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Abstract. Research concerns an innovative semi-active pendulatory absorber utilising a varying mass as a way of controlling mechani-
cal systems’ dynamics. An objective of the study is to propose the attenuator concept and its mathematical model - an attachable device
mounted to a vibrating system in order to eliminate its pendulatory motion. The main advantage of the novel pendulatory tuned mass
damper (PTMD) is combining features of widely known vibrational energy absorber (TMD), improving and expanding its capability
through allowing for adaptable changes to the system characteristics and extending its basic operational range through varying its mass
realised by transferring the fluid between the main system and the absorber. The article provides research comparing the results of
computer simulations with empirical experiments. The objective was to investigate the effectiveness of mass transfer in process of
vibrations mitigating. Various factors were analyzed, including the influence of changes in a natural frequency of the structure, the
activation time of a tuned mass damper (TMD), and the fluid flow rate within the system. The findings demonstrate that mass transfer is
a promising approach to reduce vibrations in both, mechanical systems and civil engineering structures. Presented approach enhances
the performance of conventional TMDs by incorporating variable parameters, leading to more effective vibration damping compared
to traditional fixed-parameter designs.

Key words: tuned mass damper (TMD); semi-active damper; variable mass; system dynamics control; sweeps frequency response;
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1. INTRODUCTION of effects of dynamic loads. Moreover, they are charac-
When considering design and operation of machinery, terized by stability of their parameters, which cannot be
equipment, buildings or other architectural structures, the intentionally modified during the operation [4],
phenomenon of mechanical vibration is often classified as @ active control systems - utilise external actuators respon-
an undesirable motion, which in unfavourable conditions sible for introducing additional forces counteracting to
can lead to a reduction of durability occurring in reduced the system dynamic loads. Active vibration elimina-
service life and malfunctions such as noise or reduced qual- tors are automatically adjustable systems mounted on the
ity of operation, resulting in damage of the structure. The structure and their main elements are sensors, a computer
discussed phenomenon is commonly analysed taking into and actuators triggering an appropriate control force [4],
account the three aspects [1], which are: e semi-active control systems - they combine properties of

both, passive and active, vibration dampers. Similarly to
the active systems, they are built of sensors, computer
and actuators, but they do not require such a high power
supply to reduce vibrations [5], [6], [7], [8], [9], [10].

e impact on machine quality (faster machine wear out),
e machine failure rate (vibroacoustic diagnostics),
e quality of work and health of operators (vibroacoustic
protection)
An interesting example of vibration attenuation systems

is a Tuned Mass Damper. A device consists of a com-
paratively light mass (in comparison to a whole structure)
mounted on springs and is used in structures to reduce me-
chanical vibrations. Its working principle is based on a sim-
ple rule - to tune its vibration frequency near to the resonant
frequency of the object it is mounted to. The operational
principle of a TMD relies on adjusting its natural frequency
to coincide with a specific dynamic response of the host
e passive control systems - technically simple devices or  Structure - most commonly, its resonant frequency. This
structural elements, built such that the system as a whole frequency tuning enables the redistribution of vibrational
is able to dissipate an energy provided by the excitation  energy, thereby reducing the peak amplitude of the struc-
independently to the external energy sources [2], [3]. An tural response by shifting the effective dominant frequency
important part of passive eliminators are so-called dy- away from that of the external excitation. It is important to
namic vibration absorbers. They modify the natural fre-  note that TMDs are not constrained to resonance mitigation
quency of a structure giving contribution to a reduction  alone; they can be precisely tuned to target and suppress vi-
brations at any prescribed frequency component introduced
*e-mail: anna.mackojc @pw.edu.pl by external dynamic loading, thus offering a versatile so-

Designers are keen to follow the trend to design engi-
neering structures with a higher durability simultaneously
caring for an improvement of their users” comfort. For this
purpose, various types of vibration eliminators are installed
on structures or are formed as their part.

The current research on vibration suppresion can be di-
vided into three main control methods used in dynamic
structures:
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Iution for vibration attenuation across a wide spectrum of
excitation conditions.

An important feature of TMDs is that no additional en-
ergy is required - making the solution passive vibration
absorber. TMDs are most often used in automobiles and
buildings [11], [12], [13], [14], [15]. Besides being very
popular, the most important feature of TMDs is their loss-
less operation. The "damping" phenomenon happens by a
pure change of the system characteristics without energy
dissipation. The main disadvantage is a narrow operational
range. In recent years, a new group of damping solutions
have become more popular. The following [16] and [17]
present an Adaptive Tuned Mass Damper (ATMD) with the
ability to adjust its stiffness or damping ratio adaptively to
current situation. This is realized by introducing an active
element (an actuator) into a basic TMD, which based on a
control strategy can overcome the shortcomings of passive
solutions. However, these often require high energy sup-
ply. A large-scale study on semi-active TMDs, conducted
by Chinese researchers, explored various approaches to vi-
bration control. Their research focused on how modify-
ing the physical properties of structures or integrating Al-
based methods can enhance vibration suppression. Various
studies have explored advancements in tuned mass damper
(TMD) systems for vibration control. [18] and [19] intro-
duce PTMD with geometric nonlinear dampers for seismic
response control. [20] examined pedestrian-induced vibra-
tions with human-structure interaction, and [21] developed
an adaptive-passive MTMD with automatic mass adjust-
ment for improved performance. Lastly, [22] and [23] pro-
posed a semi-active TMD with variable damping and stiff-
ness, outperforming conventional designs in reducing dis-
placements and base forces. It should be noted that vibra-
tion damping in engineering solutions is mostly based on a
use of semi-active control methods. The method commonly
used for vibration control is an application of magnetorheo-
logical (MR) fluids. Several reviews of MR fluids’ applica-
tions, in-depth analyses of their models and control strate-
gies can be encountered in recent years [24], [25], [26].
The higher effectiveness in vibration control might be ob-
tained when changing parameters of the system during its
operation with a utilisation of an adjustable damping. How-
ever, such an approach causes energy loss resulting from its
dissipation. It constitutes a disadvantage of such solutions
as the energy is irretrievably lost and converted into heat.
In studies [27], [28] and [29] one can find conclusions re-
garding modelling, analysis and testing of a Particle Impact
Damper. The device is composed of a container filled with
a granular material and characterized by a passive damping
ability resulting from grain-grain and grain-container col-
lisions that however might be adjusted based on changes
in the device’s parameters. Another interesting approach
to vibration attenuation based on changes to the system’s
parameters is presented in [30]. Among solutions of ad-
justable damping, a special attention should be paid to re-
search presented in [31]. The authors analyse dynamics of
a double pendulum system for a varying mass as a param-
eter. The study covers three cases where the mass change
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occurs in the upper, lower and in both members of the pen-
dulum’s system. The investigation contains the analysis of
the influence of this phenomenon on the considered system
behaviour. It was concluded that the system is sensitive to
change of the system’s mass, which causes it to behave in a
desired manner. A constant and variable mass system of a
double pendulum is presented in a similar approach in [32].
The mathematical and physical model confirms through-
out the research that the variable mass phenomenon can be
used as a factor enabling suppression of the system vibra-
tions in practical application. Moreover, the basic articles
[33] and [34] presenting and explaining the mass exchange
phenomenon as a way of vibration attenuation are previous
studies of one of the authors.

2. RESEARCH OBJECTIVES

A few of these analyses allow to notice shortcomings
and gaps to improve the systems’ operation using common
features of well-known solutions. For this reason, the au-
thors decided to propose a concept of vibration absorber
utilising a variable mass allowing for its use as a part of
the absorber’s structure design. Most of the studies regard-
ing a potential utilisation of the system’s variable mass to
damp vibrations encountered in literature were mostly ex-
perimental research. What is more, a negligible number of
such products available on the market is an evidence of not
much success in the discussed field. One can find hardly
any information regarding an implementation of such a de-
vice. All of the aforementioned factors induce a need for
a proposal of a novel device combining features of other
solutions. The authors decided to rely on the working prin-
ciple of a passive TMD system simultaneously improving
and expanding its capabilities through adding an ability to
turn it on or off when it is needed or desired allowing for
adaptable changes to the system characteristics extending
its operational range. The systems operating with change-
able parameters perform more effectively on a contrary to
systems of constant parameters (TMDs). The authors pro-
posed a solution based on a pendulum system in order to
absorb or control the system oscillations. An addition of
an extra pendulum member to the main pendulatory sys-
tem corresponds to the concept of the TMD system, how-
ever its operation range is extended by an influence on its
dynamics resulting from a property of a variable mass. The
mass variability is realized through the use of fluid overflow
within and between the pendulums. A liquid is used as an
absorber and throttling its flow allows a semi-active control
[35], [36], [37]. The encountered studies support the con-
cept of an effective fluid utilisation. The additional contrib-
utor of the proposed solution, not found in other research,
is a use of a coupling principle. This fact gives an oppor-
tunity to propose a novel solution combining a semi-active
control strategy consisting of time variable parameters, as
well as very effective (narrow ranges) mass dampers. The
main objective of the research conducted is to develop a
concept of an innovative vibration absorber using the phe-
nomenon of mass change in the system under considera-
tion. Such system, designed and tested under experimental
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conditions, could be successfully implemented as an alter-
native and extremely effective solution for limiting unde-
sirable vibrations of engineering structures. These types of
systems could be widely used in the industry, however their
particular application is seen in maritime industry, where
the utilisation of fluids seems to be natural, for example
tanks, oil rigs etc.

3. PENDULUM ABSORBER DESIGN AND MODELLING
3.1. Pendulum absorber design

Modelling methods and assumptions presented in the pa-
per are necessary to study the proposed concept in order to
provide basic limitations and requirements for the process
of the absorber design as an initial step for further investi-
gation of the presented solution. A double pendulum with
a varying mass was adopted as a model of the considered
system. The subject of research is a dynamic system con-
sisting of two connected elements. These elements are stiff
enough to be considered as rigid bodies. This approach en-
ables to avoid minor problems with internal vibrations of
the structure related to its continuous properties. Accord-
ingly to the principle of mass conservation, it is assumed
that the mass of the system as a whole is constant. Ad-
ditionally, the mass of water flows inside the system from
the upper to the lower part of the pendulum according to
the arbitrary selected time-history of changes (it can be ob-
tained with a flow control system in the form of sensor and
proportional valve). Authors decided to utilise the flow rate
characteristics, which fullfils conditions of three operation
ranges:

e first range describes the initial state, where the entire
amount of fluid is stored in the main member (absorber
off);

e second stage is a liquid transfer between upper and lower
elements;

e and the last stage, when fluid is contained in the absorber
(lower pendulum)

It allows the entire structure to be treated as a constant-
coefficients model in the first and third stage of operation.
It it worth noting, this manuscript does not focus on control,
which would require a separate device and dedicated study.
Instead, the focus here is on the absorber’s effect on vibra-
tions in a system with varying mass. The classification into
stages helps to describe the absorber’s performance rather
than suggesting active regulation of the system’s dynamics.
A test stand was designed primarily as a reference to ver-
ify the model, rather than to fully validate the phenomenon
across all presented scenarios. The methodology follows
a structured approach, beginning with preliminary numer-
ical research to examine the influence of damping and ac-
tivation time on system amplitude attenuation in the pres-
ence of transferred liquid for the considered mathematical
model. To validate the developed model, a test stand was
constructed, and experimental tests were performed. Upon
obtaining results that aligned with the numerical model, the
authors proceeded with further research, including numer-
ical simulations on transferred liquid mass influence in the
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main system, and PTMD and performed sweep frequency
analysis. The aforementioned goals and assumptions lead
to a nontrivial, novel problem, which seems to be an inter-
esting approach to common engineering problems occur-
ring in fields of slender structures containing fluid, where
the system total mass is dominated by the stored medium.
Due to the surroundings, i.e. the marine environment, the
key industry, in which the application of a semi-active vi-
bration absorber seems to be natural is the offshore indus-
try. The multitude of problems regarding a stabilisation
of offshore structures caused by environmental conditions
(sea state, wind gusts) abounds in many possibilities of us-
ing the proposed approach for the attenuation of a system
vibration. The application of the device utilising the phe-
nomenon of mass change as a semi-active side tilt com-
pensator of the ship, floating drilling platforms or floating
wind turbines can contribute to increase safety, improve an
operational efficiency and reduce operating costs by im-
proving their’s stability. This makes the technology attrac-
tive to the offshore industry in particular [38], [39], [40].
By manipulating the mass distribution on board, it is pos-
sible to generate torques to counteract the vessel’s swing
motion. The use of this technolOpening time changesogy
could allow the stabilisation system to dynamically adapt
to changing sea conditions, which would increase safety
during operations or navigation. In addition, the control
of mass distribution could lead to the optimisation of fuel
operating efficiency by reducing hydrodynamic drag and
reducing energy consumption, which is important for the
economic operation of the vessel. With this approach, the
vessel will be able to maintain better stability even in diffi-
cult weather conditions. By reducing undesired movements
of floating offshore turbines or drilling platforms, such as
tilting or rolling, the quality of operations can be improved,
which is crucial in case of a precision drilling operations.
Additionally, optimising the stabilisation of offshore plat-
forms and turbines can bring economic benefits through
reducing energy and fuel consumption. Lower load on en-
gines and drive systems can lead to reduced operating costs
and reduced air pollution. The practical implementation of
the double pendulum with a variable mass is made of two
hollow rods connected to each other. Additionally, they
are connected by the elastic pipe conveying the liquid that
gravitationally flows from the upper to the lower member.

3.2. Pendulum absorber modelling

In this study, a mathematical double pendulum presented
in figure effig:mathematical pendulum was adopted as a
model at the first stage being a simplification of the model
aimed - the physical double pendulum.

A dynamics of a double pendulum is complex and can
exhibit both regular and chaotic behaviour, depending on
initial conditions, system parameters and external excita-
tion. In the regime of small oscillations, where the angles
of displacement are relatively small, the motion of a double
pendulum can be more predictable and will not involve full
rotations. Under these conditions, the system’s behaviour
can be approximated by linearizing the equations of mo-
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Fig. 1. Scheme of a mathematical double pendulum - a
simplified model adopted in the analysis

tion, leading to solutions that resemble those of simple
harmonic oscillators. Therefore, while the mathematical
model of a double pendulum can approximate the behav-
ior of a physical double pendulum in certain low-energy,
small-angle scenarios, this approximation breaks down in
more energetic or large-angle situations where the full non-
linear dynamics must be considered. However taking into
account the mentioned purpose of the system, amplitudes
of oscillations are to be limited at some controlled point
so the large-angle displacements will not occur. There-
fore, while the system operates under low-energy condi-
tions, the mathematical double pendulum closely mimics
the physical one, making it an effective approximation for
many practical applications. Authors based their choice of
the model on a previously conducted research [41], [42].
The mathematical description and analysis was based on
classical formalism of Lagrange’s equations of a second
kind, which was used for a system of two degrees of free-
dom with smooth, holonomic constraints, using the force
of gravity as a potential force. The change in mass has
been modelled by the phenomenon of gravitational out-
flow of liquid from a tank with a hole. It was assumed
that the movement of the tank does not disturb the out-
flow. Lagrange mechanics is used in order to determine the
equations of motion for the considered system [43], [44],
[45]. For this purpose, a Lagrange function must be deter-
mined. Lagrangian describes a dynamic state of the system
unequivocally. The Lagrange function L is equal to a dif-
ference between the kinetic (7") and potential (V') energy of
the system:

L=T-V (1

To determine the total energy of the system, the kinetic
and potential energies of the individual members are deter-
mined. The sum of the individual components represents
the kinetic and potential properties of the whole structure.
In the case under consideration, the total energy of the sys-
tem is equal to the sum of kinetic and potential energy of
the upper and the lower pendulum member. The final re-
lationship is obtained by inserting the energies into the La-
grange function. The resulting equation forms the basis
for further dynamic calculations and allows the equations
of motion to be determined. Finally, the kinetic potential

4

(the Lagrange function after substitution) has the following
form (2):

(la sin (o) & + g sin (B)B)zmﬁ

L:
2
(—lacos(a)a—lﬁcos(ﬂ)ﬁ) mg lémadz
+ +
2 2

— g (—lacos (o) —Igcos (B)) mg

— gl (1 —cos(a)) mg @)
where:
t - time;

Q& - angular (generalised) velocity of the upper pendulum
member;

g - acceleration of gravity;

«a - angle of the upper pendulum swing;

lq - length of the upper pendulum,;

lg - length of the lower pendulum;

mg - initial mass of the upper pendulum member;

B - angle of the lower pendulum swing;

mg - initial mass of the lower pendulum member;

B - angular (generalised) velocity of the lower pendulum
member.

The dissipative potential for the considered system is ex-
pressed as follows:

D="—+"- 3)

The individual components of the equations of motion are
determined by calculating the appropriate derivatives. Af-
ter calculating the derivatives, the results are inserted into
the Lagrange equations. Finally (after substitution), the fol-
lowing system of equations of motion is obtained. The
governing equations of the system have a following form

®-(5):

bou+ ring (1) 15,0+ 1ing (1) 15,0 + [gme (£) 8+ [mp () &
+ glame(t) sin (o) + glgmpg (t) sin (c)
+ g (t)lalg cos (a0 — B)B +lolgmp(t)sin (o — B)B?
+1lalgmg(t)cos (o — B)B = Tosin () 4)

bB + g (t)léﬁ + ll%m[; (1) +glgmg(t)sin(B)
+1i1g (t)lalp cos (. — B) & +lglgmg(t)cos (o — B) &
—lglgmpg(t)sin (ot — B) > =0 (5)
where:

k - spring stiffness;

Q - excitation frequency;

B - angular (generalised) acceleration of the lower pendu-
lum member;

uo - initial difference of spring length and starting spring
length;

g - mass of the upper pendulum and fl and fluid flow;
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- angular (generalised) acceleration of the upper pendu-
lum member;

b - damping coefficient value;

g - mass of the of the lower pendulum and fluid flow.

The excitation was assumed in the form of an external
torque, which aligns naturally with the rotational dynamics
of the system. This approach allows the excitation to be in-
troduced directly and intuitively within the system’s setup.
The positive direction of the applied torque is defined to co-
incide with the direction of positive angular displacement.
As a result of this formulation, the system load is obtained
in the form of a generalised force.

T = Tysin (Qr) 6)

The mass transfer was modelled by the phenomenon of
gravitational outflow of the liquid from the tank (upper
pendulum member) to the lower member through the con-
veying elastic pipe. To simplify the modelling process, a
flow function was arbitrarily adopted that corresponds to
the physical conditions of the process. An atan function
was used, which has an almost constant value outside the
surroundings of the 7y value, while for the activation time
it ensures a smooth transition between the states. It is as-
sumed that the movement of the pendulum members does
not affect the phenomenon of the mass flow. Taking into
account the presented assumptions, the mass of the upper
pendulum member can be described by the equation:

- my  moatan (Af — Ato) )
2 T

where:

top - activation time;
A - fluid flow rate;
my - transferred damping mass.

A series of simulations of the parameter changes were per-
formed for different values and time ranges with applica-
tion of the mass transfer function. The results are sum-
marised in a table and repesentative values are selected.
The activation time and the A coefficient are crucial for the
studied run. Time-histories of fluid flow described by the
the formula (7) for obtained values of parameter #y and A
are presented in figures 2 and 3.

0 10 20 30 40 50 60 70 80 90 100
t(s)

Fig. 2. Flow coefficient changes
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Fig. 3. Opening time changes

The mass of the lower pendulum member was deter-
mined on a similar basis to the first pendulum, assuming
the same conditions. In addition, it was assumed that the
mass of the overflowing fluid is constant. This makes pos-
sible to determine the relationship for the mass of the fluid
of the lower pendulum member (absorber) in the form of
the following formula:

_ mo  moatan (At —Ato)
mpo = =+ p ®)

A linearised model of the system can be useful as an initial
step of the analysis, as it enables finding a simplified solu-
tion in the neighborhood of the critical point. It is important
to distinguish between the process of linearisation and the
assumption of constant coefficients. Linearisation refers
to approximating the system’s behaviour around an equi-
librium point by neglecting higher-order nonlinear terms,
while assuming constant mass simplifies the equations by
removing time-dependent variations.

In the simplified calculations, the mass of both members
was assumed to be constant. While this introduces some
error, the linearised solutions still exhibit qualitative com-
patibility at the beginning and end of the process (where the
fluid mass flow is almost zero). The simplified Lagrangian
formulation, incorporating the constant mass approxima-
tion, is presented in equation (9):

_ lama(na? | lamp (e lgmg(1)B?

B 2 2 2

s glama(t)a®  glamg(t)ot
O

L

2
+ lalﬁmﬁ (l‘)

_ glgmp(1)B?
2

The lineralised equations of motion were derived as for
the nonlinear model - Lagrangian derivatives were cal-
culated and then subsituted into the Lagrange equations.
The simplified equations of motion are given the equations
(10)-(11):

bo+ 13, (g () +1ing (t)) & + 15 (ma (1) +mp (1)) &
—lo (—gma(t) — gmg (1)) ot +1ing (t)lalp P
+ lalﬁmﬁ (t)ﬁ = Tpsin (.Q.l‘)

+8lamg(t) + glgmg(t) 9)

(10)

b +1ing (1)I5 8 + [5mp (1) + ring (1)l lp &+ glgmp (1)
+lalﬁmﬁ(l)d=0 (11)
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Based on the obtained equations of motion, the inertia and
stiffness matrices were calculated. The system mass ma-
trix provides a complete description of the behaviour of the
system components under the action of accelerations on the
individual degrees of freedom. It describes an influence of
inertia of the system’s elements. The mass matrix is given
in the following form: (12):

& (ma+mg)  lalgmg

M = (12)

lalﬁmﬁ lémﬁ

The stiffness matrix describes the global response of the
system to external forces. The individual components of
the matrix result from the elastic and geometrical proper-
ties of the overall structure. The stiffness matrix makes
possible to determine the equilibrium positions of the sys-
tem and, together with the inertia matrix, to determine its
natural frequencies. The stiffness matrix of the system is
described as follows:

K — Lo, (gma +gmﬁ) 0

13
0 gl[;m/; ( )

The damping matrix represents the total dissipative prop-
erties of the system. The individual elements (compo-
nents) of the matrix result from the damping and geometric
properties of the overall structure. The dissipation matrix
does not significantly affect the frequency structure of the
system (only small shifts of the eigenfrequencies are ob-
served). On the other hand, it has a strong influence on the
values of amplitudes. The C matrix is given as follows:

| b+1Z (rhg + i)
B lalﬁﬁlﬁ

falp s (14)
b+1 BB

A response of the system to an external harmonic force
was derived also in analytical form. The amplitude of the
attenuated object can be obtained directly from the par-
ticular solution. It consists of a numerator that depends
mainly on the absorber parameters and a denominator that
is equal in value to the determinant of the fundamental ma-
trix. The condition for the tuning of the eliminator can be
determined from the fundamental matrix. The analysis of
the obtained steady-state solutions makes possible to iden-
tify critical points at which the system amplitudes reach
unsafe values.

In order to describe the basic properties of the system,
its inertia and stiffness matrices will serve to determine an
influence of the system parameters on its natural vibration
frequencies. The system inertia matrix provides a complete
description of the system components’ behaviour under the
action of accelerations on individual degrees of freedom. It
describes an influence of inertia of the system’s elements
while the stiffness matrix describes the global response of
the system to external forces. The individual components
of the matrix result from elastic and geometrical properties
of the whole structure. By calculating a determinant of the
fundamental matrix, the system natural frequencies can be
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determined (15), (16):

1 4lalﬁmlg
O = — (lg+1g) | 1—, [— 1
1 ZZﬁ(a 2 \/ (loc+1g)* (e +m)
(15)
1 4lalﬁm5
Oy = —— (o +1 . F141
=, |
(16)

Analyzing the natural frequency components, some de-
pendencies can be noticed. An expression of "a base fre-
quency"” (a),%) can be separated. Its value is being changed
by some Aw? value. It can be presented as follows:

2 _ =2 2
0, =0y £A®

a7

This allows for a more transparent notation of the system
natural frequencies. Therefore an easier physical analysis
and tuning the system TMD parameters can be done in a
more comprehensive and controllable manner.

4. PRELIMINARY EXPERIMANTAL RESEARCH
4.1. Test stand

One of the most effective forms of a verification of the-
oretical study is to conduct experimental research. Follow-
ing this principle, the authors decided to build a test stand
validating dynamic parameters of the system. In order to
validate the correctness of the results, experimental tests
were carried out for one exemplary mass configuration and
some different values of excitation frequencies. The tests
were performed for two frequencies of excitation and the
angular acceleration of the main pendulum member ()
was validated against the results of numerically simulated
model. In order to give a satisfactory confirmation of nu-
merical simulations’ results, the authors decided to design
a physical double pendulum model. In parallel to theoret-
ical investigations utilizing advanced numerical methods,
the decision was made to create a tangible system for ex-
perimental verification of vibration damping. The built ex-
perimental stand is depicted in figure 4. The structure de-
picted consists of two aluminum profiles, each 500 mm in
length, connected to each other by a joint.

The system is connected to a fixed profile by an articu-
lated joint, allowing precise movements. Liquid tanks are
attached to both pendulum members and are connected to
each other by a flexible pipe enabling the flow of mass un-
der gravity, from the upper to the lower member of the
pendulum. The experimental procedure involved carefully
measured the angular acceleration of the pendulum using
high-precision sensors. These sensors were calibrated be-
fore the tests to ensure the accuracy of the recorded data.
For each test, the excitation frequency was controlled by
an electric motor, which was coupled to the system allow-
ing precise variation of the frequency and amplitude. Data
acquisition was conducted using a digital acquisition sys-
tem, which recorded the angular acceleration in real-time.
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Upper Accelerometer
(opposite site)

Lower Accelerometer
(position highlighted)

Fig. 4. Test stand

The angular acceleration measurements were then com-
pared with the theoretical values derived from the numeri-
cal simulations to assess the consistency of the results. This
comparison provided a direct validation of the model’s pre-
dictive capabilities. The experimental apparatus was con-
structed using lightweight materials - plastic, cylindrical
containers and flexible connectors (Table 1), which were
carefully selected to ensure the accurate simulation of the
intended system dynamics. The authors intention when se-
lecting the materials was to provide instrumentation that
does not change or affect the dynamics of the system be-
ing tested. The experimentally designed system serves as
a representation of the theoretical model and numerical in-
vestigations presented within this article. The primary ob-
jective of the experimental research is not only to validate
theoretical assumptions but, above all, to confirm the prac-
tical feasibility of implementing the proposed solution in
engineering applications.

4.2. Results of experimantal and numerical studies

In order to validate the correctness of the test stand op-
eration, experimental tests were carried out for one exem-
plary mass configuration and some different values of ex-
citation frequencies. The tests were performed for the fre-
quency of the excitation equals 2.27 Hz and 2.47 Hz. The
values were chosen as being above the system natural fre-
quency they allowed for a non-resonant and controllable
conditions of the experiment. These frequencies ensured

VOLUME XX, 2025

Table 1. Aluminium profile property

Property Value
Length 500 mm
Cross-section ~ 40x40 mm
Mass 0.87 kg

stable system behaviour and enabled a meaningful com-
parison between experimental and simulation results. The
analysed time span is approximately 10 seconds, and the
sampling frequency is 128.2 Hz.

Excitation { Main Member }=[Upper Accelerometer]
DAQ System

Lower Accelerometer]

[Vibration Absorber (PTMD) ]=

Fig. 5. Scheme of the measuring system used during the
experimntal tests

The measuring scheme comprises an excitation source,
the investigated system equipped with the PTMD and a
data acquisition system for monitoring the dynamic re-
sponse. The primary objective is to analyze the propagation
of vibrations through the system and evaluate the effective-
ness of the PTMD in attenuating structural oscillations.

The system is subjected to controlled dynamic excita-
tion, and its response is recorded at critical locations to as-
sess the interaction between the main structural member
and the PTMD. Given the importance of this interaction,
two accelerometers are strategically positioned:

e upper accelerometer — mounted on the main structural
member near the excitation source, capturing the struc-
tural response before energy is transferred to the PTMD,

e lower accelerometer — positioned adjacent to the
PTMD, measuring the localized vibrational response and
quantifying the absorber’s efficiency in vibration attenu-
ation.

Both accelerometers send their measured signals to a
Data Acquisition (DAQ) system. The DAQ system is con-
nected to a computer, where the collected data is processed
using specialized software for signal processing and anal-
ysis, frequency response evaluation, and performance as-
sessment of the vibration absorber.
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Experimental data, f = 2.27 Hz

Fig. 6. Experimental data for acceleration of pendulation of the
main member of double pendulum

Figure 6 presents two waveforms of the main pendulum
member’s acceleration in time domain. Further one can
observe a frequency domain representation of the signals
enabling a clearer results interpretation. Figures show the
results of the numerical simulations for experimantal test
conditons. Similarly as for the experimental part, the re-
sults of numerical simulation are presented in time domain
in figure 7 for corresponfing frequencies as a comparative
case.

‘—Numcnca] analysis, f = 2.27 Hz )

%5 VUVUVVUVV

‘—N\mun(dldndlysh f= 24"1—{/ ]

0 1 2 3 4 5 6 7 8 9 10

Fig. 7. Validation analysis for acceleration of pendulation of the
main member of double pendulum

T T T T T T T .
Experimental data, f = 2.27 Hz ‘ )

Numerical analysis, f = 2.27 Hz

Fig. 8. Comparative results for acceleration of pendulation of
the main member of double pendulum for excitation frequency
2.27Hz

To improve clarity and facilitate interpretation, one has
grouped the results by identical excitation frequency val-
ues f and combined the corresponding figures to display
both associated waveforms. This restructuring enhances
the overall readability of the results and enables a more di-
rect comparison of the system’s response under the same
excitation conditions. As a result, the analysis becomes
more comparative in nature, allowing for easier identifica-
tion of patterns and more straightforward formulation of
conclusions.
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Table 2. PET container parameters

Container parameter

Diameter 94.4 mm
Height 317 mm
Neck fish 28 mm PCO 1810
Volume 151

‘—Numcucal analysis, f = 2.47 Hz —— Experimental data, f = 2.47 Hz \
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Fig. 9. Comparative results for acceleration of pendulation of
the main member of double pendulum for excitation frequency
2.47 Hz
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Fig. 10. Experimental data for acceleration of pendulation of
the PTMD

The comparison of numerical simulations presented in
Fig. 8 and 9 with experimental data at excitation frequen-
cies of 2.27 Hz and 2.47 Hz reveals clear insights into the
dynamic behavior of the system. At 2.27 Hz, the system
exhibits a gradual build-up of oscillations, with a notice-
able transient response in the initial seconds before settling
into a steady-state regime. The amplitude of angular accel-
eration remains relatively modest, reaching approximately
+3.5 14 In contrast, the response at 2.47 Hz is charac-
terized by significantly higher amplitudes, exceeding +4.5
rad " and a more rapid transition into steady-state oscilla-
tlons. This behavior indicates that 2.47 Hz is closer to
the system’s natural frequency, resulting in a more efficient
energy transfer from the excitation input - consistent with
resonance phenomena. Despite the presence of noise in
the experimental measurements, the underlying periodicity
of the system’s motion is well-preserved and shows strong
agreement with the numerical predictions, particularly in
the steady-state regime. The model captures both the phase
and amplitude evolution with notable accuracy across both
cases. The close alignment between the experimental and
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simulated results validates the predictive capability of the
proposed mathematical model and confirms its suitability
for analyzing the system’s response under varying excita-
tion conditions.

T T T T T T T T T T
| — Experimental data f = 2.27 Hz—— f = 2.47 Hz ‘

151 i -

[ (Hz)

Fig. 11. Spectra for experimental data for acceleration of
pendulation of the PTMD

For further confirmation that the amplitude values are
not greater for the PTMD member, the corresponding re-
sults have been analysed and presented in both, the time
(Fig. 10) and frequency domain (Fig. 11).

4.3. Comparative study on experimantal and numerical
results
It should be noted that Fig. 12 presents only the response
spectra of the main pendulum member (the attenuated sys-
tem), whereas Fig. 11 shows the spectra corresponding to
the second pendulum member.

3l — Numerical analysis, f = 2.27 Hz
Experimental data, f = 2.27 Hz —— Experimental data, f = 2.47 Hz
.

Numerical analysis, f = 2.47 Hz |

£ (112)
Fig. 12. Comparative spectral analysis for the numerical and
experimental model

The spectral analysis presented in figure 12 depicts two
system response bands of different frequencies that indicate
different values of vibration amplitudes (vibration acceler-
ation peaks) for the two different excitation frequencies.
The vibrations of a lower frequency are characterised by a
lower amplitude, while vibrations of a higher frequency are
characterised by a higher amplitude value. The compara-
tive analysis of the spectral characteristics prepared based
on the results of experimental research and the results of
numerical simulations allows to state their qualitative con-
sistency. The individual spectral fringes correspond to sim-
ilar values of the vibration frequencies of the experimental
tests, where the lower is 2.27 Hz and higher 2.47 Hz. The
values of the excitations are shifted between each other by
0.2 Hz in the frequency domain. In case of numerical sim-
ulations, it can be noticed that the lower frequencies of ex-
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citations are characterised by the higher values of system
vibration amplitudes than in case of experimental tests. Re-
spectively, for the simulation the amplitude value equals to
2.5 r:—zd and for the experimental results 1.83 r:—zd. However,
as the frequency of vibrations increases, their amplitudes
reach the same value in the simulation and experiment and
is equal to 2.99 rsa—zd. A clear similarity of the waveforms
obtained confirms the consistency of the numerical model
and the model for experimental study.

5. NUMERICAL STUDY - RESEARCH RESULT
5.1. Influence of a damping coefficient value

It is important to note that all results presented within
this section are based solely on numerical simulations pro-
vided by the proposed mathematical model. The simulation
results were obtained for a total duration of 300 seconds.
However, the simulations demonstrate that the system ex-
hibits stable behavior within the initial 100 seconds. For
clarity, the presented results have been shortened, as they
follow the same trend of limiting amplitude values, which
is already evident in the initial phase. Therefore, only the
initial stage of vibrations is presented to concisely illus-
trate the key effects. It is also noteworthy that the time in-
terval of 100 seconds corresponds to approximately 15 cy-
cles of external excitation (300 seconds - approximately 45
cycles). To facilitate interpretation and highlight the evo-
lution of the system behavior with respect to the periodic
input, the simulation results are presented as a function of
the number of excitation cycles rather than physical time.

The influence of a drag coefficient value on the system’s
dynamic response under harmonic excitation is presented
in the figure 13. The analysis takes into account several
values of damping ratios from O to 20 g—z. Such an analysis
allows to determine the value of system resistance, which
provides a stable dynamics corresponding to the real values
of amplitudes for both of the pendulum’s arms.

Fig. 13. Pendulation of the main member of the double
pendulum under the influence of various damping coefficient
values - direct comparison

A significant impact of the investigated parameter was
observed based on the carried out simulations. It can be
stated that exists some threshold value, where the system’s
response reaches asymptotical stability (lack of the ampli-
tude overloading). For the assumed parameters it is about
10 Ns which was selected for further analyses. The ex-

rad’
treme amplitude values are considered in range of -1.06
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rad to 1.06 rad.Due to the nature of the phenomenon, the
process requires to identify an appropriate level of damp-
ing, therefore the choice of the drag coefficient value needs
to be highlighted as it is fundamental to obtain a reliable
system response.

5.2. Influence of an activation time

An analysis of the absorber activation time was con-
ducted based on the results of previous simulations. For
the investigation purposes, the same parameters of the sys-
tem were decided to be used. The solutions are presented
in figure 14. The activation times used in the analysis were
set to 52.5 s. The authors planned to show the system dy-
namic behaviour in dependence on time, when the PTMD
was disabled and turned on and the main focus was put on
values of the amplitudes during the mass transfer.

It is worth noting that activation time conditions will in-
evitably vary across different systems, depending on their
specific design parameters, operating environments, and
performance requirements of the absorber. Therefore, hav-
ing a specified implementation of the absorber defining
these conditions is crucial ensuring that the activation is
precisely aligned with each system’s unique constraints and
functional objectives (allowable level of vibrations ampli-
tude or signal energy), in order to ensure the system func-
tions effectively. In figure 14, the activation time was
set for demonstration purposes, allowing for an immediate
limitation of amplitude values. This simplification serves
to illustrate the fundamental concept but does not necessar-
ily represent the conditions required for a fully optimized
system.

08F T T T T T T =]
—— PTMD off during simulation PTMD on in tg = 525 s ‘

0.6

o
0.4} I

o (rad)

—04} S

—0.6

—0.8 L l I l i 1 L 1 I 1
0 5 10 15 20 25 30 35 40 45

N
Fig. 14. Amplitude of pendulation (angular displacement) of the
main pendulum member () under the influence of varying
activation time

The obtained numerical simulations enable to evaluate
the role of impact of the activation time 79 on the overall
amplitude level of vibrations. It can be concluded that an
earlier activation of the device prevents from further evo-
lution of resonant vibrations. In figure 14 one can observe
the effect of stabilization of amplitudes in some time after
transfer of the fluid. The observations allow to propose a
simplified design method, which is based on the operation
of the main system (before the activation) and the coupled
system that consists of the damper filled and main mem-
ber. It can be concluded that the operation of the attenua-
tor not only controls the amplitude vibrations (quantitative

10

changes) but also significantly changes the dynamics in its
qualitative aspect. It is obvious that a later damping activa-
tion causes higher level of vibrations, which when uncon-
trolled can affect on the system negatively.

5.3. Influence of a transferred fluid amount

It is worth noting that there may also be additional
phenomena worth investigating in connection with liquid
transfer dynamics, such as flow-induced instabilities. From
a scientific and engineering standpoint, it is indeed worth
investigating the influence of liquid transfer speed on vi-
bration damping. Such analysis can uncover optimal oper-
ational parameters, including flow rates that lead to mini-
mize vibration amplitudes, thereby improving system per-
formance, durability, and safety. That said, the impact of
flow speed is highly dependent on the specific system to
which the absorber is applied. Based on current simula-
tions and experimental setup, one suspect that for systems
of a similar scale to the one examined, the liquid transfer
speeds will remain relatively low, and therefore are unlikely
to introduce significant dynamic effects such as sloshing
or strong fluid-structure coupling. However, this influence
may become more pronounced especially when the scale
of application increases, and should therefore be carefully
evaluated in the context of larger or more complex systems.

At this stage, the analysis of the amount of a transferred
water mass was performed. The solutions in time domain
are presented in the figure 15. The investigated parameter
was limited within the range of 0.0 kg to 5 kg. The carried
out investigation was prepared for 7 simulations. The main
objective was to study the influence of the transferred mass
on the absorber efficiency, especially the values of ampli-
tudes during the mass transfer and steady vibrations were
carefully followed.

—— mo =0.0kg mo=16Tkg | |
mo = 3.33 kg —— mo = 5.0 kg

—0.2
—0.4

—0.6 | 1

N O
Fig. 15. Pendulation of the main member of the double
pendulum in dependence on various masses of the transferred
liquid - direct comparison

The performed simulations show an impact of trans-
ferred mass mg on the overall amplitude level of vibrations.
Based on the presented results, it can be stated that some
specified amount of the transferred fluid can prevent the
system pendulation from evolution of resonant vibration.
It is worth mentioning that the mass of fluid needed to de-
crease probability of resonance occurrence can be found
as reasonable related to the mass of the considered sys-
tem. In figure 15 one can observe an immediate response
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of the system to the start of the water mass transfer. It
needs to be highlighted that additional mass of the damp-
ing medium causes higher dynamics of the initial system
response. Therefore, the mass of the fluid to be transferred
to control or damp the vibrations should be carefully calcu-
lated having in mind a relation to the total mass of the sys-
tem and an increase of the initial amplitude of the response
when the system includes the absorber. However, based on
the results obtained, the proposed solution seems to fullfil
the assumptions regarding the vibrations control. It can be
observed that exists some threshold value of the mass to be
transferred, which when exceeded does not cause any sig-
nificant changes regarding the quantitative results. A mean-
ingful difference in change of mg value is visible between
the first (blue) and second (orange) spectrum, where their
mutual relation of the maximum values of the amplitudes
is almost twice.

5.4. Absorber dynamics under influence of a liquid
mass transferred

It is also worth to analyse the influence of the transferred
water mass on dynamics of the pendulum’s second member
found in this system as a vibration attenuator. The analy-
ses performed in time domain are depicted in figure 16.
Studying the obtained results it should be noticed that the
additional mass (the water inside the pendulum members)
introduced to the system being utilised as vibration con-
troller causes the increase of energy in the system, which
is manifested in higher amplitudes of vibrations of the sec-
ond pendulatory member before the activation. However,
the greater the mass of the transferred water, the lower the
overall level of vibrations in the system.

—— mo=0.0kg — mo= 167 kg
mo = 3.33 kg—— mo = 5.0 kg

0.6 [

Fig. 16. Pendulation of the second member of the double
pendulum in dependence on various masses of the transferred
liquid - direct comparison

Regardless the initial increase of the amplitude values of
the pendulum second member, when the water mass starts
to be transferred, the pendulation amplitudes reach and os-
cillate at the very similar values as the ones of the main
pendulum not exceeding the maximum value of 0.32 rad.

6. ASSESSMENT OF AN EFFECTIVENESS OF THE AB-
SORBER OPERATION
6.1. Summary of the absorber effectiveness

An evaluation of the effectiveness of the proposed ab-
sorber was carried out to prove the presented approach

VOLUME XX, 2025

(technical solution) is interesting from the point of view
of vibration control. The effectiveness of the absorber is
evaluated as a percentage by comparing the maximum vi-
bration response in each scenario (10 simulation cases con-
sidered, beginning with the scenario where the absorber is
active and ending with the scenario where the absorber is
disabled) to the highest recorded vibration amplitude - ab-
sorber disabled. The effectiveness is calculated by taking
the ratio of each scenario’s peak response to the maximum,
subtracting it from one to express the reduction in vibra-
tion. A value close to 100% indicates that the absorber
significantly mitigates vibrations, effectively reducing the
response to nearly 0. Conversely, a value near 0% suggests
that the absorber has little to no influence on vibration sup-
pression, while negative values, if present, would indicate
an increase in vibrations rather than a reduction. Overall,
this assessment can be expressed as:
A=100-{1- Anaregse
= 100- )1%] (18)
max

It was decided to investigate different activation times of
the absorber, where the parameter span is from -30 to 300
s. The numerical analyses were performed for 10 simula-
tion cases. The extreme values of parameters represent the
best and the worst operational efficiency of the absorber.
The most efficient operation corresponds to activation time
of -30 s before the resonant zone occurs, while the worst
absorber operation reflects the device activation when the
simulation is already finished. The results are shown in fig-
ure 17.

T
Absorbing efficiency, A
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to (s)

Fig. 17. Absorber effectiveness assessment in dependence on

activation time

The performed simulations revealed high effectiveness
of the proposed concept for shorter activation times. The
best result may be achieved while the absorber activation
is set before the system start-up time (before the system
operation or predicted resonant vibration). Nevertheless, it
is not possible to eliminate the amplitude related to an ex-
istance of a residual value due to viscous damping, which
is needed for the proper working of the proposed concept.
The simulation tests shown that if the activation time is un-
der 60 seconds, it can be stated that the absorber operates
under its optimal conditions. The differences between the
best result and the cases for which the activation times is
lower than 60 seconds are almost the same. This proves the
usefulness of the presented concept.
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In order to ensure sufficiently rapid mass variation, it is
indeed necessary to implement a control system that en-
forces a specific flow rate profile - such as those illustrated
in Figures 2 and 3 - with appropriate parameters. As such,
these flow curves are not arbitrary but must be actively im-
posed through a dedicated controller. It is worth noting that
the shape and parameters of the flow profile play a critical
role, and future work will focus on analysing various con-
trol strategies, parameter variations, and flow curve shapes
to further optimize the system’s performance.

7. SWEEP FREQUENCY ANALYSIS
7.1. Transferred mass impact

In order to confirm the effectiveness of the proposed con-
cept, this section presents comparative studies between a
traditional, passive tuned mass damper (TMD) against the
proposed idea of a semi-active PTMD. To confirm its per-
formance the following presents the system’s dynamics un-
der various operating conditions. Since all previously pre-
sented simulations are based on comparisons done for dis-
crete frequencies, the authors prepared analyses based on a
continuous change of frequency during the operation for a
transferred mass and activation time impact on the system
lasting over 16 minutes. The conducted frequency sweeps
were performed so that to ensure a sufficiently fine resolu-
tion in order to draw strong conclusions regarding whether
resonance might be controlled by the liquid overflow. The
performance of the system was compared against a tuned
mass damper where no varying mass was included. The
system presented in Figure 1 represtents the reference sys-
tem being studied but the masses of the system mgq and mg
remain constant. The system’s linearised governing equa-
tions are presented in (19), (20).

b+ 13, (g +1ivg) &+ 1g (ma +mp) &
— g (—gma —gmﬁ) (04 +lalﬁ[5n’1[3

+lalgmgP = Tysin (Qt) (19)
bﬁ + léﬁmﬁ + ll%mﬁﬁ +ngﬁmﬁ + lalﬁ Otmﬁ
—‘rlalﬁl’l’lﬁd =0 (20)

where g is the acceleration of gravity, « is the angle of the
upper pendulum swing, f is the angle of the lower pendu-
lum swing, & is the generalized velocity of the upper pen-
dulum member, § is the generalized velocity of the lower
pendulum member, [, is the length of the upper pendulum,
lg is the length of the lower pendulum, mg is a constant
mass of the upper pendulum and mg is a constant mass of
the lower pendulum.  Due to the fact that a traditional
PTMD does not use the phenomenon of fluid flow, the
masses of the system remain constant and, consequently,
the equations describing the motion of the system take a
different form - they are much simpler because they do not
take into account the derivatives of the time-varying mass.
The coupling between the equations of motion in the refer-
enced system’s is realised by its accelerations (&(r), (1))
A clear difference between the system proposed and the
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Table 3. Numerical data

Parameter Value

Y % — arctan (@)
laslg 9+2-(1—y)m
me,mg (pipe) Fmoy kg

g 9.81 sz

mgq (attenuated object) 10 kg

mg (PTMD) 0.1 kg

Ty 18 Nm

A 100

my 2 kg

traditonal PTMD can be seen in the systems’ damping ma-
trices. Comparing the equation (14) and (23) it is obvious
that the phenomenon of varying mass introduces additional
components into the damping matrix to cause changes in
the system dynamics towards smaller, damped values of
velocity and then displacement amplitudes.

_ l(zx (ma+mﬁ) lalﬁmﬁ (1)
K — |la(gmatemp) O 22)
0 glﬁmﬁ
b 0
C= 23
. b] 23)

Root of numerator of this formula provides tuning condi-
tion for initial parameters of the investigated concept. The
adaptive PTMD is tuned on excitation frequency if entire
fluid is pumped to the absorber. Mass ratio was initially se-
lected as 0.2 for further numerical investigation of the pro-
posed concept. At this stage of the investigation (that can
be termed as proofing of concept) it was no need to look for
optimal parameters of resonance mitigation so this problem
was not considered. However, a wide spectrum of numer-
ical investigation allows for a raw selection of damping in
the analysed concept. Performed simulations and empiri-
cal verification proof correctness of the presented idea so
it allows to state that further investigation (also in a field
of optimal selection of absorber parameters) is intentional
and reasonable. =~ Numerical simulations are performed
based on the same parameters for both of the analysed sys-
tems. The numerical data are presetned in Table 3. The
rate of change of frequency was set to 0.001 24, A com-
parison of effectiveness and performance assessment of the
systems are presented in the following numerical simula-
tions.
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Fig. 18. Sweep frequency analysis - angular displacement o(¢)
aplitude values for the system with and without PTMD

The analyses are prepared for two scenarios - two dif-
ferent masses of the liquid overflow for two types of de-
vices - traditional TMD and PTMD with the transferred
mass. Figure 18 presents pendulation amplitude of the
main member over 1000 s for instantaneously changed fre-
quency (up to 1 %) Based on the results in time domain,
it is already observale that despite the initial slight increase
in the amplitude for the system with the absorber, the lig-
uid overflow causes a significant reduction in the ampli-
tude values especially in range of the second resonance
frequency slighly shifting the limithed resonance towards
lower frequency values. The mass transferred in the case
was mgy = 2 kg and the absorber was activated at 550 s.

T T
mo =2 kg, a (rad)

A e

of R

——mo =2 kg, a(t) - absorber disabled

-
T

a(t) - absorber disabled, o (rad)

I
0 5.1072 ().1 0. l 5 ,2 0. 2) l),ii 0.35 0.4 0.45 0.5
f (Hz)

Fig. 19. Sweep frequency analysis in spectral domain - angular
displacement «/(r) aplitude values for the system with and
without PTMD

The frequency spectrum presented in figure 19 confirms
the observations made in time domain signals. The ampli-
tude values are fairly limited for a wide range of the system
operation and the second resonance frequency was shifted.
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7.2. Activation time impact
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Fig. 20. Sweep frequency analysis - angular displacement ()
aplitude values - impact of absorber activation in 700s
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The next case study presents a scenario when the trans-
ferred mass was change up to 5 kg (figure 20). That natu-
rally caused the resonance zone to occur at a different time
interval and amplitude range comparing to the previously
considered case. The absorber was wctivated in 700 s of
the pendulum motion and as can be observed it completely
damped the zone of resonant vibrations, causing a linear
decrease in the value of the pendulum vibration amplitudes.
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Fig. 21. Sweep frequency analysis in spectral domain - angular
displacement a(¢) aplitude values - impact of absorber activation
in 700s

The frequency spectrum presented in figure 21 confirms
the observations made in time domain signals. The second
resonant frequency was damped completely whilst the first
harmonic got a little bit higher amplitude value. However
the value is of an insiginificant change and can be ommited
in consideratoins.Examining the structure it is crucial to as-
sess how the attenuator works during the most dangerous
states — around/in resonant zones, as the device was created
to mitigate or eliminate the formation of such vibrations
completely if possible. Based on the varying speed during
the analysis, frequency sweep was additionally conducted
at discrete frequencies and a frequency response function

(FRF) of the system was generated and presented in Figure
22.
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Fig. 22. PTMD frequency response function

Figures 23 and 24 represent the envelopes of the ampli-
tude responses of vibrations shown in Figures 18 and 20
for the model incorporating PTMD. Thus, the envelopes
in Figures 23 and 24 capture the transition from the tran-
sient oscillatory region through resonant vibrations to the
steady-state harmonic motion, emphasizing the dual dy-
namic behavior of the system. The role of the PTMD is
to mitigate the transient amplitude peaks and reduce vibra-
tion at the resonant frequencies, ultimately facilitating the
system’s stabilization into steady-state motion.
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Fig. 23. Amplitude of vibration of o(¢) while sweeping the
excitation frequency

—
s Amplitude of a(t)
0.12

= 0.1

<

< 8.107?

2 6.10?

i

41072

0

C L L L L L L L L L L L L L L i
0 2.10%.106-108-10-2 0.1 012 0.14 0.16 018 02 022 024 026 028 0.3

Instantenous frequency [Hz|

Fig. 24. Amplitude of vibration of a(r) while sweeping the
excitation frequency and PTMD device attached to the system

Two resonance zones can be observed in the amplitude
envelope curves that can be used to create a control algo-
rithm that in the future will allow to avoid high-amplitude
vibrations ensuring dynamics in the desired conditions.

8. CONCLUSIONS
Concluding the paper, it is assumed that the presented
concept utilising the varying mass distribution can be ap-
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plied as a semi-active damping vibration system and hence
that it allows for an effective control of dynamics of the
considered object with a utilisation of actuators, which en-
ergy of activation is relatively small. This approach, as
proven within this article allowed to demonstrate the im-
pact on system dynamic response and the object reaction
(time histories and spectra) and its sensitivity to amount of
the transferred liquid.

In the paper the authors proposed a mathematical model
of the structure and the absorber attached. Numerous com-
plex analytical and numerical computations, including a
sensitivity analysis, were performed in order to fully inves-
tigate the proposed phenomenon and confirm that the mass
exchange in the system can be successfully implemented
as an effective method of vibration attenation. This state-
ment was verified, proven and confirmed on the basis of
numerical and experimental studies.

It can be stated that an activation time plays a crucial
role in the process based on the carried out simulations. In-
depth analysis of the obtained result allows to state that the
shorter activation time is, the lower maximum amplitude
reached in given period. The detuner effectiveness assess-
ment shows the best performance for low activation times
as presented in figure 17. It implies that the proper selec-
tion of starting of transfer time ensures the desired value of
maximal vibration amplitude. The obtained results allow
to design new strategies of vibration absorption.

Based on the performed activities, the following conclu-
sions can be stated and should be underlined:

o the proposed solution is a semi-active vibration control
system that does not require a high amount of energy to
achieve a regulation error likely acceptable for systems
of comparable scale and dynamic characteristics; how-
ever, the precise tolerance for regulation error should be
determined based on the specific performance require-
ments of the intended application;

e analysis of the damping values applied shows that below
7Nsrad~! the system response does not depend signifi-
cantly on the damping value;

o the results of the analytical investigation enable to con-
clude that the examined ratios of the transferred to total
mass give an applicable effect of the proposed solution
- for all of the investigated cases the value was between
10-15%;

o 15% of the transferred mass of the entire system ensures
the lowest dynamic response of the main member;

o the presented model of a double mathematical pendu-
lum provides a reasonable approximation for analyzing
the system’s dynamics, with a good agreement to exper-
imental results, the values before and after the change
were consistent with the proposed simplified model, only
transient zone revealed inconsistency;

e cxperimental tests carried out confirmed an effectiveness
of the presented modelling procedure;

e the comparative study between numerical and experi-
mental investigation reveals some discrepancies in vibra-
tional spectra, the extra frequency peak comes from nat-
ural oscillation of the system, which were not ensured in
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the test setup;

e an overall efficiency of the proposed solution depends on
the specific case and the appropriate selection of param-
eters; based on the conducted simulations, it can be esti-
mated that for the largest mass considered, the reduction
in amplitude values reaches up to 15-20%

o the minimal value of the viscous drag ensures stable sys-
tem behaviour and provides fast enough decay time (both
eigenvalues have negative real parts due to drag. The
presence of an imaginary component in the eigenvalues
(corresponding to the natural frequencies discussed in
Section 2.2) indicates that the system’s free vibration de-
cays to zero);

e the spectral analysis in the field of numerical simulations
of the system dynamic behaviour performed when the
PTMD is activated showed the spectra containing har-
monical components of the excitation and natural fre-
quencies, which confirms correctness of the proposed ap-
proach.

The advantage of the proposed solution is seen in a util-
isation of a simple physical model, the operational range
of which was extended based on the principle of operation
of TMD devices, using the variability of the system pa-
rameters. Additionally, the method (absorber) of vibration
damping can be successfully used wider than popular mag-
nethoreological fluids, the application of which, depending
on operational conditions, is not always possible.

The demonstrated detuner works as a tuned mass damper
but the proposed concept is able to change its parameters
during the operation. The performed simulations confirm
the system is sensitive on changes of TMD parameters. It
enables new control strategies for systems containing flu-
ids as a part of the entire structure eg. water towers, oil rigs
or pipelines. For these structures there is a possibility of
a utilisation of the structure features to damp vibrations by
a change of mass distribution with application of the pro-
posed device (method).

The presented innovative vibration damping method has
the potential for effective application across various indus-
trial sectors. In industrial machinery, it can be employed to
eliminate mechanical vibrations by dynamically adjusting
the pendulum mass. In buildings, it will serve to reduce vi-
brations, while in vehicles, it aims to enhance travel com-
fort. In the construction of bridges or wind towers, these
systems will effectively minimize the impact of vibrations
on the structure, adapting to variable environmental condi-
tions. This approach represents a significant stride towards
the practical implementation of advanced vibration control
methods in real engineering scenarios.
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