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ABSTRACT: Tuned liquid column dampers consist of a U-shaped tank filled with a Newtonian liquid. The tuned parameter of
the liquid damper enables the liquid mass to oscillate with a phase shift with respect to the motion of the structure, leading to
damping forces on the primary structure. The oscillation energy of the damper liquid dissipates by turbulence effects and friction
caused local pressure loss. Due to its geometric flexibility and the low prime costs tuned liquid column dampers are a good
alternative to other damping measurements, in particular for slender structures like wind turbines. The effectiveness of the
vibration behavior improvement obtained with the TLCD depends not only on the natural frequency and the damping ratio but
also on the geometric layout of the damper. This paper presents an expanded optimization approach, which considers the
mathematical description of the damper geometry within the tuning procedure. The numerical verification of the novel approach
is demonstrated by means of a three-bladed 5 MW reference wind turbine, which is during normal operational conditions
periodically and stochastically excited by non-uniform steady state and turbulent wind flow. The acquired results show that
TLCD can effectively mitigate wind induced resonant tower vibrations and improve the fatigue life of wind turbines.
KEY WORDS: Wind turbines; Structural control; Vibration control; Tuned liquid column damper.
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INTRODUCTION

Wind turbines count as one of the most important techniques
of renewable energy production increasing constantly its share
within the electric power market. According to the statistics
presented in the annual report of Global Wind Energy Council
(GWEC) [1] the energy generation capacity of the worldwide
operating wind farms has increased in 2012 about 20 % and
reached in total 283 GW.
A further growth of the wind energy industry depends
mainly on the technological developments especially
considering production and construction methods of the
plants. From the certification authorities specified minimum
design lifetime of a new wind turbine is currently only 20
years, which is compared to the production and maintenance
costs economically not sufficient enough. Main challenge by
the design of a wind turbine is caused by alternation loadings
initiated by wind induced dynamic excitation forces. For
instance the load change of the rotor blades and thereby of the
entire tower of a wind turbine designed for 20 years
corresponds to approximately 2∙108 [2], which is about 100
times more than a standard highway bridge.
The performance of a wind turbine is primarily determined
by its tower height and rotor diameter. For the purpose of
realizing taller structures and more effective plants, it is
necessary to improve the structural dynamics of wind turbines
with respect to lifetime problems.
2

VIBRATION MITIGATION METHODS

In order to prevent excessive tower vibrations and generator
loading most of the modern wind turbines have blade pitch
control and brake systems which regulate automatically the
angle and speed of rotor blades depending on the wind
velocity and operational conditions. By means of these

measurements the turbines can generate constant power and
avoid critical high wind speeds.
Generally wind turbines feature very low damping
characteristics compared with other civil structures. Resulting
from structural and aerodynamic damping, the total damping
ratio of a wind turbine tower is equal to 1-2 %. With the use
of auxiliary dampers the damping properties of wind turbines
can be improved. For instance, hydraulic dampers with
viscose liquids as a passive application or with
magnetorheological and electrorheological fluids as a
semiactive damper can dissipate the oscillation energy locally
at installation spots of the turbine similar to the buffers used
by the automobile industry. Hereby due to their adaptation
characteristic semiactive dampers can mitigate vibrations over
a broader frequency range compared with passive elements.
In order to control tower vibrations in all directions, both
the passive and semiactive dampers are to be positioned in the
inner side of the turbine tower in polar formation, which
however can block the tower shaft and disturb the
accessibility of the nacelle. Material costs and obligatory
maintenance effort make the effective application of the
auxiliary dampers difficult.
To mitigate vibrations of wind turbines also tuned mass
dampers (TMD) can be used. A standard TMD consists of an
auxiliary mass, which is attached to the main structure by
means of spring and dashpot elements. The natural frequency
of a TMD is defined by its spring constant and the damping
ratio caused by the dashpot. The tuned parameter of the TMD
enables the auxiliary mass to oscillate with a phase shift with
respect to the motion of the structure, leading to damping
forces on the structure. TMD can suppress especially
harmonic vibrations very effectively. Nevertheless because of
mechanical challenges it is not easy to find a suitable spring
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element, which can be tuned to the fundamental frequencies
of wind turbines, as they are generally lower than 0.4 Hz.
Therefore standard TMDs can only be used to mitigate higher
tower modes.
A pendulum damper consists also of an auxiliary mass,
which can be hanged below the nacelle of a wind turbine and
supported by dampers or friction plates. The pendulum length
is to be tuned to the natural frequencies of the turbine tower
modes. For a wind turbine with a fundamental frequency of
0.4 Hz the resulting pendulum length is more than 1.5 m. For
lower frequencies this value increases exponentially. To solve
this problem multi-step pendulum dampers can be used.
Hereby the auxiliary mass is attached to multiple pendula,
which are interlinked with each other by various mechanical
joints.
Tuned liquid dampers such as tuned sloshing damper (TSD)
and tuned liquid column damper (TLCD) have naturally very
low fundamental frequencies and therefore can be easily tuned
to the tower frequencies of wind turbines. As these dampers
use as auxiliary masses commonly only water and do not need
any mechanical elements like springs or joints, they feature
for wind turbines a better alternative to other vibration
mitigation methods.
TSD consist of an open tank filled with a Newtonian liquid
such as water with antifreeze. Depending on the tank
geometry and liquid depth different frequencies can be
achieved. In order to control the vibrations effectively TSD
should be installed like TMD and pendulum damper close to
tower top, for instance in nacelle. As turbine tower starts to
vibrate the movement of the TSD-tank causes the liquid to
slosh and develop waves, which dissipate the oscillation
energy. Hereby the fundamental frequency of TSD depends
on nonlinear phenomena, which are caused by sloshing and
tank-liquid interaction. Further research is needed for a better
prognosis of the efficiency of this damper for the wind
turbines. A more stable vibration mitigation process can be
achieved by TLCDs, which will be describe in the fallowing.
Figure 1 and Figure 2 show a wind turbine with TMD,
pendulum damper, TSD and TLCD attached to the nacelle.
The dimensions of the mass dampers vary depending on the
modal mass of the turbine and wind excitation forces. The
exact geometry and the number of the dampers can also differ.
Hereby the integration of TLCD inside the nacelle is easier
than other damping methods thanks to its geometric
versatility.

a

b

a

b

Figure 2. Wind turbine with tuned sloshing damper (a) and
tuned liquid column damper.

3

TUNED LIQUID COLUMN DAMPER

Already in 1910 by Frahm [3] patented the tuned liquid
column damper (TLCD) consists of a U-shaped tank, which is
filled similar to TSD with a Newtonian liquid. Originally
invented to mitigate rolling motions of ships TLCD counts as
one of the first damping devices. The oscillation energy of the
streaming damper liquid dissipates by turbulence effects and
friction caused local pressure loss. In civil engineering TLCD
has become known first after the publications and patent
application by Sakai [4], [5]. In addition to low material and
maintenance costs because of the geometric flexibility TLCD
is assumed to be a better alternate to the other damping
measurements particularly for slender structures like wind
turbines. Figure 3 shows a TLCD attached to a horizontally
excited structure.
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Figure 3. A horizontally excited structure with TLCD.

3.1

Mathematical Description

The liquid motion and oscillation effects can be derived with
the nonlinear Bernoulli equation, whereas the natural
frequency of the liquid damper depends only on the geometry
of the tank. The equation of motion and the fundamental
circular frequency of TLCD are given in Eq. 1 and 2 below.

u   u u  2D u  1 x  xg 
D 

Figure 1. Wind turbine with tuned mass damper (a) and
pendulum damper (b).
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2g
sin 
L1

(1)

(2)

Hereby the stream of the liquid column is defined by u(t) and
the motion of the structure, which is caused by a dynamic
force and base excitation, is equals to x(t )  xg (t ) . The
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coefficient δ specifies the pressure loss, which is caused by
turbulence and friction effects induced by changes in the
stream direction and sectional area of the tank. The geometric
factor γ1 scales the interaction force between structure and
TLCD depending on the geometry of the tank. The
fundamental circular frequency ωD of TLCD depends on the
so called effective length L1 of the liquid column, inclination
angle α of the vertical tank parts and the acceleration g due to
gravity.
The geometric factor γ1 and the effective length L1 are given
in the following equations, which depend on the angle α,
vertical length V and the horizontal length H of the liquid
stream and cross sectional areas AV, AH.

H  2V cos 
1 
L1

L1  2V 

AV
H
AH

(3)

(4)

The damping forces resulting from the impulse of the liquid
mass are given in the following equation for a structure, which
is idealized as a single-degree-of-freedom (SDOF) oscillator.
Hereby DH and ωH are the damping ratio and fundamental
circular frequency of the structure, µ the mass ratio of total
liquid mass to modal mass of the structure, xg the base motion,
f(t) an excitation force and γ2 a further geometric factor of
TLCD.

x  2 DH  H  2H x 
 xg  f t   µx  xg   2 u



(5)

Damping forces

2 

H  2V cos 
L2

L2  2V 

AH
H
AV

(6)

(7)

As described above the fundamental frequency of TLCD
depends on five geometric variables: V, H, Av, AH and α. An
increasing mass ratio µ causes an increase of the TLCD
efficiency. The geometric factors γ1 and γ2 also influence the
efficiency of TLCD. Damping effect reaches its maximum, if
the geometric factor γ1 multiplied by γ2 also has its maximum.
The interaction force of the structure acting on TLCD
increases if the geometric factor γ1 also increases and if the
TLCD tank has a short height, the liquid can even slop over.
To avoid this it is better to keep γ1 as low as possible and
compensate the efficiency loss by maximizing the second
geometric factor γ2.
3.2

Calculation of Optimal Parameters

The optimal parameters of the TLCD can be derived by
applying tuning criteria of mechanical mass dampers, which
can be easily adapted through analogy approaches. For TMD
especially the criteria developed by Den Hartog [6] and
Warburton [7] are commonly used. The results of these

applied criteria are optimal values for the natural frequency
and damping ratio of the TMD.
Using the resonance curves of a harmonically excited SDOF
oscillator Den Hartog derived the optimal frequency and the
damping ratio as the following Eq. 8 and 9.

1
1  µ

f D ,opt  f H
DD ,opt 



3µ

8 1  µ

(8)



(9)

3

Hereby µ* is the mass ratio between effective mass of the
TMD and modal mass of the structure. In order to use these
equations with a TLCD the parameters of an equivalent TMD
must be calculated. The analogy can be derived from the
equation motion of TLCD by substituting liquid stream
deflection u by u* = u / γ1 [8], [9], [10], [11]. The mass ratio
µ* of TLCD can then be calculated by the following equation.
By using µ* in the equation of Den Hartog the optimum
frequency and damping ratio of TLCD can be find out.

µ 

µ1  2
1  µ1  1  2 

(10)

The same procedure can also be used with the tuning criterion
of Warburton. Warburton has enlarged the criterion of Den
Hartog also for other stochastic excitations such as
earthquake. The tuning parameters of a TMD attached to a
stochastically excited SDOF can by calculated by the
following equations. To use these equation for a TLCD the
above described mass ratio µ* must be applied.

f D ,opt  f H
DD ,opt 

1  µ / 2
1  µ



(11)



µ 1  µ* / 4
4 1  µ 1  µ / 2







(12)

The effectiveness of the vibration behavior improvement
obtained with the TLCD depends not but only on the natural
frequency and the damping ratio but also on the geometric
layout of the damper. Therefore the mathematical description
of the damper geometry must be considered within the tuning
procedure taken most important aspects such as the inclination
of the vertical stream line of the fluid flow, the sectional area
and the length of the liquid column into account. To achieve
this purpose a new expanded optimization approach is derived
from the standard criteria such as Den Hartog and Warburton.
To calculate the optimum geometric parameters of TLCD
an optimization problem with constraints has to be
formulated. The target function (Eq. 13) is defined as
maximization of the effective liquid mass of TLCD. By
minimizing the passive liquid mass, which is used only to
reach the requested frequency, the efficiency of TLCD will be
maximized.

J   1 2  max

(13)
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The variables of the target function are V, H, Av, AH and α.
The solution of the nonlinear optimization problem can be
calculated numerically such as by using the Trust-RegionMethod with the fmincon command in Matlab [12].
The geometric constraints are defined by physical
conditions considering available space of the structure, where
TLCD is going to be installed. For instance the height of the
damper must satisfy the requirements regarding to the floor
height. TLCD geometry can be defined by using the following
constraints.

 Vmin   Vi   V max 
H  H  H 
 min   i   max 
 AV min    AV ,i    AV max 
 AH min   AH ,i   AH max 

 
 

  min    i    max 

4.1

V0 ; H0 ; AV,0 ; AH,0 ; α0
i=0

Vi ; Hi ; AV,i ; AH,i ; αi
i = i +1
Vi = Vi + ΔV
AV,i = AV,i + ΔAV
AH,i = AH,i + ΔAH

(14)

WIND TURBINE WITH TUNED LIQUID COLUMN
DAMPER
Reference Wind Turbine

The effectiveness of TLCD is numerically verified by means
of a 5 MW reference onshore wind turbine. The turbine
specifications are described by U.S. Department of Energy’s
National Renewable Energy Laboratory (NREL). The relevant
system properties are summarized in Table 1. Some of the
dimensions of the reference wind turbine can also be found in
Figure 5.

αi = αi + Δα

m*D,i ; µ*i

!
*µ
*
*
Target - µi ≤ µerr

Yes

Den Hartog
or Warburton

fD,opt ; DD,opt

!
fD,opt - fD,i ≤ fD,err

Yes

J = γ1,i ∙ γ2,i → max

Yes

Vopt ; Hopt ; AV,opt ; AH,opt ; αopt

Figure 4. Optimization procedure to calculate geometric
parameters of TLCD.

Table 1. Relevant system parameters of the reference wind
turbine.
Rating / configuration
Control
Cut-in, rated, cut-out wind
speed
Cut-in, rated rotor speed
Hub height
Rotor diameter
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Hi = Hi + ΔH

mD,i

L1,i ; L2,i ; γ1,i ; γ2,i

The start values of the geometric parameters can be defined as
requested TLCD geometry. In order to simplify the solving
process of the optimization problem and to avoid local
maxima of the target function it is recommended to
precalculate the frequency of TLCD using the start parameters
and compare it with the optimum TLCD frequency. The
geometric parameters of the TLCD must fulfill the frequency
requirements of the tuning criteria. Furthermore the liquid
mass must correspond with the requested mass ratio. For these
two constraints a tolerance range is to be defined, which
allows certain deviations. With this flexibility the solution of
the optimization problem will be simplified. Nevertheless the
effective damping of TLCD depends mainly on its frequency
tuning. For slender structures with low damping ratio, such as
wind turbines, the tolerance range for the frequency must not
be greater than 0.01 Hz. Otherwise TLCD can lose its
efficiency. Figure 4 shows the steps of the optimization
procedure.
4

µ*Target

5 MW / 3 Blades
Variable speed, collective
pitch
3 m/s, 11.4 m/s, 25 m/s
6.9 rpm, 12.1 rpm
90 m
126 m
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4.2

Tuned Liquid Column Damper Parameter

H = 90 m

To suppress wind induced tower vibrations of the onshore
reference wind turbine a damper system is designed, which
consists of one TLCD. The parameters of TLCD are listed
below in Table 3. Still using the parameters by dividing the
vertical and horizontal sections of the TLCD tank and keeping
the given ratios a system with several TLCD can also be
designed.
The TLCD parameters are calculated by the optimization
approach, which is described before in section 3.2. Hereby the
optimum frequency of the TLCD is calculated by the tuning
criterion of Den Hartog. The used geometric constraints are
shown in Table 3. In this table also the tolerance ranges for
the mass ratio and frequency deviation are given.
Table 3. TLCD parameter constraints used for the
optimization procedure.

Figure 5. 5MW-Reference wind turbine.
The dynamic parameters of the turbine tower modes in foreaft direction are listed in Table 2. In Figure 6 the tower
fundamental frequency and the number of rotor revolutions
per minute are presented. As shown by this diagram the first
fore-aft tower frequency is placed between the one- and threeper-revolution frequencies to avoid the occurrence of a
resonant condition. However the tower frequency is still quite
near the three-per-revolution frequency. Therefore especially
by low wind speeds resonant tower vibrations are to be
expected.
Table 2. Natural frequencies, modal masses and the structural
damping ratio of tower fore-aft modes.
Natural frequency
Modal mass
Damping ratio

f1 = 0.324 Hz
m1 = 379.752 t
D1 = 1 %

f2 = 2.900 Hz
m2 = 480.606 t
D2 = 1 %

0.666

0.311
0.345

3P

0.202
0.222

1P

0.104
0.115

3P +/- 10%

0.605

f1 = 0,324 Hz
1P +/- 10%

[Hz]

Figure 6. One- and three-per-revolution frequencies of the
reference wind turbine.
Further specifications relating to the reference wind turbine
can be found in the technical report by NREL [1].

min
1m
1m
1 m²
1 m²
90°
-

H
V
AH
AV
α
Δµmax
Δfmax

max
18 m
3m
5 m²
5 m²
90°
0.1 %
1%

Using the parameter of Table 3 the optimum geometric
parameters of the TLCD are calculated. The calculated TLCD
parameters are listed in Table 4 below. In this table also the
total liquid mass mD of TLCD can be found. With these
geometric parameters calculated factors γ1∙γ2 are about 60 %.
With a distributed TLCD system or by changing the geometric
constraints even a further efficiency improvement can be
achieved.
Table 4. Optimum TLCD parameters calculated by solving the
nonlinear optimization problem.
H
V
AH
AV
α
mD
γ1∙γ2

9.932 m
1m
3.086 m²
1 m²
90°
32.650 t
0.58

For the purposes of comparison the parameters for an
equivalent TMD are shown Table 5. Hereby kD and cD are
spring constant and damping coefficient of the equivalent
TMD.
Table 5. Parameters of an equivalent TMD.
µ*
fD,opt
DD,opt
mD
kD
cD

5.01 %
0.309 Hz
12.7 %
18.903 t
71.043 kN/m
9.336 kN s/m
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Table 6. Wind field simulation parameters.
Number grid-points
Grid dimension
Simulation time
Time step
Turbulence model
Turbulence type
Wind profile type
Height of the ref. wind speed
Mean wind speeds
4.4

31 x 31
145 x 145 m
1030 s
0.05 s
Kaimal
Normal turbulence model
Power law
90 m
3 – 25 m/s

Simulation Results

From the total 1000 s simulation time of the turbine response
the last 600 s is used for the evaluation. Hereby the specified
time step of the simulations equals to 0.0125 s. To eliminate
the static tower deflection, which cannot be reduced by TMD,
a high-pass filter is applied with a cutoff frequency at 0.1 Hz.
Figure 7 compares the time histories of tower deflection for
the cut-in, rated and cut-out wind speeds. The frequency
spectra of the tower responses are shown in Figure 8.
As in section 4.1 predicted before at cut-in wind speed
resonant tower vibrations occur. This can be seen also in the
frequency spectrum, where mainly two particular frequencies
are being excited: First natural frequency of tower fore-aft
mode and three-per-revolution frequency. At rated and cut-out
wind speeds the response of the tower is more stochastic with
broadband frequency spectra. TLCD similar to TMD can
suppress especially the resonant vibrations. Therefore the
efficiency of the TLCD at cut-in wind speed is expected to be
much higher than at rated and cut-out speeds.
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Tower deflection [m]
[m]

Simulation Parameter

The simulation of the reference wind turbine with TLCD is
carried out by the stochastic inflow turbulence simulator
TurbSim [15] and the aero-elastic dynamic horizontal axis
wind turbine simulator FAST [16] with FAST-SC [17].
TurbSim and FAST are developed by NREL. FAST-SC is an
expanded code of FAST, which can simulate wind turbines
with TMD. FAST-SC is developed by University of
Massachusetts. FAST can simulate two fore-aft and two sideto-side bending-modes of turbine tower.
The wind turbine is simulated with a TLCD connected in
nacelle close to the tower top. TLCD controls hereby wind
induced vibrations in fore-aft direction. 58 % of liquid mass of
TLCD participates actively to the vibration mitigation. The
remaining passive liquid mass must be added to the nacelle
mass of the wind turbine. This secondary mass causes a minor
shift of the first fore-aft tower frequency to 0.317 Hz.
During the simulations the wind turbine is assumed to be in
operation and system controls for variable speed and blade
pitch are active. The simulation is carried out for normal wind
conditions with a normal wind profile model as described in
IEC 61400-1 [18]. The relevant simulation parameters of the
wind field are listed in Table 6.

3 m/s
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Tower deflection [m]
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25 m/s
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0,1
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0,05
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-0,1

-0.15
-0,15
0.15
0,15

Tower deflection [m]
[m]

The total TLCD volume equals to 32.7 m³, which is about 5 %
of the entire nacelle volume. For practical purposes the TLCD
can also be divided in several TLCDs or integrated in the
outer shell of the nacelle.

0

200

Time [s]

0.10
0,1
0.05
0,05
0.00
0

-0.05
-0,05
-0.10
-0,1

-0.15
-0,15
0

200
200
[s] [s]
Time
Without TLCD

With TLCD

Figure 7. Tower deflection time histories for the cut-in, rated
and cut-out wind speeds.
The TLCD efficiency is calculated by means of RMS-values
of the turbine tower top displacement response in fore-aft
direction. From the results with and without TLCD a
reduction factor R is calculated by using the fallowing
equation. This factor is equivalent to the vibration energy,
which is dissipated by TLCD.


RMS with TLCD 
 100
R  1 
 RMS withoutTLCD 

(15)

Figure 9 shows the resulting RMS-values for the analyzed
wind speeds. The difference between the RMS-values of
tower deflection with and without TLCD is shown in Figure
10. The reduction factor R of the TLCD can be found in
Figure 11. As can be seen from these results TLCD can
mitigate tower vibrations especially at wind speeds lower than
9 m/s. As wind speed increases also the transient tower
vibrations dominate.
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0.02
0,02
[m]
[m]
RMS reduction

3 m/s

0.01
0,01

00

11.4 m/s

11

5
5

13
17
99
13
17
Wind speed
[m/s]
[m/s]

21
21

25
25

Figure 10. Difference between RMS-values of turbine tower
deflection with and without TLCD.
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R [%]
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0

0.1

1

1
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5

Without TLCD

0,04
0.04

[m]

0.03
0,03
0.02
0,02
0,01
0.01
00

9

17
17

21
21

25
25

Figure 11. Reduction factors of TLCD for different wind
speeds.
5

5

13
13

With TLCD

Figure 8. Frequency spectra for the cut-in, rated and cut-out
wind speeds.

1

9

Wind [m/s]
speed [m/s]

[Hz]

13
[m/s]

Without TLCD

17

21

25
25

With TLCD

Figure 9. RMS-Values of turbine tower deflection with and
without TLCD.

CONCLUSION

Depending on wind speed and structural properties wind
turbine tower vibrations in fore-aft direction occur in the form
of a periodic and transient oscillations. These vibrations
threaten the structural stability and reduce the lifetime of wind
turbines significantly. In this research paper the efficiency of
TLCD is analyzed for wind induced tower vibration of
onshore wind turbines. The numerical verification is carried
out by means of a 5 MW reference onshore wind turbine.
During low wind speeds the three-per-revolution frequency
of the reference wind turbine is quite close to the fundamental
frequency of the tower bending mode in fore-aft direction.
Therefore near the cut-in wind speed 3 m/s the reference wind
turbine responses mainly with resonant tower vibrations.
These vibrations can be effectively reduced by TLCD.
Depending on the wind speed TLCD reaches a reduction of
vibration energy by 20-80 %. At higher wind speeds the
resonant character of the vibrations disappears and tower
oscillations become more stochastic. The vibration energy
acquired by TLCD reaches hereby up to 20 %.
The acquired results show that TLCD can effectively reduce
resonant wind induced tower vibrations and improve fatigue
life of wind turbines.
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