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Hi, this is Dr. S P Harsha associate professor in Mechanical and Industrial Department
IIT, Roorkee. I am mainly teaching the design related course is like solid mechanics, like
machine design and for the higher studies you know like 1 am mainly teaching the
dynamics of mechanical systems, mechanical vibrations and you know like the other
courses like synthesis of mechanism and all. This course which is you know like
developed under the National programmes on technology enhanced learning NPTEL

mainly dealing with the vibrations and the control strategies.

We know that mechanical vibration is one of the key issue, because whenever we are
running any machine or even when we are traveling through the train or any vehicle or
even when we are dealing with the human body, we know that the dynamic phenomena
is always being there. And when we are trying to analyze these dynamic phenomena’s,
we know that until unless if we are not able analyze the physics involved in those kind of
excitations. Means the vibration related issues then we cannot analyze seriously what
kind of you know like the signal generator generations are their or out kind of you know

like the, these responses are there.

So, in this course mainly we are going to deal with the vibration related problems, that
you see why what are the basic causes of the vibrations in any of the machine. And then
you see if we know that the vibrations are there even if it is a new machine or the robust
design is there, then how do we control. So, what are the parameters which we can
control you know like which are executing the vibrations in the machine and what are the

you know like the limitation of those things through, which you see here.

Say you see here we know that when we are traveling through machine, traveling
through a train or a bus or even in the airplane; we know that there are certain excitations
which are always creating some kind of you know like the discomfort to human being.

What are those you know like the excitations, why these excitations are coming, even see



when we are travelling through a local train or when we are traveling into say in Indian

conditions we have you know like the Rajadhani the vibration levels are different.

So, why this is, so what exactly the design features that you see the vibrations are being
dammed out or even you see they are controlling. So, this may this course mainly
dividing into four main categories, one we need to understand basic principles involved
in the vibrations, means the physical significance of those parameters, through which the
excitations are coming. Second you see here what are the control strategies? Here are
two main methods broadly classified, one is the passive controls, in which you see are
we need to apply some external devises or some external materials, through which we

can control like you see various insulating materials are there.

We mainly using the springs are there the dampers are there these are the you know like
the key elements or even sometimes you see when we are keeping the mass is to
suppress the vibrations. So, these are the key elements, so which we can reduce the
vibration amplitude or we can suppress the vibration rather. So, first is the passive
vibration control, second part is the active vibration control sometimes you see it is not
feasible say you see the vibration is coming from the internal feature at the microns

levels or you see any of the part of the machine.

And at which you see here it is not feasible to apply these you know like a vibration
controlling devices then how do we control. So, there are various you know like the
parts, which we are you know like putting under the active vibration controls, so this the
third one. And the forth one you see here when we are doing these things what are

instrumentation involved in that, how do you first measure those things.

And then once we measure these say a basic elements of vibrations, then how do we you
know like what are the instruments involved in that, say you see if we are on the track
side or if we are on any of the side you see here and we want to measure that. So, what
are instrumentation involved, what exactly the principle involved in measuring those

vibrations. So, these issues which we are going to deal here in this particular course.

So, let us begin with first the basics of vibrations and in this basics of vibrations, you see
here the first that how we can apply this vibration concept or the dynamics concept to the
simple mechanical systems. So, we need to you know like if you want understand the

basics of the vibration we need to go to the basic physics in that. So, if we are talking



about that, first we need to see what exactly the science is saying about that. So,
whenever we are saying, that something is vibrating they are also inducing some kind of

sound.

(Refer Slide Time: 04:54)

(A) Spring Mass System

Applying static condition as shown in Fig. 1.2 (¢) the
equation of motion of the system yields

my+kx=0
This equation of motion of a single-degree-of-freedom
system and is a linear, second-order, ordinary
differential equation with constant coefficients.
A simple experiment for determining the spring
stiffness by adding known amounts of mass to a
spring and measuring the resulting static deflection is
shown in Fig. 1.3.

So, sound and vibrations are pretty you know like the common terms which we always
use and we need to apply the concept, that the you see why a machine or anything which
creates sound is vibrating or why a vibrating system is creating sound. So, the science of
sound and vibration is a part of the applied mechanics. So, you see here, if we are talking
about the applied mechanics, then we know that one has to study the behavior of solid,
liquid or gaseous media, sometimes we know that when we are talking about the solid

media or to rigid bodies they are creating, so much sound.

And the impact at the contact mechanics which we are talking during the impact they
have a huge noise and there is a clear vibration which is being transmitted through the
molecules of that solid body. So, when we are talking about that in the solid or the liquid
or gaseous media, they are absolutely involving you see the deformations, the way
propagation you see. Like you see any when | am speaking we know that the at the vocal
cord there is a clear vibration, because you see the air which is coming out it is always

being suppressed and my tongue is you know like in somewhere oscillatory media.

So, this wave propagation when it has you know like when it is coming out from the

mouth, it has some media to go up to the certain level. So, starting from the deformation



the deformation is particular mechanical term in which there is a clear displacement you
know like every localized region where the load application is there or any movement or
torque application is there. The word propagation is basically related to the sound
phenomena and then you see here we are talking about those transom and the fracture

they are all you see creating some kind of you know like the mechanics concepts.

And when these medias are subjected to the physical agent of various types, certain
procedures you see here you know like maybe some you know like various types of the
forces or the due to the temperature variation, we know that the sound or vibrations are
basically coming into that domain. So, sound and vibration fields in that sound and
vibration waves basically we know that the sound is certainly a energy which is always

being propagated in terms of the waves.

Vibration is nothing but you see here that is a molecular phenomena and you see when
we are talking about any vibrating system, we know that it requires a basic domain or
solid media to transfer. Like you see a basic common example is our mobile, when the
mobile is you know like in the vibration part and if you are keeping on say some solid
surface, when it has you see this domain immediately it will transfer through the
molecules of that solid or if we are just keeping on the wave in the air open we know that

the affected area is very small.

So, sound and vibration waves are mechanical elastic waves and thus you see the
conditions for their existence are you know like that the medium causes mass and
elasticity. So, you see sometimes when we are talking about the deformation it is always
being you know like giving some kind of excitation, because of the deformation as we

are applying and this deformation mainly dealing with the elastic deformation.

So, in Vibro Acoustics there are two classes of waves one is the longitudinal waves
according to the direction and one is the transverse waves. So, you see you know like in
this particular if we are broadly speaking about the applied mechanics part we know that

there are two feature.
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Figure 1-Proposed subdivision of mechanics.

One is the fundamental mechanics, which is related to the statics the particle mechanics
and the rigid body mechanics. In that you see here we are mainly dealing with you see
you know like that when the bodies in even in the rest there are the forces which are
being you know like under the equilibrium position and they are being applied to the

system even when the system is the macro or even the micro means the particle part.

So, this rigid body mechanics is always giving that when the two bodies are or when
anybody which is being rolling or you know like sliding. Or being the contact with the
other body of the surface there is certainly there are deforming conditions and due to the

deformation certain kind of excitations are there.

So, when we applied this mechanical concept to any rigid body or the particle part we are
under the broad category of applied mechanics in which we have the basic concept of
this strength of materials, means what exactly the type of material, what kind of forces
are there, how do we resolve these forces you see even under the static or the dynamic
part. Then even if we are talking about the fluid mechanics we know that the fluid
molecules up always you know like a travel there is no you see here assess the
deformation, but there are displacement.

So, whenever you see the fluid particles are moving and the inertia force is due to the
density feature, they are always being creating you see the kind of you know like the

excitations, whack formations are there various things are there related to the fluid



molecules then Vibro Acoustics. In the Vibro Acoustics we know that the things are
being coming right from the basic vibration concepts and then it is spreading towards the

Acoustical phenomena, Acoustic emissions are there.

(Refer Slide Time: 10:06)

Fundamental concepts

The fundamentals of Sound and Vibrations are part of the
broader field of mechanics, with strong connections to
classical mechanics, solid mechanics and fluid dynamics.

Dynamics is the branch of physics concerned with the
motion of bodies under the action of forces.

Vibrations or oscillations can be regarded as a subset of
dynamics in which a system subjected to restoring forces
swings back and forth about an equilibrium position,
where a system is defined as an assemblage of parts acting
together as a whole.

The restoring forces are due to elasticity, or due to gravity.

So, you see here when we are dealing such things we know that the fundamentals of
sound and vibrations are the part of the broader field of mechanics, with the strong
connection to the basic classical mechanics, which is related to the solid or fluid
dynamics. And since we are talking about any movement feature or the motion the
dynamic says you know like one of the basic branch of the physics, which is mainly

concerned with the motion and the force.

When we are talking about the motion feature we know that we are all talking about the
kinematics part and when you know like the forces are being involved along with you
see the kind of motion, then certainly you see the dynamics coming. So, you see here
when we are in the domain of dynamics the first thing is coming how the body is

behaving under the motion.

So, the vibration or oscillation these are the two common movement is there of the body
can be regarded as the subset of dynamics in which the system is subjected to certain
restoring forces like swing back or forth, because two and you know like the flow motion
is there. So, how these restoring forces are really controlling that kind of to and fro

motion. And then you see you know like when we are talking about that this is my you



know like the periodic excitation, the periodic vibration or you see the pendulum
oscillation, then we know that there is an equilibrium position or there is you know like

the position where you see the body is moving to and fro.

So, we can say the system is nothing but the vibrating system is nothing but you see you
know like the assemblies of the parts acting together as a whole from the to and fro
motion. And these restoring forces they are coming due to the elasticity or due to the
gravity, which are the two common elements which are always being available when any

system is executing it is motion or the dynamic phenomena in the real nature.
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* The subject of Sound and Vibrations encompasses the
generation of sound and vibrations, the distribution and
damping of vibrations, how sound propagates in a free
field, and how it interacts with a closed space, as well as
its effect on man and measurement equipment.

Technical applications span an even wider field, from
applied mathematics and mechanics, to electrical
instrumentation and analog and digital signal processing
theory, to machinery and building design.

Most human activities involve vibration in one form or
other. For example, we hear because our eardrums vibrate

and see because light waves undergo vibration.

And when this subject, when we are talking about the sound and vibration it is especially
encompasses the generation of the sound and vibration, the distribution and the damping
of vibrations that, the how these you know like the sound is distributed. How the
vibrations are being damped out what are the key features you know like through which

we can damped out, the oscillation or the vibration amplitude and then the distribution.

And then how the sound is you know like the propagating in free field and how it
interacts with the closed space, we know that you see here when we are putting you
know like any sounds source and you see when if it has you know like the source or it
has you know like the media it will propagate immediately at the very faster rate. So, you

see here you know like the physics say that it absolutely the molecules absolutely



requires whatever you know like that it is propagating the sound or the vibration they

need the basic domain the basic structure.

The solid structure which you know like consist of the various molecules as well as you
see it is effect on the main and measurement equipment. Because ultimately you see here
we know that when we are in the you know like the noisy environment, what exactly the
impact of the common performances on the man. And how do we measure those things,
so what are the measuring equipments are there. So, technical application you know like
span you know like even in the wider field from applied mathematics and mechanics to

electrical instrumentation.

And you know like in which you see we have analog or digital processing theory in
which you would like whatever you know like the signal processing tools are there to a
machinery and the building design. So, this sound and vibration is not a specially we can
say restricted our self towards the mechanical application only it can you know like if we
know that some buildings we want to design the building we need to put you see various

kind of you know like the sound controlling features vibration controlling features.

Because you see you know like various things are there and you know like which can
transmit which can generate the vibration and the acoustic feature. And then you see the
like most human activities when we are coming just towards the human most, human
activities involve the vibration in one or other form you see here they are always be you
know like analyzed based on the dynamic phenomena like you see the blood movement
is there from the heart. We know that you see when we are running or when we are in the
idle situation the blood motion is different and through E G G we can simply find out

that where is the problem.

So, this is nothing but a vibration signature only the movement even you see when we
are talking about the brain structure, we know that the neurons are all the time they are
just you know like taking the information and spreading all around. So, this is a dynamic
phenomena and we are using the E E G to see the irregularities of these motion. So, |
mean to say even when we are dealing with the human part the E C G, E E G they are
nothing but the signal processing you know like we can say tools through which we can

analyze the motion of blood or the neurons.



So, you see you know like or else you see as we can say that when we hear our endromes
you see vibrate and you see the light waves are absolutely you know like a expanded
under the vibrating conditions and then neurons are getting entire things. Another very
common example for the human being is the breathing.

(Refer Slide Time: 15:07)
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Breathing is associated with the vibration of lungs and
walking involves (periodic) oscillatory motion of legs and
hands.
Human speak due to the oscillatory motion of larynges
(tongue).

In most of the engineering applications, vibration is

signifying to and fro motion, which i1s undesirable.

Galileo discovered the relationship between the length of a
pendulum and its frequency and observed the resonance of
two bodies that were connected by some energy transfer
medium and tuned to the same natural frequency.

Breathing is associated with the vibration of lungs and you see you know like the
walking involves some times the periodic we can say oscillatory motions are there of the
legs and the hands. So, this is a great combination of two things the periodic motion of
your legs and hands and the same time you see here your lungs are also you know like
creating some kind of periodic motions. Or else when we are speaking say you see |
delivering the lecture | know that you see here you know like the sound waves are being

generated this is the energy which is coming out from the throat.

But, the same time you see here this you know like giving a particular direction or
whatever the words articulation the modulation all the things are coming out due to the
various oscillatory motion of our this larynges or we can say the this over tongue. So, in
most of the engineering applications right from you see the machinery to the human
being the vibration is simply we can say analyzed based on the to and fro motion, which

is pretty undesirable.

So, you see you know like if you are just going back to that then we know that the

Galileo you know like who discovered the relationship between the length of pendulum.



And it is frequency that you see how many number of times it repeats it is entire motion
in a particular time, then he observed that at a particular frequency you know like when it

is just related to its natural frequency, the resonance will happen.

The resonance is nothing but you see here it has a use amplitude of the we can say the
vibration due to the maximum energy involved there. Here you see here you know like
the maximum energy is being transferred towards the system, so that it can simply you
know like have the greater motion at an infinite feature. So, you see you know like way
we can say natural frequency is nothing but it is inherent feature of the system because
sometimes we are talking about the natural frequency of different you know like any

different system.

The different systems have different natural frequencies because you see here it is a
inherent property, how the system is reacting towards the applied force within it is own
structure and accordingly that is why we are saying that the natural frequency is always
being coming out due to the free vibration condition. So, the vibration may result in a
failure of machine or their critical components, because you see here when the amplitude
you know like amplitude of vibration is increases from it is limit or the range certainly
you see it can damage, it can even put some kind of plastic deformation some kind of

permanent deviation there.

(Refer Slide Time: 17:31)
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* Vibration may results in the failure of machines or
their critical components. The effect of wibration

depends on the magnitude in terms of displacement,
velocity or accelerations, exciting frequency and the

total duration of the vibration.

Vibrations are present everywhere in life
Atomic vibrations (temp.)
Human body (heart)
Machines (large and small)
Earth quake tremors

Musical instruments ...




So, the effect of vibration absolutely depending on the magnitude in terms of the
displacement velocity and acceleration, these are the three common we can say dynamic
parameters through which we can clearly classified the basics of vibrations. And you see
here since we know that the amplitude of these either the displacement or the velocity or
acceleration are clearly reflecting the vibration significance we can simply find out that

at what frequency this amplitude is there.

And what is the duration of this much the vibration; that means, in terms of how much
time is there at which you see this frequency is coming and this much amplitude is
coming out from the system. So, this is whole you see, if you want to characterize the
vibration now there are two main features in that, one is the exciting frequency and one
is the amplitude in terms of displacement, in terms of velocity or in terms of acceleration.
So, if you broadly classified the vibration we know that every day we are dealing the

vibrations right from the atomic vibration, means the temperature variations.

When you see, when we are in the common room you see the room temperature which
we are dealing with it has a common feature all along the room length or the dimensions.
But, when you know like switch on the fan or AC or something you know that now the
temperature variations are there. It is mainly due to the molecular motions they are
interacting and when they are interacting they are exchanging the energy and this

temperature variation is a basic cause of this molecular dynamics.

Second the human body the heart or even you know like as we discussed about the
breathing or even we are just talking in which the lungs motion is there or if we are
talking about you see you know like the, whatever the speak things are coming out from
the human or else the neuron motion. All these are basically the feature of the vibrations,
then broadly speaking the machines even a small machine which say you see we have the
fan in our C P U of the computer it is also creating, so much vibration even it has a light

part.

Even you see when we are just going to any of our thermal power plant the huge turbo
generator machines are there the generators are there they are creating huge noise and
huge vibrations. So, even the small machine to bigger machine they are all inducing the
vibration and this vibration is transmitted through any structural media then the earth

guake tremors this is one of the good example of our random vibrations.



So, you see here right now we are not classifying the vibrations, but you see the vibration
can be classified in the discrete level, in the continuous level or even at the random or the
non-linear features. Then the musical instruments all these specific tune, which is
coming out you see from the any of the musical instruments is absolutely related to the

vibrations or the material property of that string.

So, you see here you know like when we are dealing say if we are driving a motor cycle
we know that huge you know like vibrations are being coming out, due to the interaction
of the tyre tube the surfaces and these are being absorbed by various things and then it is
coming to the human part. So, you know like the vibration we are dealing every day. So,
now, if you are thinking from that point we know that there is a vibration, which is there

in the system; now first we are starting from the linear systems.

(Refer Slide Time: 20:54)

Linear Systems

* In this chapter, the vibration of a single-degree-of-
freedom (SDOF), Two degree of freedom system
with and without damping and introductory multi-
degree of freedom system will be discussed in this

section.

Often in Vibrations and Acoustics, the calculation of
the effect of a certain physical quantity termed as the
input signal on another physical quantity. called the
output signal; (Figure 1-1).

The linear system is a well behaved reason is the systems are always you see you know
like behaving in a very proper way. So, this chapter is mainly related to the linear system
in which the linear inputs are there and the linear outputs are there, well behaved systems
are there. The vibration of any single degree, 2 degree or even the multi degree systems
with and without damping they are absolutely you know like related to this linear system.

So, we can say that if you want to really understand the basic principle involved in the
linear systems, we can start from the single degree of freedom system, in which you see

sometimes the damping is there sometimes the damping is not there. And then we can



further go towards you see here the 2 degree of freedom system means you know like
what exactly the coordinates are available in which we can relate the force or the energy

terms in that domain.

This provides us the degree of freedom means what exactly the constraints which we are
trying to keep to see the force equilibrium feature. And then even in the multi body multi
degree of freedom system like you see the human body is there the robotic features are
there or any system in which you see here like the various you know like the parts of the
machine are you know like moving together, then how do we analyze the system in the

linear part.

So, often in the vibration and the acoustics in the calculation of the effect of you know
like certain physical quantities termed as the input signal, certainly you see say you know
like we are giving electric supply. So, certainly you see now the rotation starts, so this is
what our input feature is this is a well you know like we can say defined controlled input
systems are. And when the system is you know like moving then they are just you know
like executing the linear output what exactly the output signals are they are coming, in
terms of say, if we are talking about the mechanical system the output may be in terms of

displacement, may be in terms of velocity or acceleration.

But, again you see there are different devices to record these things by a single devise
say | have accelerometer or | have you see the velocity probe or the displacement probe |
cannot measure by you know like all three quantities by a single device, because there
are various other depending parameters are there in that. So, now if I am coming back to

the you know like the linear system.

You can see that you have a figure on your screen in which you see we have the input
signal. The input signal can be in form of the dynamic force F which is the function of t
we may have you see the velocity as a input, we may have the pressure as a input or we
may have the velocity as you see again the input. So, you see in any of the combination
right from force to velocity pressure to velocity these are all you see you know like the
key input parameters.
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Fig. 1-1 A linear time-invariant svstem describes the

relationship between an input signal nal. For
example, the input signal could b : '

signal a force F(1), or the inpuf s :
and the output signal an acoustic particle velocity w'(t). (1]

If the coefficients are, moreover, independent of
time, i.e., constant, then the system is also time
invariant. A linear system has several important
features.

And if the system is linearly time invariant, then certainly we can say that you know like
the system is not inducing any kind of you know like the nonlinearity in the system it is a
well behaved reason. So, we may expect certain output from that say you see even in
terms of force of velocity in terms of pressure or velocity in that. So, linear time
invariant system simply describe the relationship between the input signal to the output

signal.

And then you see here since as | told you that no nonlinearities involved in that then we
can say that you see since it is a single degree of freedom system we can say the force
input force output can be easily related even the velocity input velocity output can be

easily related.

So, if the coefficients are moreover you see independent of time, certainly you see here
we are not trying to relate with the time itself then we can say you know like the system
is also the time invariant. And a linear system has a several important features in this
because you see here it is a well behaved part like you see when we are talking about the
elastic deformation where the Hooke’s law is valid. We know that whatever the
parameters are there may be force with deformation stress with strain or anything or
under the you know like we can say the Newtonian mechanics. When we are saying that

the Newton's law are applicable we can simply say that they are absolutely valid towards



you see you know like the elastic feature where the linear, propagations are there the

linear you know like we can say the systems are there, let us focus on one example.

(Refer Slide Time: 25:13)

Example 1-1 [1]

The figure below, shows an example in which the
forces that excite an automobile are inputs to a
number of linear systems, the outputs from which are
vibration velocities at various points in the structure.

The vibration velocities are then, in tum, inputs to a
number of linear systems, the outputs from which are
sound pressures at various points in the passenger

l..‘l.!l'l'lpill'illll.‘ﬂl.

Now, | am going to show you the you know like one of the basic feature of our you
know like the automobile systems, where number of inputs are there. So, does not matter
you see that you always have to have you see you know like the one kind of input and
one kind of output there may be more than one inputs are there, may be more than one

outputs are there under the linear actuation of the system.

So, you see here you know like we have just | am going to show you that the automobile
which has various inputs the number of inputs are there of the linear system and the
outputs are there from the vibration velocities. And these vibration velocities are then
again we are trying to feed as the input of the various linear systems and we can find the
outputs as a pressure sources. So, you see that this one in which it is very clear that you

see you know like this is what my forces.
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(Picture: Volvo Technology Report, 1988) [1]

The input forces are there and when the forces you see on a vehicle there are various
forces right from the engine to the air drag the lift forces various you see you know like
the dynamic forces are there, even the forces which can be generated due to the
excitation you see at this. So, you can see that this we have various force reasons are
there which are coming out due to we can say drag forces, these forces, so this is what

the all input forces.

When they are coming to that you see here at this particular feature now we have various
vibrations velocities, means you see here there is an excitation you know like at this
particular part due to the motion of the vehicle. And when you see you know like this
part when it is being you know like coming to you know like the human being this is
basically you can see that a kind of input to the human being as a vibration velocity
input. And then you see we can see that you see how much you know like the pressures
are being there at you know like we can say in terms of sound pressure or in terms of

anything.
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* By adding up the contributions from all of the
significant excitation forces, the total sound pressures
at points of interest in the passenger compartment can
be found.

The engmme i1s fixed to the chassis via vibration

1solators.

If the force F, that influences the chassis can be cut in

half, then, for a linear system, all vibration velocities v,

vy caused by the force F, are also halved.

So, by adding up the various contributions from all the significant excitation forces, the
total sound pressure at the point of at the point of interest is nothing but the passenger’s
compartment. And we can just see that what exactly the comfort levels are being there
due to the excitation of various forces, which are being termed into the vibration velocity
and then into the sound pressure. The engine is also you know like we can say fixed and
you see you know like through these chassis this is basically the media which is being
like transmitted that and through which you see we can apply the vibration isolators as

well.

So, what we can say that you see various forces which we have shown in the previous
diagram right from the F 1 force which is influences through the chassis 1 we can put
any linear actuation feature and the velocity difference will certainly give you the kind of
vibration excitation. So, a linear oscillation in the mechanical system can be considered
here and whatever the oscillations are coming into the system is absolutely giving us the

linear relationship between the exciting forces and the resulting motion.

And since there is a linear feature, so there is a pretty well defined output is there as the
you know like as we can describe in terms of the basic three dynamic properties, the
displacement velocity and the acceleration. And then you see even in that we can further
add these contributions which are just coming out in terms of you see the vibrations or in

terms of vibration velocities from these forces, then it can be simply converted into the



velocity component and then it can give simply this one. So, when we are talking about

the you know like the two main features.
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Linearity is normally applicable whenever the kinematic
quantities can be regarded as small variations about an
average value, implying that the relation between the
input signal and the output signal can be described by
linear differential equations with constant coefficients.

We know that the linearity is a basic property of the system through which you see here
we can simply propagate we can make a proper relation of you know like the force or the
velocity or sound pressure in that way. And we can apply the various you know like the
coefficient which can relate like you see in the Hooke's law we have the young’s
modulus like a Newtonian's law we have the Newtonian's coefficient. You see it is like
the viscosity or in any of the term these you know like the linear variant features can be

strait away relate using some of the coefficient.

Now, we are going towards one of our basic case that is the single degree of freedom
system. So, in that the single degree of freedom system is very, very essential in such a
way that we just want to study, you know like the information about how the system
characteristics are really you know like the influenced by the various different quantities,
because if you are just taking the various other parameters then sometimes we are not in
a position to analyze the dominant feature of that. May be you see sometimes you know

like the lower amplitude of some exciting part is more important.
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Case — 1 Single Degree of Freedom Systems

* In basic mechanics, one studies single degree-of-
freedom systems thoroughly.
The single degree-of-freedom system is so interesting
to study because it gives us information on how a
system’s characteristics are influenced by different
quantities.
Moreover, one can model more complex systems,
provided that they have isolated resonances, as sums

of simple single degree-of-freedom systems.

So, that is why you see sometimes we need to constraint the other feature and just to see
a single degree of freedom system analyses. So, moreover one can model even the more
complex system provided that they are you know like they have isolated resonances as
sum of the single degree of freedom systems. So, that is why as | told you that the other
features can also be you know like influence the parametric excitations. So, we need to

just see that what exactly the dominant features are...
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(A) Spring Mass System

Most of the system exhibit simple harmonic motion or
oscillation. These systems are said to have elastic
restoring forces. Such systems can be modeled, in
some situations, by a spring-mass schematic, as
illustrated in Figure 1.2.

This constitutes the most basic vibration model of a

machine structure and can be used successfully to
describe a surprising number of devices, machines,
and structures.




Most of system exhibit simple harmonic motion or the oscillation the periodic
oscillation. So, these systems are you know like said to have the elastic restoring forces
in which you see you know like, the restoring forces are nothing but you see some kind
of you know like the constraint again the motion like you see the spring by spring forces
are always coming under the restoring forces. The gravitational forces these forces are
always termed as restoring forces and such system can be easily modeled as | am going

to show you a simple spring mass system.

Where you see there is no damping through which you see here or the damper through
which we can damp out the oscillation amplitude of the vibration amplitude. This
constitute the most of the basic vibration model of the machine or any structure you see
here and can be successfully described the any you know like various number of
surprising number of the devices machines or any kind of the structures we can straightly
apply this. So, now you can look at that you see we have a simple spring and the mass
system and when you see here we are trying to disturb the mass certainly it will you
know like deviate from it is position or we can say it has a clear displacement from it is

position.
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(A) Spring Mass System

* This system provides a simple mathematical model that
seems to be more sophisticated than the problem requires.
This system is very useful to conceptualize the vibration
problem in different machine components.

And through which you see the various forces are being generated and if you are saying
that it is under the equilibrium position; that means, these forces are well balanced. So,

this system provides a simple mechanical model that seems to be more sophisticated than



the you know like we can say any problem requirements. So, this system is very useful to

conceptualize the vibration problem in different machine components.

So, you can see that what we have, we have a spring system and the spring is always
being characterized using the stiffness. The stiffness is you know like giving you the
kind of again the material property also it is giving that how much force it can sustain
and how much deformation can be generated according to the applied force. And then
this is the you see the mass is hanging from the you know like the mass is hanging over
the spring.

And when there is a displacement say x of t when the displacement is being given or the
disturbance is given to the mass there are the two forces which are being clearly
generated here one the inertia force as the movement of mass. So, m x double dot is there
this one and then you see on top of that, because you see here this is under equilibrium

position.

So, you see on top of that we have you know like the restoring forces and when they are
you know like we can say if you are just putting the free body diagram, we know that
both are just balancing each other. And when they are balancing each other we can
simply say that the equation of motion is nothing but equals to the sum of inertia force

and restoring forces are equals to zero because of the equilibrium systems.
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(A) Spring Mass System

» If X=X (t) denotes the displacement (m) of the mass
m (kg) from its equilibrium position as a funection of
time t (s), the equation of motion for this system
becomes,

mx+k(x+x)—-mg=0 (1.1)

Where k = the stiffness of the spring (N/m),
Xs = static deflection

M = the spring under gravity load,

g = the acceleration due to gravity (m/s2),
X = acceleration of the system




So, say that you see here, if we have the displacement X equals to X of t and then the
mass which is just you know like moving periodically, you know like under the
excitation of this feature. Then we can say the equation is m x double dot plus this you
know like k x plus x x and this m g this weight is also sometimes adding one of the

additional feature in terms of force.

So, K is a stiffness which is a material property of this spring you see here which can be
you know like using like Newton parameter, X s is the static deflection we disturb and
leave it like that. The mass is nothing but you see the in kilo gram the g is the

gravitational acceleration and you see the acceleration is this 1 x double dot.

So, the inertia force is because the mass is there which is moving at the acceleration x
double dot we have m x double dot as the inertia forces. So, when we apply you know
like the static conditions on that then certainly you see we are ending up the equation m x
double dot plus k x equal to 0. And this is one of the basic equation for single degree of

freedom system and you see here, we know that it is a linear equation.
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(A) Spring Mass System

* Applying static condition as shown in Fig. 1.2 (c) the

equation of motion of the system yields
mx+kx=0

This equation of motion of a single-degree-of-freedom
system and i1s a linear, second-order, ordinary
differential equation with constant coefficients.
A simple experiment for determining the spring
stiffness by adding known amounts of mass to a
spring and measuring the resulting static deflection is
shown in Fig. 1.3.

Because all the term x double dot and the x they are simply posing means acceleration or
the displacement they are just giving the linear actuation to the system and it is a second
order, ordinary differential equation because it is a discrete system. So, we have ordinary
differential equation with the constant coefficients. So, simple experiment we can simply

perform to find out the spring stiffness, because we know that the spring stiffness is



coming under the elastic deformation. So, we can get you see here with the force
deformation relations or you see with the stressed trend relations as well and you see

how we can get you see.
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(A) Spring Mass System

Fig. 1.3 Measurement of the spring stiffness

1

Now, we are going to see, this is what the experiment is we have a simple spring, which
has the initial displacement x 0 without having any additional feature of the mass in the
first diagram. Then you see here when we are adding up the mass we know that this is
known value of mass and with that you see here this is what my the dotted line is
showing my static you know like the equilibrium position. And then we add any known

mass the certain amount of deformation is being there within the spring itself.

So, you see here when it is just coming a down their again we are adding the another
same amount of mass you see here there is you know like the deformation is x 2. So,
what we have we have x 0, we have x 1 when the one mass is being added and you see
the x 2 when the two masses are being added. So, you see here you know like, this is a
linear integration of the mass and corresponding deformations are being there the elastic

deformations are being there in this spring.

So, as a result of this static experiment means there is no you see here the dynamic
feature of any of the things. Then you see we can simply plot what the forces this is what
my inertia force even you see, because it is coming down verses you see the slope means

the value of the displacement. So, if you can look at that you see here after certain part



you see we have the linear and the or nonlinearity feature is being added, this is what the
realistic nature of the spring is; up to even though elastic deformation which is you know
like the Hooke's law is saying that after certain point there are you see you know like the
sloppy feature has come.
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(A) Spring Mass System

* The results of this static experiment can be plotted as
force (mass times acceleration) v/s , the slope yielding
the value of spring stiffness k for the linear portion of
the plot as illustrated in Figure 1.4.

Heplacement {mmj

Fig. 1.4 Determination of the spring stiffness

So, up to the linear propagation now you see when we are simply draping say this is
what my displacement and the force we can get you see here, you now like the spring the
spring stiffness by force per unit deformation under the elastic feature, means this
straight line. So, once m and k the mass is known to us, the k is known to us, once we get
those things we can solve the equation, because you say this is what the simple harmonic

motion. So, we can apply a simple you know like the solution feature.
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(A) Spring Mass System

* Once m and k are determined from static
experiments, Equation (1.2) can be solved to yield the
time history of the position of the mass m, given the
initial position and velocity of the mass.

The form of the solution of previous equation is
found from substitution of an assumed periodic
motion as,

x()y = Asin(@f + ¢) (1.3)
Where, @, = +Jk / m is the natral frequency (rad/s)
Here 4 = the amplitude
¢ = phase shift

A and ¢ are constants of intergration determined by the initial conditions.

As we are applying to any ordinary differential equation with the time history of the
position of mass with the initial position means if we have an initial position and initial
velocity. You know like of the mass we can directly give as the input x 0 and you see
here whatever the v 0 is there. And the form of solution and the previous equation is
found from the substitution of the you know like the of all the these parameter as we are
assuming that motion of this spring, of the mass which is constraint by this spring is of

the periodic motion.

So, you can look at that you see x of t this is what my displacement outcome is nothing
but equals to A sine omega t plus phi, A is the amplitude, omega n is my you know like
the natural frequency. And as | told you the natural frequency is the system’s inherent
property you know like, because you see through that the system is exciting at the free
vibration level. So, you can see that it is nothing but equals to square root of k by m, k is

your spring stiffness and m is the mass distribution of this system itself.

And then you see you have sine because it is a harmonic feature, so you have sinusoidal
feature of omega and t plus phi, phi is the phase shift. Then you see a and phi you know
like we can simply find out you know like the constant you know like through the
integration by applying all the boundary condition or the initial conditions. So, if x 0 is

the you know like we can say is specified initial displacement the known one parameter



from the equilibrium and mass m and v 0 which is again you see the known parameters

to us.
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(A) Spring Mass System

« If x, is the specified initial displacement from
equilibrium of mass m, and v, is its specified initial
velocity, simple substitution allows the constants A
and to be obtained. The unique displacement may be

expressed as,

i
~sin| @ f + tan

L III
Sin @, I = X COS @, f
"l.lIl

We can simply get the displacement x of t is nothing but equals to square root of omega
n square x 0 square plus you see here u square by omega square sine of these things this
is what my generalized solution. As we know that in the ordinary differential equation
there are two main parts of the ordinary differential equation solution one is the
particular integral and one is the complimentary function. The complimentary function is
mainly responsible for free vibration concept and particular integral is mainly
responsible for the forced vibration. So, through that you see here you have both the
thing x of t is nothing but equals to v zero omega zero sine omega n t plus x 0 cos omega

n t. So, you see both things have been you know like included there.
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(A) Spring Mass System

* Equation 1.2 can also be solved using a pure
mathematical approach as described follows.

Substituting x(t)=C e

-
» Al r Al

mAi-e” +ke™ =0
Here C = Oande™ 0,
5 ]
Hence mA= + k=0
Or 1/2

I
alik )

A=

il
\m)

# + s . . I
Where, j 1s an imaginary number = /-1

And when we are now substituting the displacement as a periodic input is ¢ e into e to
the power lambda t you can find that you see here, we can simply get the equation 1.5 as
m lambda square e to the power lambda t plus k into e to the power lambda t equals to 0.
We know that you see you know like this cannot be the whatever the coefficient this ¢
which is the amplitude feature cannot be zero certainly we have the e to the power

lambda t equals to 0.

That means, you see here finally, we are ending up with the equation of m lambda square
m into lambda square plus k equals to O or the lambda is nothing but equals to plus
minus j which is the unit factor is square root of k by m. This square root of k by m is the
system’s property through which you see we are getting the Eigen value or we can say
the characteristic root of the equation we are referred that as you know like the natural
frequency.

So, sometimes when we are trying to map this into the mathematical description we
know that the this natural frequency is nothing but the Eigen value of any characteristic
equation or it is nothing but the characteristic root of the basic equation of the system.
So, we can say that this is you know like the j is nothing but the imaginary feature and it

is always reflecting from plus minus j you see here.
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(A) Spring Mass System
* Hence the generalized solution yields as,

! Al |

x(1) = Cie”r’

T (-‘:i'_"

* where and are arbitrary complex conjugate constants
of integration.

* The value of the constants and can be determined
by applying the initial conditions of the system. Note
that the equation 1.2 is valid only as long as spring is
linear.

So, when we are trying to put this one we know that we have a generalized solution for
this is x of t is equals to C 1 into e to the power omega n j t plus C 2 e to the power
minus omega and j t. Where you see we have both you know like this e, e to the power
omega n C 1 and C 2 basically are you know like which is related to the e to the power
omega n j t and minus term are arbitrary complex conjugate. You know like terms which

can be easily get you know like can be get using the integrants.

The value of constants either you see can be again you see you know like can be easily
achieved using you know like boundary condition and the applied conditions of the
feature, it all depends on that. So, this is you see here you know like one of the basic
system in which you see we are not applying any kind of decay of the amplitude of the
vibration. We are only applying that when the you know like the any system is under
excitation then how the system the mass system and the restoring forces means the

inertia force and restoring forces are interacted.

How we can get the generalized solution of such kind of systems, when they are just
simply forming the equations of motion. Now, we are adding the damper as one of the
feature, because we know that even when the system is you know like exciting it does
not have you see the infinite you know like oscillatory feature, there is always you see
you know like some decaying feature is there and this decay is mainly due to the

damping part.
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(A) Spring Mass System

* The results of this static experiment can be plotted as
force (mass times acceleration) v/s , the slope yielding
the value of spring stiffness k for the linear portion of
the plot as illustrated in Figure 1.4.

Heplacement {mmj

Fig. 1.4 Determination of the spring stiffness

So, most of the system will not oscillate as I told you indefinitely when you know like it
is being disturbed either you see it has some kind of you know like the mechanism or
through which these oscillations are being dying out; typically the periodic motion
damped out after sometime. The easiest way to model this in terms of mathematical way
it just put the damping force along with the restoring forces and the inertia forces. So,
when we are applying this to the same basic system in which we have the mass is spring

and damping.

We can say that there are three forces one when the mass is moving due to the
disturbance is always at inertia forces, mass into acceleration when the spring is there
certainly the restoring forces are coming out and it is equals to k into displacement. And
when the damping is there through damper may be the dampers are of various kind
which we are going to you know like discuss in later form, we are right now saying that
it is if it the viscous damper. Certainly you see here whatever forces which are being
coming out due to this you know like the viscous dampers or viscous forces and they are

nothing but equals to viscous coefficients into velocity.
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(B) Spring Mass Damper system

Incorporating the damping term in equation (1.2) yield
as, )

i HcE R ea =)
Physically, the addition of a dashpot or damper results
in the dissipation of energy, as illustrated in Figure 1.5

So, and you see the system is under the equilibrium conditions; that means, is here m x
double dot plus ¢ x dot plus k x equals to 0. Physically the addition of dashpot or you
know like the damper which always results in the dissipation of the energy, it always
dissipate the energy and that is how you see we can control the oscillatory movement.

So, you see you can see that now this is what our you know like the system is...
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(B) Spring Mass Damper system

Fig. 1.5 (a)Schematic of the spring-mass—damper system, (b) free

body diagram of the systemin part(a), (¢) free body diagram due to static

condition

We have the system the mass same the spring and the damper and these are you see you

know like all the forces are that you can look at that m x double dot is there plus you see



the ¢ the damping coefficient and the interaction of these the velocity of you see x double
dot and this one. And then you see here we have you know like the spring coefficient at k
and this is you see the x and x 0. And when we are just trying to make balance of these

we know that we can get the basic equation, which we discussed already.
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(B) Spring Mass Damper system

« [f the dashpot exerts a dissipative force proportional to
velocity on the mass m, the equation (1.7) describes the
equation of the motion.

Unfortunately, the constant of proportionality, ¢, cannot
be measured by static methods as m and k are measured
in spring mass system.

The constant of proportionality ¢ is known as damping
coefficient and its unit in MKS 1s Ns/m.

So, if the dashpot exerts a dissipative force proportional to the velocity on the mass
certainly we know that whatever the dissipative energy which is you know like being
there it can be easily absorbed there. So, unfortunately the constant of the proportionality
the c, which is the basic property of the damper cannot be measured by the static method,
because in that you see here we have just like you see in the spring it was a simple linear

you know like we can say the displacement part, but here we have the velocity term.

And this ¢ which is the property of the velocity the c is nothing but the constant damping
constant it is a property of the velocity. And this velocity when we are trying to see it not
only depends on the amplitude, but also depends on the frequency feature. So, you see
here you know like we can get you know and again you see in the damper if you look at
the damper configuration we know that there is a viscosity feature involved in that, what
is the oil which is being there in the viscous part and what is the viscosity is there of this

viscous damping.



So, now, you see here now if you are just going towards again the same harmonic
motion, we know that this you know like this whatever the oscillation is there it is a

periodic one and x of t is nothing but equals to a into e to the power i x.
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(B) Spring Mass Damper system

= Substituting x(r)=ge™ , in equation 1.7, get,
H| mA-e by cle”

here a=0and e™ #0

hence, mA-+cA+k=0
L
A
= =0(1.9)
m

The solution of equation 1.8 yields as follows

And then we are keeping that you see in the same equation m x double dot plus ¢ x dot
plus k x equals to 0. We know that we have a into m lambda square e to the power
lambda t plus ¢ lambda e to the power lambda t plus k into e to the power lambda t
equals to 0. And here when we are keeping a equals to 0, we know that this cannot be
equals to O e to the power lambda t. So, then you see we are ending up with the equation

n inside of the bracket e into m into lambda square plus ¢ lambda plus a k equals 0.

We can make this equation by dividing the mass just to keep the characteristic
generalized equation. So, we have lambda square plus e by m into lambda plus k by m
equals to 0. And when we just trying to solve using you know like the characteristic
equation we have the characteristics roots are there lambda 1 comma 2 which is nothing
but equals to minus ¢ by 2 plus minus square root of ¢ square by 2 m square plus minus 2

times of k by m.

Or else you see here when we are just trying to see this we know that the ¢ by m k by m
is giving a very specific characteristic of that which we are going to discuss the

quantities under the radical is called the discriminant as we know that and the value of



this discriminant decides whether the roots are real or complex. So, you see here, now

we are going to first define the terms involved in that one is the damping ratio.
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(B) Spring Mass Damper system

* The quantity under the radical is called the
discriminant.

* The value of the discriminant decides that whether the
roots are real or complex.

= Damping ratio: It is relatively convenient to define a
non-dimensional quantity named as damping ratio.
The damping ratio is generally given by symbol
Zeeta (&) and mathematically defined as;

C

2+/km

The damping ratio is nothing but equals to as you know like the term itself speaks that
the damping there are two different damping are being involved you know like one is the
c. The c is the applied damping which we are applying trying to reduce the vibration
amplitude. And ¢ c is the critical damping, critical damping is one of the minimum
damping you see which should be there to reduce you know like the oscillation at the

minimum time.

So, you know like it is relatively convenient to define the non dimensional you see as
this one and it is nothing but equals to ¢ by ¢ c. As | already told you and we can simply
say that the damping ratio is nothing but shown by the zeta, zeta is equals to ¢ by ¢ ¢
where c ¢ is nothing but equals to 2 times of square root of k m. So, you see when we are
keeping this now our equation, when we are trying to keep this k m and c replaced with
omega n. And this one we know that omega is nothing but equals to square root of k by

m and zeta is nothing but equals to c by c c or c by 2 k m.
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(B) Spring Mass Damper system
* Substituting the value of k .m and ¢ in terms of
o, and £ , the equation (1.7) yields as,
428 @,x + opx =0 (1.10)
And equation (1.9) yields as

(1.11)

Where, @, is the damped natural frequency for (0« -

the damped natural frequency is defined as

&y = wp\1-&°

* Clearly, the value of the damping ratio &, determines the
nature of the solution of Equation (1.6).

Now we can replace this equation as x double dot plus 2 zeta omega n x dot plus omega
n square into x equals to 0. When we are now this is my characteristic equation which is
representing a single degree of freedom system with this spring and damping. Now, it
has the two characteristic roots lambda 1 comma 2 is nothing but equals to minus zeta
omega n plus minus omega n zeta and under square root of zeta square minus 1 or else |

can replace with this minus zeta omega n plus minus omega d.

Now, you see my system which has the damper as one of the essential element, now it
has two different frequency one is the natural un damped frequency and one is the
natural damped frequency. And we can relate both the things that the natural damped
frequency is omega d equals to omega n the square root of 1 minus zeta square. And you
see here you know like with this particular concept we can easily find out that what is the
value of zeta, zeta is nothing but the damping ratio which has a physical you know like

we can say relation.

So, it can clearly give that you see here if we are going towards the damping, over
damping, critical damping, under damping what exactly the kind of features which we
require and accordingly we can give the system properties. So, you know like we can get
you see straightaway that how the system will behave what exactly the type of you know

like the damping should be provided.



And then how much the excitations will come out from that. So, now, if we apply this
concept to the real physical system say this is what you see the basics of vibration, when
we are applying to any physical dynamic system say this is my say the two vehicle, 2
wheel vehicle is there.
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Fundamentals of Vibrations
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Example:

We have the rider, we have you see you know like the vehicle itself this is my physical
dynamic system. Now, | just want to go to analyze the motion, so these are the basic
steps which I need to follow strictly, one is first | need to map this physical system into
the real mathematical features and when | am trying do this I need to see that what I have

the input variables which I have right now is, the mass, mass of rider, mass of vehicle.

The two masses are there then what | have in other terms the tires the tires are absolutely
in the contact of the road. So, they are in the deformation and this deformation can be
straightaway replaced by this spring, other thing when the rider is just sitting on the seat
there is a clear interaction between the base part of the rider and the seat part. So, there is
a deformation, so | can also replace this as the spring. And then | have you see the struts
are there you can see that on the diagram these are the struts. So, these struts have you
see the damping features, so | have the dampers. So, this physical system is clearly
reflecting the three basic modes mass damper and the spring and now | can relate these
things with my three basic dynamic properties displacement, velocity and the

acceleration.



So, I can first you see here equate that what exactly the replica in terms of what that is
what we discussed about the mass spring and damper. So, we have the equilibrium mass
as | told you the rider mass and the vehicle mass, second we have the equivalent
stiffness, the stiffness of two tires, the stiffness of even the contact reason between the
human body means rider and the vehicle part. And then we have the damper the two

struts are there the front wheel and the rear wheel.

So, you see here this is the equivalent feature and then you see when we are trying to
map into the other part that is because we want to generate the third part is the equation
generation that what exactly the equation of motion is there. So, you see here we need to
first port the force balance condition. So, on the mass we have all three forces the inertia

forces restoring forces and the damping forces as we can describe here.

And once you have this you have now the equation of motion as we discussed already m
x double dot plus ¢ x dot plus k x equals to 0. And once you have these things in terms of
the single degree of freedom system we can simply find out this and then we can apply
since it is a periodic motion which we are assuming or a simple harmonic motion we can
apply the input part x of t is nothing but equals to ¢ into e to the power lambda t. And
when we are keeping that part we can have the solution the characteristic routes which
are simply giving us the Eigen value or in other terms we are we are having the exciting

frequencies of that.

So, in today’s lecture we discussed about the basics what is the important of the vibration
is, why we are dealing why we are you know like all basic mechanics concept when we
are talking about the vibration. And then you see here when we have any physical real
system how we can relate the real physical system towards the mathematical formulation
what are the basic we can say the terms are there which are always being a governing

terms for the exciting vibrations.

And as | told you that remember there are three basic dynamic parameters which are
always being responsible for having any kind of excitation in the system displacement,
the velocity and the acceleration. And if you want to measure these things we need to
have a three different devices for that. So, you see in this particular lecture that that is
what we discussed, in the next lecture now we are going to deal with the two degrees of

freedom.



As you see that in this particular screen we have the rider and the vehicle and this system
is absolutely for you know like right now the single degree as you know that we have a
single mass, single you know like the damper. And we can say the k which are being
there just with the x and the x is the horizontal or vertical movement just in one
direction, but we know that you see here this is not correct, we can say you know like the
conversion of this we may have you see a different displacement of say you know like

the rider or the vehicle.

We may have you see you know like the different stiffness at the you know like the rider
to seat or this tire to this one road or we have you see the different damping from rear or
front struts. So, when we know that these things are quite feasible we need to now see
towards the other features of that it is the 2 degrees of freedom system without damping
with damping; and then we are trying to solve mathematically about the real physical

system.

Thank you.



