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Lecture-16
Introduction to Active Vibration Control
Welcome to the course on principles of vibration control. Today we will enter a new resume
which is active vibration control.
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Active Vibration Control

%. R ———
;

So we will talk about how we can use an array of sensor and actuators and develop some kind

of a feedback and feed forward systems and we can control the vibration with the help of
such a system. Just a bit of recapitulation if you remember that we have talked about several
vibration control strategies in the beginning of these course and the first one in that was

reduction of vibration at the source itself.

So which we say that this is the most inexpensive way of controlling the vibration, then we
have talked about that vibration isolation, so development of isolation systems are inserting a
resilient system, so that the vibration from the ambience cannot propagate. Then thirdly we
have talked about system modification and we have said that by read retro fitting or changing

the stiffness mass of damping.

You can actually control the vibration. Now this were generally you know passive techniques.
Whereas both end we have talked about 2 more techniques. One is a semi passive technique

and that is energy harvesting. I am going to talk about a little bit more details on this



technique towards the variant of the course again. That is semi passive and finally the active
one in which today we will talk about the active vibration control is simply call it AVC using
different types classical modern and distributed control technology. So this what we would
like to discuss in this ways the course.
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So today I will first give you a brief introduction to active vibration control, will talk about so
the traditional applications of this concepts. We will also talk about the problems with active
vibration control, particularly the problem which is known as spillover and we will introduce
basic control strategies. So fundamentally the active vibration control can be threat of in this

manner that suppose you have a incoming vibration.

So this is the incoming vibration signal and then if you are generating a cancellation signal
which is just as you can see here that is the just opposite in phase. So that pins in this part it is
like this whereas in this part it is just the other way. So this is the cancellation signal. Now
you imagine what will happens that everytime it will happen in this manner, okay. So each

one of them will be cancel by the other and as a result you get is 0 net effect.

In order to do that, that means you have to know what is the nature of this in coming
vibration. For example you have to know that what is the time period or what is the frequency
of the system because the cancellation signal frequency has to match with it. You have to also
know what is the magnitude and then the cancellation magnitude has to be comparable even

if it is not exactly matching.



So you have to know the nature of the incoming vibration and then you have to decide on the
cancellation signal. That is the strategy of active vibration control. Now how do I know the
nature of the incoming vibration with the help of sensors. So here we will use various types
of sensors. For example accelerometer which is very regularly used which senses the

acceleration.

And you know also something which senses the velocity like physio electric systems of
position. So we need this type of various sensors of these things in order to determine the
nature of the incoming vibration. How do I generate you know a kind of a signal, cancellation
signal which is almost equal in magnitude to the incoming vibration for that I will need

actuators.

So that is where you will need the actuators. There are various actuators again like we will
say smart actuators is one this categories that is based on smart materials, that of course there
are electrohydraulic actuator there are electromagnetic actuators, there are electro pneumatic
actuators, there is a long list of actuators. So with that let us see how this motivation of
applying this concept to come.
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Active Vibration Control (AVC)

* Active Vibration Control [AVC) is shown to be absolutely
necessary for vibration control in space structure where passive
vibration control causes high weight penalty.

* There are isolation systems that dynamically react to incoming
vibrations, rather than passively reducing their effect by virtue of
their mechanical structure.

Many operating equipment e.g., a car engine or an altitude
control assembly in a spacecraft , generate oscillatory forces
which can propagate in the supporting structure. A vibration
isalation is necessary and this is purpose of Active vibration
control systems.
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Now this was initially very much important for space structure where the traditional passive
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vibration control strategy was not welcome because there was a high weight penalty in such a
system. So this kind of isolation systems that can dynamically react to incoming vibrations

rather than passively reducing their effect was actually you now was a very welcome idea.



Also many other equipment not only for space application like in car engine or an altitude

control assembly in a spacecrafts.

In many such things we generate oscillatory forces which can propagate in the supporting
structure. For example I told you that in any engine because of the nature of internal
combustion engine then will be also this oscillatory force generation. So in such cases a
vibration isolation is necessary and using active vibration control system, this can be

achieved beautifully.

You can get a much better what you call an active suspension system. You can see some of
the examples like Boses active suspension system. So this is the main motivation of the active
vibration control.
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Active Vibration Control

= First introduced in a group of space structures, generally known as
Large Space Structures(L55), e.g., The International Space Station
(155).

It was first introduced in a group of space structures, generally known as a large space
structures. For example the international space station is this space station itself as you can
see which is the man based biggest structure in space and they are actually this kind of you
know because it is very flexible, so in this kind of a system AVC is detect.
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Why AVC for ISS ?

+ The fundamental modal frequency of the 155 is around 8 Hz and
the corresponding structural damping is only about 0.358%. A
classic case of Flexible Body System with very low inherent
damping!

* This poor damping in the absence of air can cause continuous
vibration of the structure which may finally result in Fatigue
Failure,

« Use of Passive Dampers accrues with large weight penalty —
hence, active control of vibration is the only feasible solution in
such cases.

The fundamental modal frequency of this international space structure is about 8 hz and its
structure damping is phenomenally low, only 0.358%. So this is the classic case where you
have a flexible body 8 Hz you know fundamental frequency is very flexible and once the
vibration starts it will not stop because the structural damping is very low. It has a very low

inherent damping.

So when there is an absence of air because there is no resistance, so this poor damping can
easily result in actually fatigue failure in the system. Now if you try to use passive dampers
there will be large weight penalty, also there are issues like in such a low frequency not many
passive dampers will be work properly, so active vibration control is the only feasible
solution in such cases.
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AVC needed to mitigate the Control-Structure
Interaction (CSI) in Flexible Body Systems
¢ Often space structures are required to

maintain high peinting accuracy for
sxample, Hubbles Telescopa.

MNow, during mansuvering of theie Righly
flenible structures the actuators
inadvertently eucite structural modes of B
wibiratian

& small 10 micro-radian of filtering motion
i equivalent to 30 m shift in the field of
wiew for an imager at a distance of S00 k.

a

Similar C3 problems ocour in flexible
robotic manipulaters, rockets and missiles.

= Active Control of Vibration using an armay
of actuators and sensors IS again the only
feasible solution in such cases,




There are also some classical problems which we call as control structure interaction or CSI
and that is particularly useful for any flexible body not necessarily for international space
station. So one of the examples is where for example you need a very high pointing accuracy
like in Hubble Telescope. Durgin maneuvering of Hubble Telescope you now if you excite in

an inadvertently the structural modes of vibration.

During any such maneuver emotional as you can see the Hubble Telescope here with so many
complex parts in it. A small 10 micro radian of filtering motion will be equivalent to a 50
meter shift in the field of view and that you now for an imager at a distance of only 500 km.
So you can imagine how much will be the huge change in terms of its filled of you because

only within 500 km itself there will be a shift of 5 m.

So if you talk abut you know millions of km how much of shifting it would happen. So
naturally you need a very high pointing accuracy of this flexible structures even though it
would be subjected to vibration. So active control of vibration using an array of actuator and
sensors again is the only feasible solution in such cases.
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Traditional Application of AVC

= AVC can also be wused in maore

traditional spplications like control of 1
Q o

vibration due to escitation forces ke 5 g

earthguake, wind, unbalanced motors arr 1

and waves L =

* The control system integrated with a * b
range wf seluators like . =
alectramagnatic [EM),  absetre-
hydraulic (EH] and pheumatic
actuators (EP) are used to provide
ounteractive actuatian forces such
that the motion of the soructural
system could be controlled.

* MNote that EM, EF or EH actuators are
mare praferred here due o the
mvailability of large actuation hofee
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There are many such examples there is one traditional application of AVC that I want to tell
you. It can be used in applications like helicopter rotablade, so this is typically one of the you
know kind of a continuer beam which represents the helicopter rotablade. Now in this system
you can use control system intergraded with electromagnetic, electrohydraulic, or pneumatic
actuators and for example you can see here that you can have sensors which can sense these

signals.



And then all the same signals come through operational amplifiers and there is a power
amplifier here and then there is an actuator here. This actuator here right now is an
electromagnetic actuator. That you can also have electrohydraulic or pneumatic actuators in
that type. So depending on the sense signal the force is actually given to the system such that
the vibration can be controlled in the system. So this is a traditional application for helicopter
weak.

(Refer Slide Time: 11:41)

Vibration Isolation using AVC

= Vibration nolation of nolvy machines - particularly in the
lowy Trbguency range - could not be achiswed by
traditional isolators & the mass of the isolators will be
prohibtvely high

= ANC s of pood uze in such apphealicn &3 new BCOUNEGF
like Lead-Zirconste- THanate hased PET sctustors have
high Iunamh

* Figure shows the concept of an active SUSDENSICN SySTEm

+ The emitation & applied in the bottorm most plate
simulating & typical vehicle excitation on & road.

+ The ddele plate represents the chadsls and & supported
on & traditionsl :pring demper system (connected in
paraliei}

® The active suspension is achseved due to the Interaction
between two magnets — a permanent magnet located on
the top of the middie plate and an slectromagnet
situated on top of the permanent magnet at a distanoe ‘v
wamy with the help of 3 top supporting plate
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There is another popular one it is based on the control of the magnetic levitation and that is
for example in this particular cases you can see that there is a spring here and the spring was
damper system, is a traditional system and this is a place here and the plate has a permanent
magnet in it, okay. So the whole system is resting on this spring damper system and it is a

single degree of freedom system, which has a permanent magnet in the top.

Now this base I can subject it to some kind of a basic excitation problem which is very
typical of you know is kind of vibration isolation systems and whenever this vibration takes
place I can control the current in the electromagnet, so that these suppose this is a north and
south polarity, so that I can generate a north south here. So that I do not allow the magnetic

force means top these 2 groups beyond a certain point.

Because a north pole will start to repel each other, so similarly once it is going down in that
case once again you convert this to south and north and you attract it, so that it does not go

down also. So both for upward as well as for downward movement you control this



movement with the help of electromagnet you know the magnetic filed of the electromagnet.

So this is the very traditional application of the system.

You can instead of using electromagnets today you use things like PZT actuators which has a
very large band width and is also much faster and less noisy than these kind of a system. But
this is a typical of a smart suspension system, this is the way it actually behaves.
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Problems with AVC

* Since active control system essentially adds energy to the
vibrating system, it may also create Instability due to erroneous
sensors and phase-lag in actuation.

* Active systems are in general gquite expensive — since it involves
the installation of microprocessors, data acquisition systems,
sensors, actuators, signal conditioners and power amplifiers.

* Also, in general, active systems work efficiently within a finite
frequency band. If the vibrating system gets excited beyond the
range, it could amplify the disturbance. This is also known as
‘Water-bed' effect. L

Now what are the problems with this active vibration control system. Since active control
system essentially adds energy to the vibrating system, we have seen now what is the
disadvantage of this active vibration control.

(Refer Slide Time: 14:06)

Spillover : The biggest problem of AVC

+ Many of the vibrating systems are essentially flexible in nature and they are
1o he modeled as continuous systems L

+ The sctuation and sanalng, however, are traditionally paintad In nature - for
exampla, vibration sensing using accelerometars or actuatlon using pointed
exciters.

* Such finite numbar of actuators and sensors could not control all the
vibrating modes of an infinite dimensional continuous system.

* Furthermore, the unmodeled modes could always got excited by the finite-
actuation system. Hence, even though the vibration could be controlled in
the desired bandwidth, the actuation energy may spill-over to the
unmadeled modes causing severs resonance.

* This prablem could, however, be resolved by using distributed sensors and
actuators based on smart materials,
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Well active vibration control has certain basic problems for example it adds energy to the you
know vibrating systems, so it may also create instability because it is adding energy to the
system. Consider that you have the active vibration system which is adding you know which
is working on a vibrating system which is having a motion like this and it is suppose to so

that means at this moment the structure is going up.

So it is suppose to add a downward force to cancel this motion. Now if by chance instead of
this downward force if the phase get cheap and it adds an upward force then this amplitude
will become double. So instead of controlling the vibration you know we are going to have
higher and higher level of vibration. So that will work, that is what will create actually

instability in the system.

So this happens during this erroneous sensor or there is a phase lag in terms of actuation, that
means actuation is working slowly instead of you know quickly actuating the system, it is
working with a delay. So then this kind of problem would happen. The other problem with
AVC is that that this systems are generally quite expensive because you now need a set of

sensors, you need microprocessors, data acquisition systems, along with the sensors.

Actuators, signal conditioners and power amplifiers. So it is quite expensive systems. And
also active systems work efficiently within a finite frequency band, say for example you have
a particular frequency range you know omega with respect to suppose the transfer function if
we plot and it is like this and you have designed your active controller for this region. In

order to take care of the particular you know resonance act close to this peak frequency.

But then what happens is that in the regions where you have not designed it, these path you
now may get modified that means you will start to get a new peak here and that means
pumping this is also is known as water bed effect, that means pumping energy to the other
places where is not desire. So this may create a severe problem which is also known as

spillover problem.

That this is what one can identify to the biggest problem of AVC. That instead of controlling
the vibration this spillover generates a new trouble into the system. This many times happens

because vibrating systems are essentially flexible in nature and they are generally modern as



continuous systems. Now a continuous system has accountably infinite number of natural

frequencies in them.

But we are not modeling a system against infinite number of natural frequencies of following
range of a frequency. So this actuation and sensing that we have traditionally that then
pointed in nature and the work for the finite number of actuators and that is why the could not
control all the vibrating modes of an infinite dimensional continuous system. And the trouble
is that the unmodal modes could always gets excited by this finite dimensional actuation

system.

Hence even though the vibration could be control in the desire bandwidth the actuation
energy may spill over to the unmodeled modes coursing severe resonance. This problem
however there is a technique to resolve it which is known as distributed sensing and actuation
based on smart materials. But it is quite difficult to implement. So spillover is one of the
biggest problems of active vibration control.

(Refer Slide Time: 18:17)

Baszic Control Structures for AVC

* Single input-single output (SISO) vibration controller,

= State-space based multiple input and multiple output
(MIMO] controller

* Distributed vibration control.

N -}
The basic control structures that are used for AVC or single input-single-output that is also we
call it as SISO state. A state space based multiple input and multiple output we also call them
as MIMI controller and finally the distributed vibration control. So there are 3 different
controls strategies that we can use in terms of controlling the vibration control.
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SIS0 Control

* This type of system works well when the vibrating system could
be represented as several decoupled SDOF vibrating system.
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Now first let us talk about the single-input-single-output controller or SISO control. So if you
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have a reference signal for example you may or may not have if it is just a vibration problem
of something like a cantilever beam which is vibrating and you want to drop that vibration
down, that is one type of a problem. But in another group of problems instead of having these

and you may have a link actually and you have a flexible arm.

And where the job of the flexible are may be in an assembly process is to rotate the whole
system from between. 2 positions. Now this is the rigid body movement. This is the reference
signal. That you are giving to the system. The reason of applying an active vibration control
in this system is that due to flexibility in while movement it can start to vibrate. So may give

you this kind of radius vibrating modes.

So that means you will loose the pointing accuracy you now corresponding to various types
of vibrations. So that is where the reference signal is to be strictly followed and the active
vibration control signal has to work. Now in the single input-single-output system the Gs here
is actually the plant that means the transfer function of a single degree of freedom systems.

But can be a typical transfer function of a single degree of freedom system let us think of it.

Suppose we have something like this kind of a structure that a spring and a damper and a
mass M. So the mass M is actually having a you know response here X and when it is
subjected to some kind of the hormonic excitations as we have done earlier as Fe rest to the
power g omega t. So we know that the equation of motion of such a system we have

discussed about it earlier is Mx double dot+ex dot+Kx=Fe rest to the power g omega t.



In the frequency domain representation this itself will take the shape of S square m+s c+k xs=
fs. So in this case the transfer function that is the output to the input relationship will be 1
over s square m+sc+k right. So if I write it in a very nicely here that transfer function will be

one over s square m+sc+k. That is what is my gs in this particular case.

You may notice that in this particular case the gs is the second order transfer function so that
is what is the transfer function corresponding to the plant. Now we are applying sensors
which is going to sense the displacement of the system for example and then the sensor may
have its own dynamics that is hs and we are feeding it back so this is the (()) (22:25) junction

that the error between the response reference signal.

And these sensed is called the Es, then we apply a controller. So this is the controller in a
single degree of freedom system. And this controller then tunes the signal and fits it in to gs,
so that it actually gets properly actuated and it can follow this reference signal. If it is if the
reference signal is 0 we call it as a regulator problem that means you are just controlling the

vibration of bringing it back to the neutral step.

If it is non zero then it becomes something like a guidance problem in which there is a
reference signal and the importance is the vibration to be rejected and the reference signal is
to be followed. So that is the SISO control of the system.

(Refer Slide Time: 23:15)

(MIMO Control )

= For a multi DOF coupled system, the equation of motion is
represented as a Matrix Equation of motion in the time domain.

* The entire analysis is carried out directly in the time domain for
reducing real-time computational effort. This is also known as
‘State-5pace Analysis',

= The controller is also represented in matrix form and the system
performance is predicted by analyzing the open and closed-loop
plant matrices.

oG-
g*"F'rMI"s"- RS LS [ WY




Now whatever we do with the SISO system can we you know extended to a multi degree of
freedom couple systems. So that means you know you consider this kind of system that you
have 1 mass M1 K1 you have another mass lamping M2 K2 you have another 1 M3 K3 I am
just neglecting the damping right now, this part is friction less let us say. So this is a multi

degree of freedom system.

So that means instead of getting one single equation of Mx double dot+cx dot+kx equals to
something you are going to get a matrix equation here. So you are going to get a matrix
equation of motion in the time domain. This type so that means our equation now will be
something like M capital M which means it is a matrix and then the vector form MX double

dot+ if there is some damping I have not shown any damping in this module.

If it is there cx dot+Kx equals to ft. So that is our matrix equation of motion. Now this kind
of systems can be easily as this is the second order you know system, this is the second order
Ode in the matrix form you can actually break it into first order ODE and then what you are
going to get is actually a state space form of the system. And in that form when you will be
controlling it then this is known as multiple input, multiple output control.

(Refer Slide Time: 25:08)

Distributed Control

* The MIMO model could trigger problems of spillover as discussed earlier.
This happens more in the case of contral of flexible body system.

= One-way to avert such problem is to represent the governing equation of
mation in the farm of partial diffvl_rrnl.‘ial squation (without spatial and
temparal decompasition). Thus, efror due to model truncation i34 avoided.

* Again, for stability of such system, one would need continuous control force
distributed over the entire system. The use of smart rnltn_rill_hlnd
distributed actuator could resalve this problem. '

* Howewver, the difficulty arises while the controller is implemented in the
real system. A continuously distributed controller is very difficylt to
achieve in real-time. An approximate ﬂi!trll.l! distributed l:l?l'llm"lﬂ'l' s
used in practice. Such syitems indead have limited applicability
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We will talk about it in one of the next lectures. The last type of control strategy is actually
distributed control strategy. In this case we are considering the governing equation of motion
in the form of partial differential equation itself. So instead of considering the ODE we are

going to consider the PDE. So then the error due to model truncation will be avoided. And



usually the material based distributed actuator systems is typically suitable for applying this

kind of a distributor controller.

So it is generally very difficult to implement in real time but what you can do you can
develop a discretely distributed controller which can have a limited applicability. So thus
there are these 3 types of control strategies which we can adopt a very simplified one that is
SISO, slightly more complicated that is MIMO and more complicated that is distributed

controller.

We will first see that how for SISO we are going to use these strategy for active vibration
control, then we will see for other type of control strategies.
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“Feedback Control of a SISO S}:af&}ﬁ"";;

* The disturbance force generated at the angine is transmitted 1o the
vehicle through engine mounts. The vibration is sensed by a single
acceleromaeter (single cutput), passed o the controller which produces
a negative of the output signal (ref, is usually zero in vibration problem).

The cantrol signal is amplified through a power amplifier and fed to the
actuator, The actuator force Is of such a magnitude and direction that it
cancels the effect of vibration.

So first we are going to concentrate on the feedback control of a SISO system for vibration
control. So here is this control structure again you have the vibrating system, you have a
control input here, so that means the controller is actually integrated here, so if you remember
that you have this Kc there and there is this plant gs all of them let us say that they are

integrated in this vibrating system.

And the feedback gain is here if it is unity then directly you are getting the same output and
you are exciting this structure in a close look manner, so that is what is the close loop control
of a SISO systems. Usually for sensing I told you that accelerometers are used and for
actuation you can use electromagnetic, electrohydraulic, or physio electric actuators.
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» Displacement output of the plant is

» The output of H(x)is fesd-back to a

The Closed loop Transfer Function (TF) of the system

sensed through a senser of transfer
function H{ ).
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Now what will be the close loop transfer function of such a system. If you look at any basic
control book of closed loop control of a classical control then you will be able to you know
get this let us try to get the same system, so as you can see here that initially we start with rs
okay and then the difference between rs and the sensed output which is cs here and once it

passes through this transfer function it becomes hs cs.

So my Es the error function is actually rs-cs hs and this error function I am applying passing
it through the controller so it becomes kc es so that means it becomes kc r-ch, all the ss and
implicates so I am just taking it out. Finally it is going through gs so then it becomes gkc e
that means it becomes GKc r-h, but what is my gkce this is nothing but the cs itself, so

actually this gk ce can be written as c equals to g kc r-ch.

And now are we need to do is little bit of rearranging the things that means c equals to gk cr-
gkc ch so that means c into 1+g kc h equals to gkc r, so that means my output ¢ over input r is
nothing but g kc over 1+g kc h. That is what we have written here kc s gs over 1+kcs gs hs,
so that is what will be the close loop transfer function of this particular system.
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What will be the structure of K(s)?

* For a generalized BID Controller
Fd | e
K‘-(‘:] —-.?Ill(.f{”_'i =k l)(.‘:’ - ijl )
* For a simplified FD\_CGFT[Qlter
K, = 0,K.(s) = K(Kps + 1)
* For a simplified Pl Controller

*Kp=0,K(s) ==(s + K) =K (2% +1)

S bbaras Lt o Sy
8-
T

Now with this model you know we can have various types of kcs we can try for example we

can try this type of kcs which is a PID kcs which has some integrator this is the integrator
part of it and then you can have a differentiator and the proportional part of it. So again you
can have some something you know similar but little bit simplified kis 0 you can have and

then you can have kcs this is known as PD controller.

You can have a PI controller well Kd will be 0 then this will be the form of it. So you can try
various types of kcss as PID, PDN, PI controller. And with that you can actually try here there
is a very simple system like a single degree of freedom system which is subjected to unit step
input. And let us say that I know what is this stiffness, I know what is Kd, I know what is Ki
in this particular case, in this case of this K is proportional part, so this is kp, so I know Kp,

kd, and ki that means I know the controller structure.

And let say the system parameters are M equals to 0.2 unit, ¢ 0.0001, k 0.5 and h is equal to
1. Assume a unity feedback system.
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Response of the Open-loop and Closed-loop
System

The open-loop response shows oscillation about 2 with a light damping while
the cosed-loop response shows damping of vibration within 10 seconds and
the system following the step input.
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So with this system if I apply this particular controller then what is going to happen, you will
see that in the open loop such is the amplitude huge amplitude, whereas the step signal that it
has to it is suppose to follow in the close loop system once I close it you can see that within
about you know oscillation of about 2 cycles itself within something like a 10 seconds,

somewhere like this.

You are already started to follow unit step signal. So that is the beauty of application of the

active vibration control. This is where we are going to you know close today.



