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Pendulum mass damper

The present invention relates to a tuned pendulum mass damper damping oscillation of tall buildings,
towers or similar flexible structures. In particular the pendulum mass damper is directed to applications
requiring a low frequency tuned mass damper (TMD) reducing a e.g. wind or earthquake induced
displacement response of the structure.

Background Art:

High buildings and other structures move to a certain extent. During seismic events or strong winds, the
tallest buildings can sway up to almost a meter on each side. The magnitude of movement of any induced
vibration may cause structural overloading and/or severe discomfort, airsickness, nausea or even shock to
the building occupants. Thus, lateral deflection (also known as sway or drift), vibration and building
acceleration are significant criteria that structural engineers carefully assess in the design of high-rise
structures. Also, it may be relevant to damp vibrations of tall chimneys and wind turbine towers, where
the large vibrations to be dampened occur at lower wind velocities due to vortex shedding.

There are several ways of reducing sway and vibration of structures in order to avoid overloading and to
reach an acceptable level of human comfort. First, vertical elements such as columns and walls may be
stiffened by providing larger dimensions or thicknesses. Another possibility is to “tune the building” by
using a Tuned Mass Damper or TMD. A Tuned Mass Damper (TMD), also called a “harmonic absorber”, is a
device mounted to a specific location in a structure, so as to reduce the amplitude of vibration to an
acceptable level whenever a strong lateral force such as an earthquake or high wind hit.

Civil structures like high-rise buildings, or industrial applications such as wind turbines is now commonly
exceeding 100 m in height and as the natural frequency of such structures decrease with the height, a
tuned mass damper able to handle a low frequency is more often required.

A TMD can either be included during the initial concept design of a building to reduce the size of vertical
or horizontal elements or as a retrofit to an existing structure where vibration and acceleration issues are
determined.

Some of the major considerations when installing a TMD, is the location of the TMD and effect of the
chosen location to space allocation.

A conventional simple gravity pendulum has a natural frequency n, = i /g/L and, therefore, the only

parameter affecting the motion, besides the gravitational acceleration, is the pendulum length L and the
lower the aimed frequency, the longer the required length of the pendulum. This represents a serious
limitation whenever a pendulum is used as tuned mass damper. Indeed, within the band of natural
frequencies which generally characterize slender structures such as high-rise buildings and wind turbine
towers, the required length L of a pendulum working as tuned mass damper may be greater than a typical
story height.

A well-known pendulum tuned mass damper is the one built for Taipei 101 comprising a spherical Tuned
Mass Damper weighing approximately 730 tons and costing around $4 million, the spherical mass is
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suspended in cables inside a metal frame allowing the mass to swing in all directions, however, the TMD
reaches from the 87" to the 91 floor, i.e. around 15 meters in height.

US 2017/0328058 discloses a pendulum damper for damping undesired vibrations in vibration sensitive
systems such as tall buildings and towers, in particular wind turbines. A pendulum damper according to
this document comprises a damper mass suspended from a top-point in a cable or the like, and a spring
device installed in connection with the damper mass. The spring device is installed in such a way that its
overall spring force acts essentially in the vertical direction allowing an adjustment of the damper
frequency without changing the pendulum.

Summary of invention:

The present invention relates to a tuned mass damper, and, more particularly, to a pendulum tuned mass
damper capable of damping a dynamic response of a variety of structural systems vibrating horizontally at
low frequencies.

The objective of the present invention is to provide a tuned pendulum mass damper, which is compact,
maintenance-free and versatile.

A further objective of the invention is to obtain an acceptable serviceability or comfort for users of the
structures, also the invention will be efficient for obtaining an acceptable safety level avoiding exceedance
of the ultimate limit state and fatigue limit state of the structure.

The present invention may in particular relate to a suspended inverted pendulum mass damper.

According to one aspect of the invention, the invention relates to a pendulum mass damper for damping
oscillations of a structure comprising a mass (1) balanced by a first spring system (2a, 2b, 2c) and
supported by a carrying part (4) to maintain a vertical position, the carrying part (4) carrying the mass (1)
in the vertical direction extends between the mass (1) and a position (C) below the mass (1), i.e. the
weight of the mass (1) is carried or supported from or at a point or level below the mass (1), wherein the
mass (1) at the position (C) below the mass is fixed and/or connected to a unit (5) constituting a base of a
supporting system for the mass (1) which unit (5) is floating i.e. the unit (5) can move either horizontally
or both horizontally and vertically.

When the lower end of the pendulum mass damper can move horizontally, the pendulum becomes more
stable while still working at low frequencies. In principle the effective length of the inverted pendulum is
extended, meaning that the point of rotation is situated in an imaginary point below the damper
application. The increased pendulum length leads to a reduced angle of rotation of the pendulum when a
fixed horizontal displacement of the pendulum mass is sought. A reduction of the angle of rotation will
improve the stability performance and effective vibrating mass of the low-frequency damper application.
Due to the difference in the lower and upper end spring system, the mass damper will have two vibrating
modes in each horizontal direction. The first mode is the main objective of this application. However, the
spring configuration can be selected in order to tune both the first and second mode. This can potentially
be utilized to damp two different structural modes with only one damper configuration.

According to any embodiment of the invention, the unit (5) may be constituted of a floating part, such as
a plate or another suitable shape, e.g. being balanced by flexible parts such as a second spring system (8).



10

15

20

25

30

35

WO 2020/239590 PCT/EP2020/064146

According to any embodiment of the invention, the carrying part (4) may comprise a central carrying part
(4) extending from a suspension frame (7) to the position (C).

According to any embodiment of the invention, the first spring system (23, 2b, 2c) balances the mass (1)
horizontally and is positioned above, below or at approximately the same vertical level as the mass (1).

According to any embodiment of the invention, the first spring system (2a, 2b, 2c) balances the mass (1)
horizontally and is attached or fixed at the central axis. According to this embodiment, the first spring
system (2a, 2b, 2c) may be attached to or fixed above the vertical level of the mass (1) within a distance of
the top of the mass being less than 20%, e.g. less than 10% or e.g. less than 5%, from the total length of
the pendulum measured from the central point (C) to the fastening points or fastening level (F) of the
springs.

When the spring system is attached to the center axis above the mass — or close to the center axis —
instead of to the perimeter of the mass, the damping system may be made more compact which is an
advantage as the complete damping system then occupies less space horizontally. There has been a
prejudice in the industry against placing a spring system above the mass when constructing an inverted
pendulum, probably because it is necessary to extend the central axis above the mass, thereby increasing
the length of the pendulum, however, when the first spring system is fixed or attached to the central axis
above the mass, preferably close to the mass, the system becomes both stable and relatively compact.

In general and independently of whether the mass 1 is supported by a floating unit 5 or supported by a
joint being stationary relative to the frame 6 or structure, a first spring system 2a, 2b, 2c may
advantageously be fixed to a point at, or close to, the center line through the mass 1 above the mass 1. A
second springs system may according to such a solution be fixed to a point at, or close to the center line
through the mass 1 below the mass.

According to any embodiment of the invention, the first spring system (2a, 2b, 2c) may comprise at least 3
springs or at least balances the mass in three directions.

According to any embodiment of the invention, the carrying part (4) may comprise a central carrying part
(4) in form of one or more cables or similar extending from a suspension frame (7) to the position (C), orin
form of a rigid beam e.g. made of steel or similarly rigid material extending from the mass (1) to the
position (C).

According to any embodiment of the invention, the carrying part (4) also may comprise support parts (3)
e.g. in form of one or more rigid beams or similar part(s) extending from the mass (1) to the unit (5)
positioned below the mass (1) which support part(s) may be resting on the unit (5).

According to any embodiment of the invention, the unit (5} comprises a joint allowing either the support
part(s) (3) or the carrying part(s) (4) to pivot relative to the unit (5). According to such an embodiment, the
joint may have 1, 2 or 3 degrees of freedom i.e. the joint may allow the mass (1) to pivot relative to the
unit (5) in one, two or more than two directions.
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According to a second aspect, the invention also relates to structure comprising a tuned pendulum mass
damper as disclosed above.

According to any embodiment of the second aspect of the invention, the structure is a building, wind
turbine tower, chimney or other towers or similar flexible structures.

According to any embodiment of the second aspect of the invention, the structure may be higher than 10
m or higher than 50 m, preferably higher than 100 m and sometimes higher than 300 m.

According to any embodiment of the second aspect of the invention, the pendulum mass damper may be
placed within the upper 20% of the structure, normally within the upper 10% of the structure. Sometimes
it will be placed at other heights.

According to any embodiment of the second aspect of the invention, the structure may be a building, a
wind turbine tower, a chimney or other towers or structures e.g. having a height over 9 m.

List of figures:

Figure 1 discloses a first embodiment of a tuned pendulum mass damper according to the invention.
Figure 2 discloses the first embodiment in a side view.

Figure 3 discloses the first embodiment seen from above.

Figure 4 discloses a second embodiment of a tuned pendulum mass damper according to the invention.
Figure 5 discloses the second embodiment in a side view.

Figure 6 discloses the second embodiment seen from above.

Throughout the application identical or similar elements of different embodiments are given the same
reference numbers.

Definitions of words:

In general —when this expression is used in respect of a feature, the feature may be employed with any
embodiment of the invention, even though the specific mentioning appears in the detailed part of the
description.

Detailed description of invention:

The present invention relates to a tuned pendulum mass damper, such as an inverted pendulum mass
damper which may be suspended. A pendulum mass damper is characterized by that the mass moves in a
spherical plane which sphere, or spherical plane is defined by a central point C.

The natural frequency of an inverted pendulum according to the present invention is not determined by
the length of the pendulum as the natural frequency of an ordinary pendulum, instead the natural
frequency is influenced by a spring system stabilizing the horizontal position of the mass. This makes it
possible to reduce the height of the tuned mass damper making the mass damper significantly more
compact while the tuned mass damper may still be able to compensate for vibrations at low frequency.
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The pendulum mass damper according to the present invention should normally be installed in top of a
building to perform optimally, and as a pendulum mass damper according to the invention requires
minimum vertical space for installation, more space may be available on top floors compared to top floors
of buildings where a traditional pendulum mass damper is installed. Contrary to a traditional gravity
pendulum, the achievement of an aimed natural frequency does not necessarily involve varying the height
of the mass damper. Instead, it can be obtained by adjusting damper mass and spring stiffness. Hence,
pendulum dimensions may be maintained.

Figs. 1-3 illustrates a first embodiment of the invention where the mass of the pendulum is suspended,
and figs. 4-6 illustrates a second embodiment of the invention where the mass of the pendulum is
supported by a rigid beam.

That the pendulum mass damper is suspended means that the weight of the mass of the damper is carried
by a cable or a similar structure which extends from a level or point above the central point C and down to
the central point C. l.e. the force keeping the mass at its vertical position is a tension or pulling force.

An inverted pendulum mass damper according to the invention may consist of simple mechanical
components and bolted connections requiring only minimal maintenance during the lifetime of the device
at the position of installation.

Figs. 1-3 show a first embodiment of a pendulum mass damper according to the invention, where fig. 1
shows an upper side view of the first embodiment, fig. 2 shows a side view of the same embodiment and
fig. 3 shows a top view of the same embodiment. The pendulum mass damper comprises a damper mass
1 which is balanced horizontally by a first spring system comprising three springs 2a, 2b, 2c or more. The
damper mass shown in fig. 1 is of a cylindrical shape and consists of a series of smaller cylindrical masses,
centrally drilled, which are installed and piled up on a vertical tube. However, the damper mass 1 may
have any shape e.g. cylindrical or spherical or different, and weight, as the shape and weight of the mass
are adapted to the structure in which it is desired to damp vibrations.

The first spring system is normally constituted of one or more springs positioned above, below or at the
same level as the mass 1, the spring(s) of the first spring system provide a horizontal force balancing the
mass and advantageously the spring(s) are mounted close to the mass 1. That the springs are mounted
“close” to the mass 1 means that the length between the top of the mass 1 and the fastening point or
fastening level of the springs deviates less than 20%, e.g. less than 10% or e.g. less than 5%, from the total
length of the pendulum measured from the central point C to the fastening points or fastening level of the
springs. The fastening point or fastening level of the springs will normally be positioned at the top of the
pendulum.

In general, the spring system may comprise any number of springs, e.g. the spring system may comprise at
least two springs e.g. positioned opposite each other i.e. with a distance of 180° between the springs, or
at least three springs i.e. with a distance of 120° between each pair of springs or at least four springs i.e.
with a distance of at least 90° between each pair of springs. Also, the springs are shown as coil or helical
springs, but in general, the springs of the spring system may be of any type of compression or tension
springs. The complete spring system comprising the first 2a, 2b, 2c and second 8 spring system is aimed at
providing the system with the right stiffness, and thus right natural frequency. Depending on the spring
system configuration the tuned pendulum mass damper can either be symmetric or not, meaning that the
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suspended inverted pendulum frequency may either be identical for any moving direction or may vary in a
desired manner. This allows the pendulum mass damper to perform horizontally in two-dimensions for
any direction of motion.

Also, the springs are shown as being positioned horizontally, but in general, springs of the first spring
system may be position in an inclined position, i.e. instead of providing a force in a horizontal direction,
each or part of the springs of the first spring system may provide a force in both a horizontal and in a
vertical direction.

In general, a first spring system may comprise at least three springs or is at least connected to springs in
three directions e.g. symmetrically distributed around the mass. The system may be provided with
symmetric stiffness in all directions if the first spring system comprise of N springs, where N = 3*n, for n
being a positive integer.

If the first spring system comprises four springs or is balanced in four directions, the system will be stable,
but the stiffness will not be symmetric.

The pendulum mass damper in fig. 1-3 is mounted in an external frame 6, the frame 6 is attached to oris
part of a structure such as a high building or tower being subjected to vibrations which vibrations would
cause the structure to oscillate if no damper is present, i.e. the frame 6 does not move but is stationary
relative to the structure. The pendulum mass damper further comprises one or more support part(s) 3
which helps maintaining the mass 1 in a vertical position, the support part(s) 3 are attached or fixed to the
mass 1 and extends between the mass 1 and a unit 5 comprising a central point C being center of a sphere
constituting a spherical plane in which the mass 1 moves. The unit 5 is positioned below the mass 1 i.e.
the weight of the mass 1 is supported at a point/level below the mass 1, and the unit 5 may be
understood to constitute the base of a supporting system for the mass 1.

In general, the unit 5 may be constituted of a part of the frame 6, or alternatively, the unit 5 may be
constituted of a separate floating part, such as a plate or another suitable shape, being attached to the
frame 6 by flexible parts e.g. a second spring system. The central point C moves together with the unit 5
changing the spherical plane in which the mass 1 moves.

According to the first embodiment, the unit 5 is a floating part attached to the frame 6 by a second spring
system 8 which second spring system 8 comprises springs distributed around the unit 5. The number of
springs in the second spring system may vary depending on the conditions.

In general, a pendulum mass damper according to the invention may also comprise a central carrying part
4 carrying the mass 1 and being connected to a central point C. Such a central carrying part 4 may be
constituted of e.g. one or more cables or similar, or of a rigid beam. The central carrying part 4 may
comprise support parts 3 forming a connection between the mass 1 and the central point C without such
support parts 3 may comprise one or more rigid beams or similar part(s) extending from the mass 1 to the
unit 5.

The carrying part 4 of the first embodiment is constituted of one or more cables or similar suspension
means which suspension means are extending between a suspension frame 7 and the unit 5. According to
the embodiment of fig. 1-3, the suspension frame 7 comprises three beams which extend between a
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central point or a centrally positioned plate and the frame 6, and the carrying part 4 comprises a cable
extending from the central point or plate to the unit 5.

In general, the unit 5 may comprise a joint having 1, 2 or 3 degrees of freedom i.e. the joint may allow the
mass 1 and the supporting parts 3 to pivot relative to the unit 5. The unit 5 and the carrying part 4 do not
pivot as the second spring system will strive to maintain a constant horizontal and vertical position of the
unit 5, whereas the mass 1 and the supporting parts 3 pivot at least back and forth in one direction,
possibly in two directions and possibly in three or more directions.

Figs. 4-6 show a second embodiment of a pendulum mass damper according to the invention, where fig. 4
shows an upper side view of the second embodiment, fig. 5 shows a side view of the second embodiment
and fig. 6 shows a top view of the second embodiment. The pendulum mass damper comprises a damper
mass 1 being balanced horizontally by a first spring system comprising three springs 2a, 2b, 2c. The
damper mass shown in fig. 4-6 is of a cylindrical shape and consists of a series of smaller cylindrical
masses, centrally drilled, which are installed and piled up on a vertical tube. In general, the damper mass 1
may have any shape e.g. cylindrical or spherical or different, and any weight, as the shape and weight of
the mass are adapted to the structure in which it is desired to damp vibrations.

The pendulum mass damper in fig. 4-6 is mounted in an external frame 6, which frame 6 is attached to or
is part of a structure such as a high building or tower being subjected to vibrations which vibrations would
cause the structure to oscillate if no damper is present, i.e. the frame is stationary relative to the
structure. The pendulum mass damper comprises a central carrying part 4 attached or fixed to the mass 1
and extending between the mass 1 and the unit 5 comprising a central point C being center of a sphere
constituting the spherical plane in which the mass 1 moves. The unit 5 is positioned below the mass 1 i.e.
the weight of the mass 1 is supported at a point/level below the mass 1, and the unit 5 may be
understood to constitute the base of a supporting system for the mass 1. The unit 5 of the second
embodiment may comprise a ball joint and the carrying part 4 may then comprise a ball-shaped end part
supported by this joint. In general, the unit 5 may comprise any joint allowing movement in all directions.

The unit 5 may comprise a lower surface provided with wheels or other means adapted to slide over a
contact surface of the structure or a frame fixed to the structure, and the unit 5 may be attached to a
frame 6 of the structure by a second spring system 8 as described in connection with the first
embodiment. The stiffness configuration of the second spring system 8 is important for the performance
of the damper according to this embodiment. The number of springs and the stiffness can be changed in
the same way as the springs of the first spring system.

In general, the unit 5 may comprise a joint having 1, 2 or 3 degrees of freedom i.e. the joint may allow the
mass 1 and the supporting parts 3 to pivot relative to the unit 5.

As the natural frequency of the system does not only depend on the length of the system but on a variety
of different parameters the pendulum mass damper becomes versatile, and adoptable to damp the
dynamic response of a variety of slender structures, such as high-rise buildings and wind turbine towers
having a natural frequency within the range [0.05 ; 0.3] Hz (equivalent to a wire length of a traditional
pendulum in the range [99 ; 2.8] m). This band represents only a sub-group of frequencies which the
damper is meant for and the frequency can be regulated according to the application purpose.
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According to the theoretical model which the invention is based on, the pendulum mass damper
according to the invention would, in principle, be capable of acting for infinitesimally small frequencies.

When e.g. the wind-induced vibrations hit the natural frequency of the inverted pendulum, the mass 1
starts to oscillate around the center C of the unit 5 placed at the base of the supporting system. The mass

will either pivot around the point C or even further below.

Ref. no. Ref. name

1 Mass

2a, 2b, 2c Spring system

Support parts supporting the mass

Central carrying part carrying the mass

Unit positioned below the carrying part 4

External frame for mass damper

Suspension frame for carrying part 4

Second spring system defining horizontal position of unit 5

Point defining the center of a spherical plane in which the mass of the pendulum moves

MO|R N[OVl W

Point or level at which the first spring system is fastened to central axis
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CLAIMS

1. A pendulum mass damper for damping oscillations of a structure comprising a mass (1) balanced by a
first spring system (2a, 2b, 2c) and supported by a carrying part (4) to maintain a vertical position, the
carrying part (4) carrying the mass (1) in the vertical direction extends between the mass (1) and a
position (C) below the mass (1), i.e. the weight of the mass (1) is carried or supported from or at a point or
level below the mass (1), characterized in that the mass (1) at the position (C) below the mass is fixed
and/or connected to a unit (5) constituting a base of a supporting system for the mass (1) which unit (5) is
floating i.e. the unit (5) can move either horizontally or both horizontally and vertically.

2. A pendulum mass damper according to claim 1, wherein the unit (5) is constituted of a floating part,
such as a plate or another suitable shape, e.g. being balanced by flexible parts such as a second spring
system (8).

3. A pendulum mass damper according to any previous claim, wherein the carrying part (4) comprises a
central carrying part (4) extending from a suspension frame (7) to the position (C).

4. A pendulum mass damper according to any previous claim, wherein the first spring system (2a, 2b, 2c)
balances the mass (1) horizontally and is positioned above, below or at approximately the same vertical
level as the mass (1).

5. A pendulum mass damper according to any previous claim, wherein the first spring system (2a, 2b, 2c)
balances the mass (1) horizontally and is attached or fixed at the central axis above the vertical level of
the mass (1) within a distance of the top of the mass being less than 20%, e.g. less than 10% or e.g. less
than 5%, from the total length of the pendulum measured from the central point (C) to the fastening
points or fastening level (F) of the springs.

6. A pendulum mass damper according to any previous claim, wherein the first spring system (2a, 2b, 2c)
comprises at least 3 springs or at least balances the mass in three directions.

7. A pendulum mass damper according to any previous claim, the carrying part (4) comprises a central
carrying part (4) in form of one or more cables or similar extending from a suspension frame (7) to the
position (C), or in form of a rigid beam e.g. made of steel or similarly rigid material extending from the
mass (1) to the position (C).

8. A pendulum mass damper according to any previous claim, wherein the carrying part (4) also comprises
support parts (3) e.g. in form of one or more rigid beams or similar part(s) extending from the mass (1) to
the unit (5) positioned below the mass (1) which support part(s) may be resting on the unit (5).

9. A pendulum mass damper according to any previous claim, wherein the unit (5) comprises a joint
allowing either the support part(s) (3) or the carrying part(s) (4) to pivot relative to the unit (5).

10. A pendulum mass damper according to claim 8, wherein the joint has 1, 2 or 3 degrees of freedom i.e.
the joint may allow the mass (1) to pivot relative to the unit (5) in one, two or more than two directions.
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11. A structure comprising a pendulum mass damper according to any of the claims 1-10.

12. A structure according to claim 11, wherein the structure is a building, wind turbine tower, chimney or
other towers or similar flexible structures.



