-rotor system (MRS) wind turbines can be a competitive alternative to large-scale
wind turbines. In order to address the structural behavior of the turbine tower, an in-house aeroelastic
tool has been developed to study the dynamic responses of a 2xNREL 5MW twin-rotor configuration
wind turbine. The developed tool has been verified by comparing the results of a single-rotor
configuration to a FAST analysis for the same simulation conditions. Steady flow and turbulent load
cases were investigated for the twin-rotor configuration. Results of the simulations have shown
that elasticity of the tower should be considered for studying tower dynamic responses. The tower
loads, and deformations are not straightforward with the number of rotors added. For an equivalent
tower, an additional rotor will increase the tower-top deflection, and the tower-base bending moment
both in the fore-aft direction will be more than doubled. The tower torsional stiffness becomes a
crucial factor in the case of a twin-rotor tower to avoid a severe torsional deflection. Tower natural
frequencies are dominant over the flow conditions in regards to the loads and deflections.

Keywords: aeroelasticity; multi-rotor system; wind turbine

1. Introduction

With the world’s high demand of energy, and the limitation of the amount of fossil fuels, renewable
energies have become a field of interest for many researchers. Wind energy is one of the most growing
renewable sources of energy, in terms of usage and research topics. The global cumulative installed
wind capacity has increased 2200% from the year 2001 to 2017 [1]. At present, horizontal axis wind
turbines remain the dominant wind energy conversion technology. In the past decades, the trend
was to increase the diameter of the rotor, since the power produced is proportional to the rotor area.
Currently, the world’s largest wind turbine has a 12 MW capacity, and a 107-meter blade length [2].
However, with this large size comes big challenges, such as the huge transportation and installation
cost of extremely large wind turbines and the severe structure dynamic loads on the blades and the
tower, as well as the need to develop each component, including the blade, bearing, generator, gearbox,
etc. to be suitable for the large-scale single rotor turbines, which includes risk in cost and quality. Also,
it includes a risk if a failure occurs; then the whole wind turbine will shut down and no power will be
produced until the failed part is fixed or replaced [3].

The multi-rotor systems (MRS) is a technology with a long history that goes back to 1930, but it has
fallen out of consideration for its structure complexity, while large scale single rotor wind turbines have
become technically feasible [4]. However, with current advanced materials technology, the materials
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used to construct the rotors have a higher strength to weight ratio. With those advances in the materials
technology, MRS is a promising alternative to large-scale wind turbines. The main advantages of MRS
are the standardization of the wind turbine components, ease of transportation (since the rotors are of a
small scale compared to large-scaled wind turbines), ease of installation, and the cost and the reliability
of wind turbines, since multi rotors ensure that if there is a failure in one rotor, then the other rotors will
still produce power. The major challenges in an MRS are the complexity of the supporting structure,
the yawing system, and the aerodynamic interaction between rotors placed closely to each other.

As MRS has become an interesting field of research, researchers from many countries have
made attempts to issue very interesting research points. Some attempts were interested in studying
aerodynamics and the aerodynamic interaction between the rotors of an MRS. Experiments made
by Goltenbott et al. [5] have shown that two and three diffuser augmented rotor configurations can
increase the power produced per rotor by 5% and 9% respectively, compared to a single rotor. Also,
the computational fluid dynamic (CFD) simulations made by Chasapogiannis et al. [6] on a seven
rotor system have shown a power increase of 3% per rotor. The coherence effect on the produced
power and tower loads on a seven rotor MRS has been studied by Yoshida et al. [7]; Wind models
with three different coherences were used in the simulation and showed that larger coherence implies
higher power production yet increases the collective loads. MRS was also found to improve the wake
recovery; the wakes were found to recover faster for MRS compared to a single-rotor configuration
and showed a smaller turbulence intensity in the wake [8].

One of the leading research institutes showing great interest in MRS is the Technical University of
Denmark (DTU). The DTU constructed a four rotor wind turbine at the Rise campus. They conducted
experiments as well as simulations for the four rotor wind turbine, and both agreed that the interaction
between the rotors improved the power performance by 1.8 + 0.2%, which can increase the annual
power production by 1.5 + 0.2% [9].

Downscaling the design and cost of wind turbine rotors to replace a single large rotor with
multiple smaller rotors has been done by Verma et al. [10]. A 5x 1 MW multi-rotor turbine was
compared to the National Renewable Energy Laboratory (NREL) 5SMW single rotor turbine. The scaled
down multi-rotor configuration has shown a 37% reduction in weight and a 25% reduction in cost
compared to a single rotor producing the same amount of power. As an extension of Verma’s work,
Mate et al. [11] have designed a support structure for the five rotor configuration proposed in their
colleague’s work, in addition to other configurations that Mate proposed himself. A finite element
approach was used for modeling the support structure. However, these simulations did not include a
study of the aeroelastic behavior of either the blades or the support structure and the wind conditions.

Aeroelastic analyses for wind turbines are doable for single rotors using either a Computaional
Fluid Dynamics (CFD) model like the Fluid Structure Interaction (FSI) made by Bazilevs et al. [12]
or Halawa et al. [13] or using deterministic models. NREL’s tool, FAST, is one of the most used
aeroelastic tools for modeling wind turbines, it is based on models derived from fundamental theory
of aerodynamics and structure analysis, which are more time-efficient compared to CFD models [14].

So far there has been no research or open-source tools proposed that introduce aeroelastic analysis
for the multi-rotor concept. In this work, the support structure of an MRS is being aero-elastically
analyzed, so that structural problems can be addressed in further research studies. It is the first attempt
to develop an in-house aeroelastic tool for an MRS support structure. In this work, the present tool
is used to model a twin-rotor wind turbine, with two coplanar rotors placed on a T-shaped tower.
This tool can be later extended to model support structures for different configurations of MRS.

The theory used in this work is the Blade Element Momentum (BEM) theory, which is used to
calculate the aerodynamic loads, and the virtual work method with a modal approach to calculate
the structural deformations of blades and tower. Combining the two theories creates an aeroelastic
interface between the blades and tower on one hand, and wind on the other.
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The results of the present tool are verified by comparing results of a single rotor wind turbine,
to NREL's FAST results of the same turbine model. Then, the results for the twin-rotor configuration
are introduced.

2. Mathematical Model

2.1. Aerodynamic Model

Unsteady BEM was used in this work to estimate the aerodynamic loads tangential to and normal
on each section along the blade. The blade coordinate system was used for the governing equations,
as shown in Figure 1.

Figure 1. Blade Coordinate System [15].

Initially, the relative wind velocity components on each blade section, in the rotor plane, tangential
to the blade width (yp-axis), and normal to it (xg-axis) as shown in Figure 2 are as follows:

Vrel,xB = VO,xB + Wxg (1)

V,gl,yB = VO,yB —wr + Wyp (2)

where V) is the inflow velocity, w is the rotational speed of the rotor, r is the blade section position,
and wyp, wyp are the induced velocities in xg and yp directions.

rotor plane

Figure 2. Velocity Triangle on a Blade Section [16].

Prandtl’s tip loss factor and Glauert correction are used in the calculation of induced velocities;
then, depending on the relative velocity components on each blade section, for every time step,
the coefficients of lift and drag forces can be interpolated from the blade airfoils’ data tables. Next,
lift and drag forces can be calculated for each section, and hence the aerodynamic loads in the plane
of rotation (Ly sero) and normal to it (Lyp gero) can also be calculated. Dynamic wake, dynamic stall,
and yaw misalignment effects were ignored in this study. With the tangential and normal load
distributions known, the rotor aerodynamic thrust, torque, and power can be calculated [16].
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2.2. Structure Model

The principle of virtual work was used to calculate the structure dynamics parameters.
This principle is a method that helps to set up the correct matrices for a discretized mechanical
system, such as Newton’s second law shown in Equation (3). This method is well suited for a chained
multi-body system like wind turbines:

Mi + Cx + Kx = F, 3)

where; M is the mass matrix, C is the damping matrix, K is the stiffness matrix, and Fy is the generalized
forces array. x, x, and ¥, are the generalized coordinates for the three modes used in the model, their
first, and second time derivatives, respectively.

The degrees of freedom used in this model are the uncoupled modal shapes for both the blades and
the tower. For the blades, the first and second flap-wise, and the first edge-wise modes are used, denoted
by W1, W?, and ufl respectively. For the tower, the first and second fore-aft, and the first side-side
modes are used, denoted by uﬂ’l, uﬂ’z, and u%1. These modes were chosen because the orthogonality
constraint between the eigen modes turns the mass matrix into a diagonal matrix, and hence into the
damping and stiffness matrices that are dependent on the mass matrix. This results in uncoupled
differential equations that can be solved by a fourth order Runge-Kutta numerical technique.

Solving this system of equations results in the values of x, x, and x, on which the deformation of
either the blade or the tower is assumed to be dependent, as a linear combination of the three modes.
For instance, in the case of the blade, with a stiff tower, the deformation distribution along the blade
section position (), denoted by u,p in the flap-wise direction and u,p in the edge-wise direction, will be
as follows:

uyg(r) = xluﬁé(r) + xzuf(lB(r) + xguﬁf;(r) 4)
uyp(r) = xluj;;(r) + xzuele(r) + xwﬁ(r). (5)

The velocity and acceleration distribution along the blade are calculated the same way, except for
using x, and x instead of x [17].

2.3. Aeroelastic Coupling

The deformation of the blade, together with the velocity and acceleration of its vibration, will result
in change in the loads and hence structural deformation in the next time-step. The relative wind
velocity components on the blade sections can now be updated to include the blade vibrations, with the
blade velocity distribution always opposing the wind direction. Equations (1) and (2) can be updated
as follows:

Vrel,xB = VoB + wyp — UyB (6)

Vrel,yB = VoyB — wr + wyp — ilyB )

where u,p, andu,p are the blade sections’ vibrational velocities in the flap-wise and
edge-wise directions.

The loads on the blade sections are also updated to include gravitational loads and inertia loads
due to the blade vibrations. The total load distribution along the blade sections in the normal and
tangential directions to the plane of rotation will be as follows:

Lyg(1) = LyBgero(r) —m’ (r)iiyp(r) + m’(r)g sin(6; + sin6.) cos O4 8)

LyB(") = LyB,aero (1’) - m/(r)ﬁyB (7’) +m’ sin 0 )

where m’ is the mass density distribution along the blade length, it and ilyB are the blade sections’
vibrational accelerations, 0; is the tilt angle, 0. is the cone angle, and 6 4 is the azimuth angle. The loads
in the direction of the blade length are neglected.
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The updated relative wind velocity and loads are used for the next time step, guaranteeing that
both the aerodynamics and structure models affect each other to create an aeroelastic model.

The tower is modelled independently from the blades, and the rotor loads are transmitted to the
tower, including rotor thrust, weight, and torque, taking into consideration the aeroelastic behaviour
of those loads. Also, the aerodynamic load on the tower itself is calculated, considering the tower
vibrations in the relative wind speed to the tower, and the tower inertial loads.

3. Verification of the Single Rotor Model

The single rotor wind turbine simulated for validation is the NREL 5MW wind turbine. In order
to ensure the reliability of the developed aeroelastic tool, the results of aerodynamic analysis, dynamic
structural analysis, and aeroelastic analysis are compared to results of the NREL 5MW results in the
definition report of the wind turbine [18] and FAST simulation for the aeroelastic case.

3.1. Model Outline

The geometric and material properties of the turbine blades and tower are fully defined in the
NREL definition report. General rotor specifications are shown below:

e Rating: 5 MW.

e Rotor orientation, configuration: Upwind, 3 Blades.
Rotor Diameter: 126 m.

Hub Height: 90 m.

e  Cut-in, Cut-out Wind Speed: 3 m/s, 25 m/s.

Rated Wind Speed: 11.4 m/s.

Rotor Mass: 110,000 kg.

Nacelle Mass: 240,000 kg.

Tower Mass: 347,460 kg.

Figure 3 shows a CAD model for the turbine blade.

Figure 3. NREL 5SMW wind turbine blade [19].

The blade and tower structural specifications are shown in Figure 4.
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Figure 4. Blade structural properties: (a) Blade mass density distribution; (b) Blade stiffness distribution;
(c) Tower mass density distribution; and (d) Tower stiffness distribution.

3.2. Rotor Aerodynamics

The NREL 5SMW wind turbine is a pitch-controlled turbine. Over the rated wind speed of 11.4 m/s,
the pitch control is applied to maintain the rated power output and rotor speed. So far, pitch control
has not been applied in the present tool. Accordingly, the full power region cannot be simulated in the
current version of the tool, but it will be added later. The BEM in the developed tool is run for wind
speeds starting from the cut-in speed of 3 m/s, to the rated speed of 11.4 m/s. The rotor power, thrust,
and torque are compared. The results are shown in Figure 5.

%108
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— - - Rotor Power [W], present tool -
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Wind Speed (m/s)

Figure 5. Steady state responses: comparison between results of the developed tool to NREL
reference file.

Figure 5 shows good agreement between the calculated steady state values of the power, torque,
and thrust of the developed tool, compared to the turbine definition document’s results. This agreement
proves that the first part of the tool concerned with calculating the aerodynamic responses, without
considering the aeroelastic behavior of the blades, is reliable, and the next step would be the dynamic
responses of the blades and tower.

3.3. Modal Analysis

In this section, the free vibration modes of the blades and tower are investigated. The structural
model is based on the uncoupled modes of vibrations, and it is important that the mode shapes
and natural frequencies will be correct, before proceeding to the aeroelastic coupling between the
aerodynamics and structural behavior of both the blade and the tower.

The NREL tool Modes [20] was used to calculate the uncoupled mode shapes and natural
frequencies of the blades and the tower. Mass and stiffnesses distribution along the blade and tower are
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available in the NREL 5SMW definition document and were used as input for Modes. The mode shapes
and natural frequencies are also available in the definition document and are shown for comparison
with the results of simulation.

3.3.1. Blades

The mode shapes used in the structural model are the first and second flap-wise modes, and the
first edge-wise mode. Natural frequencies and mode shape comparisons are shown in Table 1.

Table 1. Natural frequencies of the blade.

Mode Calculated (Hz) Reference (Hz) Deviation (%)
First flap-wise 0.71 0.70 14
Second flap-wise 2.02 2.02 0.0
First edge-wise 1.08 1.08 0.0

Results of the natural frequencies from the Modes simulation agree with the reference values
In Figures 6 and 7, the mode shapes calculated by Modes are compared to the mode shapes in the
NREL 5MW definition file. The results are almost identical for both the flap-wise and edge-wise modes.
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Figure 6. Blade flap-wise mode shapes.
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Figure 7. Blade edge-wise mode shape.
3.3.2. Tower

Similarly, the free vibrations of the tower are compared. The modes considered in the aeroelastic
tool are the first and second fore-aft modes and the first side-side mode. Natural frequencies are shown
in Table 2 and mode shapes are shown in Figures 8 and 9.
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Table 2. Natural frequencies for the tower: single rotor configuration.

Mode Calculated (Hz) Reference (Hz) Deviation (%)
First fore-aft 0.32 0.32 0.0
Second fore-aft 3.06 2.90 52
First side-side 0.32 0.31 3.1
L L I L I L I T T TT | T T TT T T 1T TTTT L T TT T TT ]
L - - First Fore-Aft Mode, calculated .
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Figure 8. Tower fore-aft mode shapes: single rotor configuration.
1 E T T 1T | T TT I T TT I T T 1T | T TT | T TT | T TT I T TT | T T 1T T TT A
0.9F -
E - - First Side-Side Mode, calculated E
0.8F —First Side-Side Mode, reference B
07E 5 =
Q06F , 3
© - Z =
S E P J
®05F > 4
(o] = > 4
3 = =
204F 3
03F * E
02F =
R= 3
0 E Ll [ L1 11 | 1111 | | .| | L1 11 | L1 11 I L1 11 | 1111 | | .| 3
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Normalized Tower Height
Figure 9. Tower side-side mode shape: single rotor configuration.

Natural frequencies as well as mode shapes of the tower show agreement between the results of
Modes compared to the reference.

With the aerodynamic steady state response and the structure dynamic response verified separately,
the next step is validation of the aeroelastic tool, where both aerodynamics and the structure of the
turbine are coupled.

3.4. Aeroelastic Analysis

In this subsection, the coupling between the aerodynamic loads and the structural behavior is
introduced. The aerodynamic loads affecting the blades cause deformation, and hence the relative
velocities on the blade sections are changed. Inertial loads generated from the blade vibration also
affect the structural behavior. The effects of blade vibrations are considered every time step in the
simulation to catch the aeroelastic behavior for both the blades and the tower.

For validation of the results, a FAST simulation is made for the NREL 5MW wind turbine blades
and tower, using the same simulation conditions as in the in-house tool. The blades are subject to a
constant wind speed and are rotating at a constant angular speed. Simulation parameters are as follows:
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e  Wind speed: 11.4 m/s (Rated wind speed)
e Rotational velocity: 12.1 rpm

e  Pitch angle: 0°

e Timestep: 0.01s

e  Simulation time: 50 s

3.4.1. Blades

For the simulation of the blades, the tower is considered as a stiff body. The dynamics are
generated from the rotation of the blades in the azimuth direction and the vibrations in the flap-wise
and edge-wise directions. Further, the tower is considered to be a stiff body in the FAST simulation to
create a similar simulation environment for comparison. In Figures 10 and 11, bending moments at the
blade root in the flap-wise and edge-wise directions are shown with the azimuth position of the blade.
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Figure 10. Blade-root, flap-wise bending moment.
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Figure 11. Blade-root, edge-wise bending moment.

The periodic behaviour of the dynamic response of the blade is due to the effect of gravity and
inertia on the blades while in different azimuth positions, as well as the shear layer of the flow. As the
blade rotates, considering the rotor’s tilt angle, the mass centred along the blade length moves such
that the blade moves towards or away from the plane of rotation.

Figures 12 and 13 show the blade tip deflections.
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Figure 13. Blade-tip, edge-wise deflection.

There are some discrepancies between the results of the present tool and FAST, especially in the
initial runs of the simulation. Those discrepancies are due the difference in the natural frequencies and
mode shapes between the present tool and FAST. The aeroelastic model might as well be modeled in a
different way in FAST than in the present tool. Other than the initial condition, there is a very good
agreement between the results of the present tool and FAST results in terms of the ranges of values,
mean values, and frequencies of each time series. Consequently, the proposed tool has proved its
ability to describe the blade dynamics and hence its ability to model the tower.

3.4.2. Tower

The tower is now considered for study. The same conditions of simulation were set for both
the proposed tool and FAST. The loads were transmitted from the rotor to the tower, considering the
dynamic behavior of the rotor loads. The elasticity of the tower together with the aerodynamic and
gravitational loads of the tower itself were also considered. As observed from the dynamic responses
of the blade, the out-of-plane quantities are more significant than the in-plane ones, and hence,
the out-of-plane properties for the tower are shown for comparison.

It is observed in Figures 14 and 15 that there is a very good agreement between the results of the
present tool compared to FAST. Discrepancies appear in the tower dynamics in the initial runs as well.
This is due to difference in the rotor loads, which appeared in the blade’s results, as well as differences
in the natural frequencies of the tower itself.
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For both the blade and tower dynamic responses, the results of the proposed tool have shown
credibility in modeling the aeroelastic behavior of a wind turbine. So far, the tool is able to generate
loads and deflections’ time series for the turbine parts in case of a steady wind. In the next section,
another rotor is added on the same tower, and the tower dynamics are studied.

4. Simulation of the Twin-Rotor Model

4.1. Twin-Rotor Wind Turbine Model

In this section, the tower of a twin-rotor turbine with two NREL 5MW rotors is modeled.
The support structure is assumed to be a T-shaped structure, with the main tower and two side booms
connecting the rotors. The side booms are assumed to be a scaled-down structure of the NREL 5SMW
main tower, each of 63.5 m in length from the main tower center point, such that the two rotors are
distanced at 127 meters from hub to hub. These booms’ lengths were chosen such that the tips of each
of the 126 m diameter rotors are 1 m apart.

Itis also assumed that there is no aerodynamic interaction between the two rotors. This assumption
can be only accepted as preliminary study, as in reality, rotors affect each other. However, to account
for that assumption, a pitch misalignment of 0.2° and —0.2° is added to each rotor’s second and third
blades, respectively, which is common to generate aerodynamic imbalance. Figure 16 shows a sketch
of the proposed twin-rotor configuration.

For comparison of the tower’s structural behavior between single and twin rotor configurations,
the main tower’s geometry and structural properties are changed such that the natural frequency of
the first fore-aft mode is the same for both towers. The outer diameter of the tower is changed while
the thickness is kept constant. It was found that an outer diameter 1.25 times the diameter of the
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single-rotor configuration turbine will cause the first fore-aft natural frequency of both configurations’
towers to be equal. Table 3 shows the differences in the geometry between both configurations.

Position (m)

O 1 1 1 | | | | | | | 1 1 1 1 1 I 1 1 1 1 1 |
-63.5 0 63.5
Position (m)

Figure 16. Sketch of the twin-rotor configuration.

Table 3. Tower geometry.

Property (m) Single rotor Twin rotor
Tower base diameter 6.000 7.500
Tower base thickness 0.027 0.027

Tower top diameter 3.870 4.840
Tower top thickness 0.019 0.019
Tower height 87.600 87.600

Figure 17 shows the difference in the mass and stiffness distributions between the single rotor and
twin rotor configurations’ towers.

1"

9000 [ e e e 15“,0,,',,,,,,,,,,,,‘,,,,,,,,,,,,‘,,,,I,,,,,,,,
C - - Single rotor configuration 3 F - - Single rotor configuration
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E 7000 3 F R
E) F ] 10 —

< E ] €
>.6000 3 E T i
2 E ] = L ]
§ 5000 - E 8 r ]
b E ] £ B -
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3000 3 L ]
2000 B Lo b e e bena been e e e 3 Py I NI I R NS PR PR PR T
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Normalized Tower Height Normalized Tower Height
(a) (b)

Figure 17. Tower structural properties: single rotor vs. twin rotor: (a) tower mass density distribution;
(b) tower stiffness distribution.

The natural frequencies in case of the twin rotor configuration are shown in Table 4.

The natural frequencies other than the first fore-aft mode are changed compared to the single
rotor configuration. This means that the tower stiffness and structural damping matrices in the
mathematical model in the case of the twin rotor are different. Moreover, the loads are increased
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significantly due to the addition of another rotor, and hence the deformations are expected to change
in a non-straightforward way.

Table 4. Natural frequencies for the tower — Single Vs. Twin rotor configuration.

Mode Single rotor (Hz) = Twin rotor (Hz) Deviation (%)
First fore-aft 0.32 0.32 0.0
Second fore-aft 3.06 3.20 44
First side-side 0.32 0.25 21.8

4.2. Simulation Conditions

Two load cases were investigated for the twin rotor configuration; one is in a steady wind condition,
and the other is in turbulent wind conditions.

In the steady wind case, the rotors are subject to the same conditions as in the case of single rotor:
a steady wind velocity of 11.4 m/s, rotating the rotors at 12.1 rpm. This case studies the aeroelastic
properties when the two rotors are rotating simultaneously, such that the rotor loads are superimposed
in all the loads’ value ranges, and then investigates when the rotors have a 60° phase change in the
blades” azimuth positions.

In the turbulent wind condition case, the rotors are subject to a turbulent wind field created
by NREL's tool TurbSim [21]. The rotors are subject to different turbulence classes according to IEC
61400-1 standards [22] at an average wind speed at the hub height of 8 m/s and turbulence intensities of
class A (high turbulence), B (moderate turbulence), and C (low turbulence). A variable speed control
algorithm is used in the turbulent case.

In all cases, the out-of-plane dynamic responses—deflection and bending moment—of the tower
are shown.

4.2.1. Case 1: Steady Flow Condition

In this case, the two rotors’ loads superimpose in the whole range of values, in the peak values at
the beginning of rotation and until it settles for the nominal value of the load, while the blades of both
rotors are in the same azimuth position.

First, the tower was modeled as a stiff tower, and the bending moment at the tower base is
calculated. Then this model is compared to an elastic tower model to see the differences in results.
The results of this simulation are shown in Figure 18.

8

35 _><I1IOI T | T1rrr TTrrr Trrr LI LI LU I LI I T T 1T l T T T1]
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3 —--Stiff tower 7
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1S E ]
2 .F /\/\/\/\/\,WW_,
g)1.5 AL L \/ =
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c 1 .
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Time (s)
Figure 18. Tower-base fore-aft bending moment: stiff vs. elastic tower.
The stiff tower model doesn’t show the dynamic behavior of the load; moreover, the values are

less than those in the elastic tower model. The gravity effects due to the vibration of the tower are
eliminated in the case of the stiff tower, and hence the loads are far from the real values. This proves
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that it is not proper to consider the tower to be a stiff for load calculations and it is important to model
it as an elastic tower.

Dynamic responses for the elastic tower model were then calculated, Figures 19 and 20 show the
tower-base bending moment and tower-top deflection in the fore-aft direction.
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Figure 19. Tower-base, fore-aft bending moment.
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Figure 20. Tower-top, fore-aft deflection.

As was expected, the change in the values of deflection of the tower top and bending moment
of the tower base is not linear with the addition of an extra rotor. The change is affected by both the
added load and the change in the natural frequencies of the new tower’s geometrical properties and
hence the stiffness and damping matrices in the mathematical model. The difference is elaborated
clearly in Figure 21, where the results of the single-rotor and twin-rotor are shown together.
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Figure 21. Dynamic responses of the tower: single-rotor vs. twin-rotor load case 1: (a) tower-base,
fore-aft bending moment, and (b) tower-top, fore-aft deflection.
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For a tower with the same first fore-aft natural frequency as the single-rotor configuration, the effect
of adding one more rotor on the dynamic responses is not straightforward. Two simultaneously
rotating rotors on the same tower increase the tower loads and deflections are more than doubled.
This is due to the change in the structure of the mathematical model and the added weight and rotor
inertias on the top of the tower, which change the natural frequencies in the second fore-aft and first
side-side directions.

Then, a phase difference in the initial azimuth position of the first blade of each rotor of 60° is
investigated for comparison. The dynamic responses of the tower are shown in Figures 22 and 23.

2 LTTTT TTTT TTTT TTTT TTTT TTTT TTTT I TTTT T T TT T T TT]]
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Figure 22. Tower-base, fore-aft bending moment.

2 L I L I TT 1T I TT T T I TT 1T I L I T T TT I T T 1T I T T 1T I T T T 1]
E —No Phase Difference E
E -=-60° Phase Difference J
16 -
E12p =
c - -
il F ]
2 E ]
2 F =
© 0.8 F —
o F ]
0.4F =
0 11 1.1 | 1111 | 1111 I 1111 I 1111 I 111 1 I 11 1.1 I 1111 I | - I 111 I:

0 5 10 15 20 25 30 35 40 45 50

Time (s)

Figure 23. Tower-top, fore-aft deflection.

Here, the dynamic responses of the tower are almost identical with the no phase difference case,
but there is a very slight difference which can only be seen only by zooming into the graph. However,
with the phase change between the azimuth position of the rotors” blades, there is a slight phase change
in the rotor loads, and hence a twisting moment is generated on the tower causing a yawing deflection,
which should be studied to anticipate its effect. The yawing deflection of the tower-top is shown in
Figure 24.

When the two rotors were rotating simultaneously and under the same aerodynamic conditions,
there was no twisting moment for the tower and hence no deflection. When only a phase change
between the rotors occurred, a twisting moment was generated causing angular deflection. For different
wind conditions the effect of twist can be severe and cause torsional fatigue and hence failure. So, for a
twin-rotor configuration, torsional stiffness should be carefully considered in the tower design.
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Figure 24. Tower top yawing deflection - Load case 2.

4.2.2. Case 2: Turbulent Flow Condition

In this case, the rotors are subject to a turbulent flow field, using the IEC Kaimal spectral model.
Fields having turbulence intensities of IEC 61400 classes A, B, and C, with an average wind speed of
8 m/s, were created with TurbSim. The turbulent grid width was doubled to be able to cover both
rotors. Variable speed control was applied to control the rotating speed of the rotors. The generator
specifications are available in the NREL 5SMW definition report [14]. For a gear ratio of 97:1 and a
generator efficiency of 94.4%, the optimal constant of proportionality will be 0.0255764 N.m/rpm?.
The simulation was run for 10 minutes, and the tower dynamic responses were calculated. Figure 25
shows the wind speed at the hub height for all the turbulent cases. Figure 26 shows the tower-base
for-aft bending moment and the tower-top fore-aft deflection time series.
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Figure 25. Wind Speed at Hub Height.

Since the turbulent domain covers both rotors, it is expected that each rotor experiences different
wind conditions, which indicates the presence of torsional moment over the tower. The yawing
deflection over the tower is shown for each turbulence case in Figures 27-29.

It is clear that the turbulent nature of the flow has affected the behavior of the yawing deflection.
The deflection is quite random and does not have a general trend, unlike the case of steady wind
where the deflection had a periodic nature. This randomness indicates unfavored instability in the
dynamics, which affect the lifetime of the turbine, and a thorough fatigue study must be made to avoid
sudden failures.
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Figure 28. Tower top yawing deflection: turb. class B.
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Figure 29. Tower top yawing deflection: turb. class C.

Frequency analysis has been made for the bending moment dynamic response of the tower.
Figures 30-32 show the results.
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Figure 30. Frequency analysis, tower-base bending moment, turb. class A.

Frequency analyses in all turbulent cases shows that the dominant frequencies are at 0.32 Hz and
3 Hz, which are the same as the free vibration natural frequencies of the tower.

Comparison between dynamic response of the tower-base bending moment for the turbulent flow
load cases is shown in Table 5.
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Figure 31. Frequency analysis, tower-base bending moment, turb. class B.
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Figure 32. Frequency analysis, tower-base bending moment, turb. class C.

Table 5. Statistical analysis for tower-base bending moment in turbulent cases.

Turbulence Class Mean Value Standard Deviation = Dominant Frequencies
A 8.00 x 107 1.79 x 107 0.32Hz and 3 Hz
B 8.25 x 107 1.53 x 107 0.32 Hz and 3 Hz
C 8.06 x 107 1.14 x 107 0.32 Hz and 3 Hz

Statistical analysis in Table 5 has shown that the tower’s natural frequencies are dominant over
the flow condition. For the high turbulence intensity, the mean value of the load is less than the other
intensities; however a higher standard deviation occurs, which indicates severe oscillation of the loads.

5. Conclusions

In this work, an aeroelastic tool has been developed to provide a two-way FSI model for wind
turbine blades and a tower. The tool is validated for a single-rotor configuration and gave very
reasonable results. It has been extended to model the aeroelastic behavior of a twin-rotor configuration.
Dynamic response of the support tower was investigated for two load cases. The outcomes of this
work can be summarized as follows:

e  The developed tool has been sufficiently validated for a single-rotor configuration when compared
to results of FAST analysis. It can be trusted to model a twin-rotor configuration.

e  Tower elasticity should be considered when studying the tower dynamics. The stiff tower model
does not count for the vibration and hence the inertial loads of the tower, causing misleading
results of the loads in terms of value and behavior.
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e For a tower with the same first fore-aft natural frequency, if one more rotor is added; it does
not only increase the loads, but also changes the natural frequencies of the rotor and hence the
stiffness and structural damping. Accordingly, the change in the tower deflections and loads is
not straightforward with the number of rotors.

e Tower torsion is very crucial in case of twin-rotor configuration. The normal case is that the two
rotors are not rotating simultaneously, and the results of this work have shown yawing deflections
of the tower in case there is a slight phase change in the rotor loads’ time series.

e Tower natural frequencies are dominant over the flow conditions for the tower loads
and deflections.

The next step to improve the present tool is to implement pitch control, so that high power
regions can be modeled. Also, eliminate the assumption of no aerodynamic interaction between
the rotors, to study its effect on the dynamics and the optimum distance between the rotors to
improve performance.
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