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Abstract. This report presents the application of a Tuned-Mass Damper system
to effectively reduce external vibrations experienced by the driver, caused by the
random vibrations of the track conditions. The aim of this study is to investigate the
impact of a tuned mass-damper (TMD) system on external vibrations endured by a
vehicle under random vibration conditions. A quarter car model is used to simulate
vehicle vibrations under random conditions and the TMD system is modeled as an
additional mass-spring-damper system connected to the vehicle body. Simulation
results show that the TMD system effectively reduces root mean square (RMS)
value of the vehicle’s acceleration by 19.804%, and its effectiveness increases
with the TMD mass. The study’s results indicate that a TMD system can be an
effective method to improve a vehicle’s ride comfort under random vibrations.
The analysis was performed by modeling the system on Simulink, and the results
were derived from the same model.

Keywords: Tuned Mass Damper (TMD) - Quarter Car Model - Random
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1 Introduction

Vibration control is a crucial aspect of vehicle design and development, as vibration
affects the ride comfort and safety of the vehicle. One of the most commonly used passive
control methods for reducing the vibrational amplitudes in the structure is the tuned mass-
damper (TMD) system. A TMD system is a mechanical device that is designed to reduce
the amplitude of vibrations in a structure by absorbing and dissipating the energy of the
vibrations. The TMD system consists of a mass, spring and damper, which are designed
to resonate at a specific frequency to maximize their damping effect. Alternatives to
TMDs include Active suspension, Electromagnetic suspension, Pneumatic dampers etc.
However, TMDs are advantageous as they do not require any external controlling system
or any power source to control vibrations.

TMD systems have been demonstrated to be effective in reducing the vibrations in
various structures such as bridges and buildings. However, the effectiveness of TMD
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systems for a vehicle under random vibrations has not been well studied. Random vibra-
tions refer to vibrations that have no discernible pattern in their frequency or amplitude. It
includes vibrations caused by road roughness, irregularities and other external excitations
which can lead to discomfort and fatigue for vehicle occupants.

1.1 Literature Review

Baki Ozturk et al. [1] This research investigates the best configuration for a tuned
mass damper (TMD) throughout all frequency range to lower the dynamic response of
cantilever beams. To achieve this, random vibrations are used to identify the objective
function to be decreased, which is the RMS acceleration of the end point of the cantilever
beam.

Marian Sikora [2] The author models and simulates a damper with the TMD concept
under oscillatory inputs, and provides a critical analysis of the results.

Anand S et al. [3] The efficacy of Tuned Mass Dampers in passenger cars is eval-
uated in this paper, and it is found that the addition of a tuned mass to the suspension
system significantly reduces the transmissibility. A study was conducted to examine how
modifying different parameters, such as the damping of the suspension, tuned mass, and
spring stiffness, would impact the outcome.

1.2 Quarter Car Model

A quarter car model is a mathematical model that represents the dynamic behavior of a
suspension system. It includes two masses ie- sprung and unsprung mass that illustrates
one quarter of the vehicle, two springs that represent the suspension spring and the tyre
stiffness, and two dampers that represent the damping in the suspension and the damping
of the tyre. Figure 1 represents a quarter car model.

The quarter car model which is used to study the behavior of a suspension system
and predict how it will respond to different inputs, such as road inputs and braking and
acceleration forces. It does not represents angular roll, pitch and yaw however, it forms
the basis upon which the above quantities are evaluated using the half and full car model.

While the quarter car model is a simplification of an actual vehicle, its importance
comes from the possibility to analyze and optimize the suspension system in an efficient
way and for a lower cost than using a full-car model, which is more complex and
time-consuming to analyze.

1.3 Quarter Car Model with TMD

Figure 2 shows use of a TMD on a quarter car model.
For the following section, notations used are:

mj = mass of unsprung mass ¢ = damping coefficient of sprung mass
mp = mass of sprung mass ¢q = damping coefficient of TMD
mgq = mass of TMD ug = displacement of ground

(continued)
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(continued)

k; = spring stiffness of unsprung mass u; = displacement of unsprung mass
ko = spring stiffness of sprung mass up = displacement of sprung mass
kg4 = spring stiffness of TMD p1 = force on unsprung mass

¢; = damping coefficient of unsprung mass  p, = force on sprung mass

The equations of motion for a quarter car model without Tuned Mass Dampers are:

miid] + crig + kyuy — ko(up—uy) — co(ity — 11y) =p1— mlﬁg (D

maiiy + c2(ly — 1) + ko (up — u1) = pr — maiig 2)

The equations of motion for a quarter car model with Tuned Mass Dampers are:

myiiy + criy + kjuy — kp(uz—uy) — c2(iy — i) = py — myiig 3)
maiiy + c2 (it — i) + ko (ua — u1) — kqug — cqita = p2 — maiig 4
mgidg + kqug + cqitg = _md(i/iZ + ﬁg) (5)

By combining the above equations and expressing them in a form similar to a Sin-
gle Degree of Freedom (SDOF) system, the problem can be reduced to an equivalent
SDOF system using matrix notation. A Simulink model was created based on the above
equations and the values of masses, spring stiffness and damping coefficients were given
according to Table 1. These values are based on a small capacity passenger car in the
Indian market.

Note that the mass of the original car is 700 kg but a mass of 175 kg is taken due
to the fact that in the quarter car model, only one-fourth of the mass is assumed to be
acting on the suspension system [6].

2 Force Input

Random vibrations refer to vibrations or oscillations that occur in an irregular or unpre-
dictable manner. Unlike periodic vibrations that occur at regular intervals, random vibra-
tions do not follow a predictable pattern and can vary in amplitude, frequency, and
direction. They are typically caused by external factors such as wind gusts, uneven road
surfaces, or machinery vibrations and can be difficult to predict or control. Random
vibrations can have a significant impact on structures, machines, and vehicles, causing
damage, discomfort, or instability. Therefore, it is important to study and analyze random
vibrations to develop effective methods of mitigating their effects (Fig. 3).

The road surface is assumed to have undulations of up-to a maximum of £ 10 cm
in height, which is the standard height of a speed-breaker. The corresponding limits of
force acting on the suspension system was calculated. The input was given a random
number with Gaussian Distribution of mean = 0, variance = 1010416.667 and sample
time = 0.1 s. All the results obtained for the model are all based on the above input
function.
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Fig. 1. Quarter Car Model Representation
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Fig. 2. Quarter Car Model with attached TMD [4]

3 Design of the TMD

In the formulation of the governing equations, it can be clearly noticed that the spring
and damper of the Tuned Mass Damper system is heavily dependent on the following
variables:

1. Mass ratio ()
2. Stiffness of the spring of the strut, (k;)
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Table 1. Parameters for quarter car model [5]

Parameters Symbol Value
Sprung mass my 175 kg
Spring stiffness of the suspension system ko 14,000 N/m
Damping coefficient of suspension co 341.88 Ns/m
Unsprung mass mj 43.76 kg
Stiffness of tyre ky 201021 N/m
Damping coefficient of tyre cl 14.6 Ns/m
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Fig. 3. Graph showing the input force

The combinations of these variables lead to different outcomes for the vibrations
of the vehicle’s sprung mass. A vehicle experiences a very wide variety of loading
conditions in terms of frequency, amplitude, jerk etc. Each different loading condition
has a unique response from the vehicle and the vehicle experiences vibrations. In order
to account for all these ranges of vibrations, a suitable method must be chosen for
determining the stiffness of the spring of the Tuned Mass Damper and also its damper.

The following table shows a list of options for selecting the stiffness and damping
coefficient of the tuned mass damper based on mass ratio and stiffness of the spring of
the strut (Table 2).

Since the objective of this study is to minimize the vibrations of the vehicle for all
kinds of road conditions, the second option of “Minimizing the total displacement of
sprung mass over all frequency” was chosen.

The stiffness and damping ratio of the TMD spring and damper are given by the

formulae-
= ko (2+M> _ w44 3u)
1=\ )=\
1+ 2 81+ )2+ w)
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Table 2. Spring constant and Damping Coefficient for different objectives.

Objective The TMD’s damping ratio and stiffness
Minimizing max. Displacement of sprung mass _ _kp ¢ _ [ 3u
(7, 8] ka (H—pt)25 8(1+w)

Minimizing the total displacement of sprung mass | ;. = kop (ﬂ)g _ [ _p@+3w)
over all frequency [9, 10] I+ \ 2 8+ (1)

Reducing the system’s transient vibration. [11, 12] kg = kop &= /ﬁ
(I+p) H

Minimization of displacement of the sprung mass | f , — ko [y
ive di (1+p)? 201+
and relative displacement [13]

Minimizing total KE of the sprung mass over all |, — ki £ = N
§ : d = T 2
requencies [9]

Aninitial TMD mass (m4) of 10 kg was taken for the study however, the effectiveness
vs. mass ratio (refer Fig. 6) has also been studied, varying the TMD mass over a range
of values.

4 Results and Discussions

The following section shows the results obtained on Simulink for the given inputs:

1. The effectiveness was found to be 19.804%
2. The percentage change in transmissibility due to the TMD was found to be 19.314%

4.1 Comparison Between the Position of TMD and Sprung Mass

The inferences from the above graph (Fig. 4) are as follows:

1. The tuned mass damper and the vehicle sprung mass initially move upwards as the
suspension system is excited. The TMD quickly moves out of phase from the vehicle
mass owing to its construction and spring stiffness and damping value.

2. This out of phase vibration of the two bodies creates a destructive interference between
two waveforms and thus, the amplitude of the vibrations of the sprung mass of the
vehicle as well as that of the tuned mass damper reduce at that range of time when
the destructive interference takes effect. This creates negative feedback for both the
masses, reducing the amplitude of vibrations for both.

In the above figure, the out of phase nature of the two waves can be seen as, at the
instant of time when one of the waves is rising to its peak, the other wave is falling to its
crest. This phenomenon is responsible for the destructive interference between the two
waves. This phenomenon can be clearly noticed between t = 2.25 s tot = 3.5 s. It is
worth noting that the destructive interference phenomenon does not occur over the entire
range of time. This is because the force input is random and it has no particular defined
frequency or amplitude as it simulates real-world road conditions. Since the system has
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Fig. 5. Amplitude vs time graph of a system with and without a TMD

no active control system, the TMD mass cannot always be out of phase to the unsprung
mass. Thus, for maximum comfort and handling of the vehicle over all road conditions,
the TMD was designed to minimize the overall displacement of the sprung mass across
all frequencies. Had the input force been more periodic in terms of force applied, with
a constant frequency and amplitude, the vibration absorbing characteristics could have
been better.
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4.2 Comparison Between a System with and Without a TMD

In this section of the results, a direct comparison is made between two different models,
one in which Quarter Car model is retrofitted with a TMD and another in which the
Quarter Car does not have any Tuned mass Damper attached to it (Fig. 5).

1. 1.It can be clearly observed that at almost all points in the time domain, amplitude
of vibration of the model with attached Tuned Mass Damper lies below the model
without the TMD. This means that the model with the attached Tuned Mass Damper
always experiences less disturbance in terms of vibrational amplitude.

2. The peaks values of vibration are almost always less in case of the model with an
attached Tuned Mass Damper as compared to the model without the Tuned Mass
Damper. This reduction in peak value has been quantified as the percentage change in
value of the peaks of vibrations of models with and without an attached Tuned Mass
Damper.

4.3 Effectiveness of TMD

The effectiveness of a TMD refers to the ability of the TMD to reduce the amplitude of
vibrations. The effectiveness of a TMD can be defined in many different ways like force
effectiveness, acceleration effectiveness, velocity effectiveness amplitude effectiveness
time effectiveness etc.

The acceleration effectiveness (€cc) is a better indicator of the reduction of ran-
dom vibrations than force ratio, as acceleration provides a more direct measure of the
system’s response to random vibrations, and it is also a more important parameter to
evaluate the safety of the system. In this context of random vibrations, acceleration
effectiveness of a Tuned Mass Damper is a measure of how well the TMD is able to
reduce acceleration of the system when it is subjected to random vibrations. It is defined
as—ratio of difference of the RMS acceleration of the system without TMD and RMS
acceleration of the system with the TMD to the RMS acceleration of structure without
the TMD. A higher acceleration effectiveness means that the TMD is more effective

25

20
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10

Effectiveness (%)

5 7.5 10 12.5 15
Mass of TMD (kg)

Fig. 6. Graph of Effectiveness vs Mass Ratio
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in reducing the acceleration of the structure, and therefore reducing the amplitude of
random vibrations.

RMS acceleration With TMD
RMS acceleration Without TMD

For the above case of TMD mass 10 kg, the effectiveness was found to be 19.804 %
over the entire time domain of 10s.

This result was observed for the vehicle parameters given in Table 1 and a TMD of
mass 10 kg.

The above graph in Fig. 6 illustrates how the effectiveness varies with an increase in
the mass of TMD. The graph indicates that with an increase in the mass of the TMD, the
effectiveness percentage increases monotonically but the rate of change in percentage
effectiveness decreases. This is likely because, as the mass of the TMD increases, the
sprung mass of the vehicle also increases since the TMD is directly bolted to the vehicle
chassis. This can result in less effective vibration control. At a certain point, adding more
mass to the TMD will not have a significant impact on vibration control and may even
have a negative impact.

EAcc = 1

4.4 Transmissibility of TMD

Transmissibility (¢) is defined as the force transmitted to the force applied. In this case, the
transmissibilities of the two cases- Transmissibility with the TMD and transmissibility
without TMD need to be compared. Thus, their individual transmissibilities are found
out and the percentage change in transmissibility due to the TMD is determined.

Transmissibility of TMD is a measure of how well the TMD isolates the structure
from the vibrations. It is a dimensionless value, and a value of 100% means that the
TMD is not reducing the vibrations, while a value less than 100% means that the TMD
is reducing the vibrations. The closer the value is to 0, the more effective the TMD is
at isolating the system from vibrations. Transmissibility is a useful measure to evaluate
the isolation performance of the TMD, but it should be used in conjunction with other
parameters such as acceleration effectiveness to evaluate the overall performance of the
TMD and the safety of the system.

ForcetransmittedtoSprungmass

e =
Forceapplied
Transmissibility was found to be 23.775% without the TMD.
Transmissibility was found to be 19.183% with the TMD.
Thus, the percentage change in transmissibility due to the TMD was found to
be 19.314% for the vehicle parameters given in Table 1 and a TMD mass of 10 kg.

5 Conclusion

The aim of this study was to develop a mathematical model of a Tuned Mass Damper
applied to a quarter car model to simulate and analyze the vehicle’s response to practical
road conditions with random vibrations. Two models were compared: vehicles with and
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without a TMD. The study showed potential for improved vibration control and ride
comfort, as evidenced by position-time response graphs of the sprung mass displaying
reduced displacement and acceleration magnitudes over a broad frequency range. How-
ever, the trade-off is the motion of the TMD mass. Simulation results demonstrated the
TMD system’s efficacy in reducing the root mean square (RMS) value of the vehicle’s
acceleration, with effectiveness increasing with TMD mass. The conclusion is that a
TMD system can effectively improve a vehicle’s ride comfort under random vibrations.
The study lays out a framework for analyzing and tuning TMDs with an added mass,
based on the data inputs that are easily available. However, the authors believe that the
use of an Active Tuned Mass Damper (ATMD) would be more beneficial for the vibration
characteristics of the vehicle, compared to the traditional passive Tuned-Mass Damper
(TMD) system. The ATMD system can actively adjust its parameters in real-time, to
match the changing road conditions, which can lead to a more efficient vibration control
and better ride comfort.

References

1. Baki Ozturk et al. (2022) Article on Efficacy of a novel optimized Tuned Mass Damper for
minimizing dynamic responses of Cantilever beams. 4th Polish Congress of Mechanics and
23rd International Conference on Computer Methods in Mechanics PCM-CMM-2019

2. Marian Sikora (2018) Modeling and Operational Analysis of an Automotive Shock Absorber
with a Tuned Mass Damper. acta mechanica et automatica, vol.12 no.3.

3. Anand S et al. (2017) Tuned Mass Dampers in Passenger Cars. The Engineering Design.IN
2007 conference, Indian Institute of Science, Bangalore.

4. Intro to Structural Motion Control — Purdue Engineering CE573

5. A. Shariati et. al. (2004) Decentralized robust Hoo controller design for a half-car active
suspension system

6. Salman Ebrahiminejad et al. (2020) Multi-objective optimization of a sports car suspension
system using simplified quarter-car models. Mechanics and Industry ISSN: 2257-7750

7. Ormondroyd J, Den Hartog JP (1928) The theory of dynamic vibration absorber. Trans Am
Soc Mech Eng 50:9-22

8. Nishihara O, Asami T (2002) Closed-form solutions to the exact optimizations of dynamic
vibration absorbers. J Vib Acoust 124:576-582

9. Warburton GB (1982) Optimal absorber parameters for various combinations of response and
excitation parameters. Earthq Eng Struct Dyn 10:381-401

10. Iwata Y (1982) On the construction of the dynamic vibration absorber. Jpn Soc Mech Eng
820:150-152

11. Yamaguchi H (1988) Damping of transient vibration by a dynamic absorber. Trans Jpn Soc
Mech Eng 54:561-568

12. Miller DW, Crawley EF, Wards BA (1985) Inertial actuator design for maximum passive and
active energy dissipation in flexible space structures. In: Structures, structural dynamics, and
materials conference. American Institute of Aeronautics and Astronautics, Orlando, FL, pp
536-544

13. Krenk S (2005) Frequency analysis of the tuned mass damper. J Appl Mech 72:936-942



Investigation of the Effect of Tuned Mass-Damper 1051

Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.


http://creativecommons.org/licenses/by-nc/4.0/

	Investigation of the Effect of Tuned Mass-Damper System on the External Vibrations Endured by a Vehicle
	1 Introduction
	1.1 Literature Review
	1.2 Quarter Car Model
	1.3 Quarter Car Model with TMD

	2 Force Input
	3 Design of the TMD
	4 Results and Discussions
	4.1 Comparison Between the Position of TMD and Sprung Mass
	4.2 Comparison Between a System with and Without a TMD
	4.3 Effectiveness of TMD
	4.4 Transmissibility of TMD

	5 Conclusion
	References


