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Abstract

This dissertation covers the work done on structural vibration control research from.
a mechanical engineering background. A cantilevered beam is used as a test struc-
ture and an analytical model describing the beam is developed. Mod~.i parameter
estimatlon techniques are used to extract the modal parameters 'Used in/the a.nalyti-
tal model. Two structural vibration control techniques are evaluated by comparing
both theoretical and experimental results. Digital control methods are used to im-
plement these control techniques, with the TMS320C30 digital signal processing card
used as the digital controller The use of a tligital signal processing based system
proved to be successful, however, the number of channels aVailable were limiting.
The direct velocity feedback technique is found to be a useful control tool, whilst
the results pertaining to the Modified Independent Modal Space Control method \
are not eoncluaive,
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Chapter 1

Irrtroductton

1.1 Historical development of control in engineering

With the advent of electronic valve circuits and their uses, control engineering be-
came primarily the domain of the electrical engineer. The electrical engineer had
the difficult task in designing and building complex electrical circuits which required
control. A large amount of research was invested into the development of electronic
circuit design that could also be used to implement control laws. This has led to
modern day technology and the use of digital technology, With the successful devel-
opment of these electrical systems it was realised howmuch more could be monitored
and controlled within the engineering environment.

In early applications, control was used in large processes, where it was required
to keep the correct temperature, pressure or flowrate throughout the plant. An
example of such a process is the boiler control required for power stations. This
type of process control represents a specific area in. which a substantial effort has
been invested and is ongoing with regard to the control field. rt is an area where
factors such as rise time are represented in minutes, hours Oreven days (the control
actions can also have economic implications involving millions of rands). For this
very reason research in this particular area has been extensive, which has led to the
extensive use of the digital controller. Although, the analogue system is much faster,
the digital controller offers versatility and makes comparison between two different
controllers a much simpler task.

With the development of high speed microprocessors the task of physically imple-
menting complex control laws has become more promising. The need of improved
computing power is an essential aspect in controlling a complex plant.

These types of plants are found in everyday merhanlcal systems, notably mechanical
structures. Now with the need, for example) to send a structure Into outer space,
and the structure being made from light weight materials which showed an.inherent
flexibility, mechanical engineers started to employ active control methods in order
that the structure was stable when being perturbed. 'I'he use of CI ntrol methods
allowed engineers to use improved design methods as well as light weight materials
tc '~l!'Isignstructures, without the risk of human injury or fatality.

It was from this type of research together with the realisation that vibration control
could be successful with the use of improved electronic circuitry, that extensive



research in the field of vibration control is currently baing conducted [6, 1" 25, 36,
53].

1.2 Structural control

Part of the research in active control of structures addresses the structural control of
large space structures (L88). This seems to be due to the funding available, especially
from NASA, for work done on structural control for structures such as solar panels,
antennae and the like. The LSS like any other mechanical structure which is light ill
weight and flexible, usually exhibits undesirable dynamic characteristics, adversely
affecting its design function. However, if vibration control of some sort could be
introduced into the system, then the structure could become usable, if not ideal.

The inherent properties of structures as well as their flexibility poses a. number of
difficulties when designing a control system

• The first aspect to consider is the fact that a structure is a distributed pa-
rameter system. To design and practically implement a distributed control
action is impossible. Hence, the control action which generates a. finite num-
ber of control forces must be employee! throughout the distributed structure
to control the system in its entirety.

• The flexibility of these structures then initiates the problems associated with
undesirable dynamic response to a disturbance. This poses a demanding task
in controlling the vibration in flexible structures.

These considerations have been addressed with va-tying degrees of success by various
researchers throughout the world, as discussed in Chapter 3.

1.3 Problem statement and Research Objectives

The discussion on the literature dealing with structural vibration control, as pre-
sented in Ch~pter 3, gives the misleading impression that sufficiently good solutions
to the problem of vibration in stcuctures have been found. This however, is not
entirely true as becomes evident in the dissertation and continued research is nee-
essary to improve the control methods applied in the active vibration control ('jf

flexible structures [2].
Many of the papers discussed in Chapter 3 ?utline the problems leading to instahUity
of a plant for various reasons, which will become clear as the governing equations
of the structure to be controlled and the control laws are presented. Therefore
more research is still required to obtain stable control systems that will meet given
specifications and remain stable for any input disturl ance.

Another area that still needs extensive research is the use of digital controllers in, an
attempt to limit unwanted vibration. Few papers dealing directly with structural
vibration control discuss the use of digital controllers. However, many researchers
[9, 11, 15] show that the next step in further active vibration research in the same
field would be the use of digital signal processors as the controllers for a controlled
system.
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The objective of this research is to analytically and experimentally investigate:

1. various control techniques in the active vibration control of flexible structures

2. digital implementation of the control techniques investigated.

A number of tasks must be completed to achieve these objectives, they are:

• To develop a test structure consistent with, previous work; it should also be
easy to manufacture and be cost effective.

it To develop a mathematical model that will accurately describe the test struc-
ture. The model should agree with experimental results for both free and
forced vibration.

• Select relevant control techniques and present a theoretical background to the
control method. Showanalytlcal results pertait.Ing to 'the control methods and
the test structure.

• Implement a digital control system, using the control techniques selected and
avaliable hardware.

• Evaluate the control methods and compare experimental and analytical results.

In addressing the objectives that were set, the following approach was adopted:

1. two of the more prominent techniques, the direct velocity feedback and the
MIMSC techniques, were applied

2. the control was digitally implemented using the TMS320C30 DSP card.

The results from the direct velocity feedback method showed an improvement on
the uncontrolled dynamics, whilst the MIMSC results were inconclusive.

1.4 Overview of the dissertation

The tasks given in section 1.3 were addressed as follows:
Chapter 2 outlines the dynamics of continuous systems and the development of
a theoretical transfer function of the system to be controlled. The experimental
extracticn of the modal parameters is discussed, and a comparison between the use
of theoretical and experimental modal parameters is presented.
Chapter 3 discusses continuous vibration control methods, with an emphasis on state
variable feedback. The mathematical equations for the control techniques considered
in this research are developed and discussed.
Chapter 4 compares the numerical resclts of the direct vciocity feedback and Mod-
ified Independent Modal Space Centro! (MI:rvrSC)methods. The simulations are
carried out using SXMULINK[501 running on MAT tAB [381.
Chapter 5 presents the experimental implementation of the control methods. 'Ihe
results obtained from the implementation are discussed and compared to the simu-
lated results.
The conclusions of the research together with recommendations for future work are .
presented in Chapter 6.1.



Chapter 2

Continuous system dyuamics
and transfer functions

2.1 Theoretical development of the governing equa-
tions

2.1.1 Continuous systems

An example of a continuous system is that of an Euler-Bernoulli beam. The in-
herent properties of a continuous system are distributed along is entire length and
are properties such as mass, ~lasticity and damping. Although, many complex con-
tinuous systems are modelled as discrete systems, the formulation of the equations
governing the continuous system gives an insight into the system and may be helpful
in modelling the equivalent discrete system.

Continuous system modelling, is more complex than discrete system modelling, since
the vibratory motion is described in terms of a spatial and a time dep "dent variable.
Other factors to consider ate the manner of support of the system as well as trc
elasticity of the structure.

The development of the governing equations of the beam are necessary lor develop-
ing au understanding of the fundamental dynamics of the system, allowing a more
effective control SystCIUto be designed for the particular problem,

2.1.2 Governing equations of beam dynamics

Since mass and stiffness are distributed along the length of the beam, the equations
must take the form of partial differential equations. In addition certain assumptions
are made tha.t may limit the validity of the governing equations, and therefore these
are outlined at the outset:

• 'I'he rotary inertia of the beam is neglected. 'l'h~ rota~y inertia comes about
from a small amount of rotation of the beam due to bending of tho beam.
Since lateral vibrations of the beam are being considered, the beam vibrates
due to bending and some rotation must be present. However, the rotary inertia.



compared to its length. The effect of rotary inertia results in an increase in
effective mass and hence a. lowering of the natural frequencies. This I~ffect
is more pronounced at higher frequencies and hence more influential OIl the
higher modes.

5 The shear deformation across the depth of the beam element is neglected. As
discussed above the rotation is assumed to be entirely due to bending of the
beam element. I<'orslender beams the effects of shear deformation may be
neglected •

• Damping iEl neglected. As long as the structure is lightly damped (flexible),
tho neglecting of the damping mechanisms will not have a signifir:l.llt effect on
the overall system dynamic behaviour.

It is evident from the above discussion that if the system to be modelled and hence
controlled is flexible and slender, the assumptions are justified. Therefore the stan-
datd approach of considering a small element of the beam and equating the moments
and shear force can be employed.

Consider a free body diagram of a beam element, shown in Figure 2.1. Summing
'II

:c
Figure 2.1: Free body digram of the element of the vibrating beam

the moments M about a.ny point on the right hand side ·ofthe beam yields

aM _T!
0[1; - f

(2.1)

where V Is the shear force. From a force balance performed on the element, we
obtain

(2.2)

where u is the displacement of the element, this is compared with
'!I which is the direct!f)n of vibration in general coordinatesm, is the mass per ),t length and
w(:c, t) is the external force.

USing equation 2.1 and equation 2.2 together, we get

O~u 02~1
ml'i.ffi :;::w(~, t) + 8:c2 (2.3)

5



It may he shown, by us.ng bending: theory '[511, that

82uBI--::::-M8:c2

where E is the Young's :'Judulull of elasticity and
I is the moment Q f inertia,

(2.4)

Substituting equation 2.4 into equation 2.3 yields

l)2u 82 ( 82tt)
HI 8t2 -.. w(x, t) - 8:z:2 .EI '61:1:2 (2.5)

H m" E and I are constant along the length of the beam, then I~quation~'.5can be
rewritten as

(2.6)

where a2 :::: lH,mr
Equation 2.6 is the governing equation of an Euler-Bernoulli beam.

2.1.3 Theoretical transfer' functions

In order that a control systelt'l can be designed to limit the vibration in a vibrating
beam, the governing equation,l are traditionally given as a set of ordinary diffel'ential
equations or in terms of a number of transfer functions. This is the classical approach
and will be adopted throughout this dissertation.

The system to be modelled

To represent equation 2.6 in t.,ttns of a set of ordinary differential equations (and
there are infinitely many), the complete system to be consrolled must be known,
Therefore Figure 2.2 shows the beam to be controlled and its relevant components.

Sensors

G· !;z=-~
-=- Actuator

fantileverneam

Figure 2.2: The system showing the beam, actuator and sensors.

The actuator is a loud speaker (coil wlndlug) attached to a force transducer and
to -the beam. The effect that the actuator has on the beam is an increase in nasa
rather than stiffness since the force transducer is rather heavy. The attachment to
the beam is a stinger and therefore attaches over a very small area, hence a point
mass is added to the system, having the effect of lowerlng the natural frequencies.
Accelerometers are used as feedback sensors. However, any transducer in contact
with the beam will have a mass and if the system is flexible, the mass of the trans~
ducers will alter the dynamic characteristics of the system. Therefore additional
point masses are added to the beam at each point where an accelerometer exists.
~.. , n , ,_~'t_. ~ 1L_ ~,,."~ .._~~__ Lc "r.\!_~_"_.~~ l'\ ....



Point masses

E.=====f:::===·It. =~=.::::::::.=.::::. ·::·::t·~==C?~ntilever
beam

Figure 2.3: The system to be modelled

Solution of the beam equation

The technique used to determine the solution of equation 2.6 employs the separation
of variables method. To explain this, a more detailed discussion of the system to
be controlled is given, in terms of the generalised eigenvalue problem .[39, 51]. The
Laplace transformation is t:b.en used to map the equations into the s-domaln and
hence devolop the transfer function, Tb~ generalised eigenvalue problem allows the
time and space dependent variables to be separated and develops a Set of equations
60verning the time dependent solntion,

The general formulation of the eigenvalue problem states, if we have a function z of
One or two independent spatial variables, the expression

8i1 8z 8'lz ()2z
L( z) :: ctoz + a:t 8(1;+ a2 .8y + a3 8a:2 + Cl.( 8:t8y + .. . (2 •.7)

in which ao, at- ... are known functions of the spatial. variables :t and '!I, represents
a linear homogeneous differenticu expression for x. The expression L(z) is a combi-
nation of the function z and its de Natives through order p. Therefore the linear
differential operator is of the form

8 a {)2 ()'J
L :: ao +alo; +azay + as811;-:; + a47j:c8y + ... (2.8)

For the present problem, the beam equation is represented in terms of a single spatial
variable (:1:).Using this simplification, equation 2.8 can 'be written as

e &2 lJ3
L = ao + 0.18:1:+ a:l 8:t2 + a38:1:3 + ··, (2.9)

where ao,all •••are !mown functions of:r: only.

Therefore equ lotion 2.6, for a structure that is homogeneous along its length, can be
expressed as

M(il) + L(u):: z~It) (2.10)

where ii represents the second derivative of displacement with respect to time. M
and L are special cases of the generalised llnear differential operators (equa.tion 2.9)
and for this particular problem are defined as

M
m,

::: Ei
L 84

:: ...............
11:1;4

(2.11)

(2.12)

Tlle model is developed in three stages:

7



1. The first sbage is the development of the fre~ response, without the inclusion
of the point masses.

2. The second stage ls the free response of the system, with the inclusion of the-
point masses.

3. The third Etage employs the eigenfunctions found In stage 2 to solve for the
forced response.

STAGE 1: Free response
For the free resnonse, the externally acting force (on the beam) is equal to zero,
therefore from eq'iation 2.11

M(U) +L(u):: 0

Separating the time dependent and spatial variables

u(:c,t) = q(tJA:c)

(2.13)

(2.14)

where q is a function of t and
¢ is a function of e.

Substituting into equation 2.13, we r.>bta.in

!= _ L(t/» =: _.\2
g. M(¢) (2.1.5)

Therefore
(2.16)

The function ¢ is referred to as the eigenfunction and is ;I function of the spatial
variable :z: only (compare this to the eigenvector in the discrete system) . .\ is called
the eigenvalue and represents the natural frequency of the system .•
Associated with e4,lla.tion 2.16, are four boundary ",onditions that the function ¢
must satisfy along the boundary of the chosen domain I.:. The boundary conditions
are of the form [39]

(2.17)
As before Band C are linear differential operators of the form given in equation 2.9.
The intent is now to solve for A2 fot a non-diminishing eigenfunction (rp) so that ,I,
satisfies the boundary conditions a.t Qa.chpoint along that bounda.ry,
Consider the case where the eigenvalue does not appear in the. boundmy condition
equations, that is

B(¢)::O (2.18)
This Occurs when no inertlel load .18 present at the tip of the beam. [51]. This is the
case in this research.
From equations 2.16 and 2.18, the eigenvalue problem Is said to be self-adjoint if
fo, any two arbitrary functions tI and w

k tlt(w)clE :: k wL(tI)clE (2.19)

and (2.20)k 1IM(w)dE :: k wM(,v)dE (2.21)



hold true. Whether a ll,1stem is self-adjoint or not can be determined by means of
Integrating by parts (see Tse et al, (51] pp 273-275),
The orthogonality property can be extracted by considering two distinctive eigen-
values Ar and As, with </1rand <Psbeing the corresponding eigenfunctions. Since the
governing equations are a self-adjoint eigenvalue problem,

t(</1,.) = "\~M(q,r) (2.22)
and (2.23)

t(</18) ;: "\;M(</1,) (2.24)

Multiplying equation 2.22 by ¢J. and equation 2.24 by ¢Jrt subtracting the one aqua-
tiODfrom the other and integrating over the domain E results in

~{[tP"L(<pr) - ¢riJ(</1,,)]dl1::: lp\~¢,M(¢,.) - ..\!4>rM(¢s)]dE (2.25)

Since the eigenfunctions <Pr and <PI are solutions to the self-adjoint eigenvalue prob-
lem,

k tPIIL(<Pr)dE == A t(<p8)dE
andk tPsM(¢r)dE == l; ¢rM(¢,)dE

Hence equation 2.25 reduces to

(A; - ..\;) k tPrM(4)s)d'E == 0

But in general ..\,.¥= ..\" therefore

k PrM( ¢,)dE ::;:0 for A,. ¥= A,

(2.26)

(2.2'1)
(2.28)

(2.29)

(2.30)

which is known as the general orthogonality condition .• In addition it follows directly
from equation 2.25 that

(2.31)

Hence for the expression L(t/;) = A2M(¢) as per equation 2.24, the orthogonality
condition can be expressed as

r ""M(·"")dE :::::[0 lor r ¥= $In '1',. '1'4 l al' for r :::::$ (2.32)

where E denotes the integration domain which is the entire solid and
aT is called the modal mass by definition.

Note that for the special case where M is not a differential operator, but simply
a. function of the spatial coordinate as is the case for a cantilevered beam, the
orthogonality condition becomes

k Ml/>r¢,dE == 0 for AI'¥= A, (2.33)
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Therefore equation 2.32 for a cantilevered beam may also be expressed as

r M</>rif>,dE ={. 0 for r ¥. S
JE ar for r = " (2.34)

STAGE 2: Extension to point masses
Since the inclusion of a number of point masses along the beam exists, equation 2.10
must be modified, yielding

P(iL}+ L( u) ::::0 (2.35)
where

(2.36)

where m, is the ith point mass,
:Ciis the location of the ith point mass and
8 is the generalised Dirac delta function.

Now again separating the vazlablea, yields

(2.37)

or
(2.38)

As before tIus is a representation of the generalised eigenvalue problem. For this
particl)Iar case, w is the eigenvalue and if> is the eigenfunction. It is dear that
the Inclusion of the point masses has changed the values of the natural frequencies
(intuitively it should lower the natural frequencies).
ChOOSing a particular elgenfunctlon,

L(if>f) =w~ [~~r + Emi8~; :Ci)if>r1
Using equation 2.16, and substituting equation 2.39 for L( if>r) gives

,\2M(ifJ,.) = w; e~ir+ Emi/j~; :l:i)if>r]

(2.39)

(2.40)

Multiplying equation 2.40 through by a different eigenfunction, say if>fi and integrat~
iug over the (ntite solid

k ,\2q,nM(if>r)dli:;: lr. '\l~ [¢IlM(4)r) + ~miC(:CE~ :Ili)4>r4>n] dE (2.41)

Now referring to equation 2.34 and observing the orthogonality of the eigenfunction,
we reduce equation 2.41 to

\2 - 2·[ '" 7niif>~(:l:i) 1
"rar - Wr ar + 4..t E(:Ci)I(:Ci). (2.42)

Thereror~
(2.43)

10



The intuition that by including the point masses the natural frequencies would be
lowered: is clearly shown in equation 2.43.Note that the natural frequency before the
inclusion of the point masses was ). and now it is given by w.
STAGE 3: Forced response
The solution for the forced response is carried out in the same way as for the free
response. Eigenfunctions from the first stage are used to construct a basis, which
forms the solution of the forced response. Therefore as before

Ur(:t, t) == 2:qr (t)<Pr(:r; )
r

(2.44)

Now, rewriting equation 2.6, but including the point masses and using the fact th(\t
ur(:I:, t) =Er qr(t)4>r(t)

qr [~:r + Em;IJ~T :r;t)4>r}+ lJrL(4)r) = w~/)
Using the relation L(¢'r) = ..\~M(cPr),

•• [IDI4>r + E mic(x - :r;i)</Jr]+ ).2M('!') = w(:I:, t)
qr EI EI qr r 'f'r Ef

(20<15)

(2.46)

Then multiplying equation 2.46 through by cPn. and integrating over the spatial
domain,

h qr [4>>>M(4)r)+ l:m.6(:r;E~:r;i)4>r4>>>] dlJ + h qr).;cPnM(4)r)d~ =h W(~~¢ndE
(2.47)

Evaluating the integrals, gives

(2.48)

Equation 2.48 can be written in the form

qr +w;qr = fret) (2.49)

where q is called the genera Used or modal coordinate and
Wr is the natural frequency of the rth mode.

This equation is of the standard second order form, without the inclusion of the
damping term.

The theoretical transfer function

With the use of the loud speaker coil as an actuator, a point force is applied to the
beam when a voltage is given to the speaker. The amphfler employed uses a current
feedback module, allowing for a force proportional to the Voltage supplied. This is
noted here so that the theoretical transfer function is dweloped taking into account
this factor.

Hence, the external force can be written as

W(:I:, t) == fc(t)8(:I: - ;tj) (2.50)
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where Ie is the force of the speaker coil, applied to the beam and
3:; is the e-coordlnate at which the force acts.

Accounting for equation 2.48, leads to

t J"(f)6(z-=-j),p,, dE
f.(t) - J~ . "$1. :
.IT -. 'r m't/>2. Wi

ar + LJ :1;; 1Wi

(2.51)

(2.52)

Which can be simplified into the form

fret) = kJv(t) (2.53)

Hence
(2.54)

Transforming equation 2.54 into the Laplace domain and writing it in the form of a
transfer function, we obtain the relationship between the modal displacement and
the force applied.

Qr(S) . k
1',,($) = $'1, +~ (2.55)

where Q(s) is the Laplace transform of the modal displacement and
1'($) is the Laplace transform of the force applied to the beam.

Solution to the theoretical transfer function

A program was written in MATtA'S to develop the theoretical transfer function and
find a numerical solution for the specified problem as described above. By including
the action of the accelerometers and the force transducer on the beam the natural
frequencies and the constant (for each mode) k of the syatem was calculated. Point
1 is 177mm from the base of the beam and point 2 is 300mm from the base of the
beam.
In order that the theoretical solution be obtained for the above transfer function,
it is first necessary to determine the natural frequencies of the beam without any
point masses, Consider the homogeneous cantilevered bt'~m with lateral vibration
gi.ven in Figure 2.4

E~ 1- 1 2
Cantilever
beam

Figure 2.4: The homogeneous cantilevered beam,

As before, the beam equation for the free response is given by

a2't), 2041£
8t2 +a ax'" :;: 0 (2.56)
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Recalling that
u(a:, t) :.:;4>(:Z:)'1(t) (2.57)

Now substituting equation 2.57 into equation 2.56\ we obtain

21 J,4<jJ 1d2q
-a --==--¢da;4 q dt2

Letting each side of equation 2.58 equal w2

d
4
4> + /)'14> == 0da;4

Q,2q _w2q == 0
dt2

(2.58)

(2.59)

(2.60)

where fl" =: w2/a2 ==m{w2jEI.
It can be shown that the generalised solutions of equations 2.59 and 2.60 ate of the
form [51]

4>(:z:) = Ashl/1:z:+Bcosp:u+Csinhpa:+DcoshfJa: (2.61)
q(t) = Esinwt+Fcoswt (2.62)

The boundary conditions fot the cantilevered beam are given by

(1) u(O, t) ==0 and

(li) ~(O, t) ==0 for the fixed end.

(ill) ~(l, t) =: 0 and

(lv) ~(l, t) == 0 for the free end.

Condition (i) yields B + D=:O and condition (ii) yields A + C == O. Using these
results in equation 2 61, we obtain

4>(:z:) :; A(sin,8a: - sinh,8a:) + B(cos,8a; - coshpx) (2.63)

Using condition (ill)

o =: A( - sin ,81 - sinh ,81) + B( - cos fJx - cosh,8l) (2.64)

and from condition (iv)

o =A(- cos PI - cosh PI) + B(sin fJ:z: - sinh PZ) (2.65)

leads to simultaneous equations which for a nontrivial solution for A and B, requires

I.- sin j31- sinh {it - cos {il - cosh {i11_ 0
. -cosj31-coshfjl sinpl-tiinhj31 - (2.66)

Expanding equation 2.66, yields the characteristic equation

cos PI cosh Pl :::::;-1 (2.67)
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I Length Width Thickness Density Young's Modulus I
(mm) (rom) (mm) (kg/m3) (GPa)
400 I 31.5 I 1.6 7800 ......J 20_7__ ...J

Table 2.1: Constants for the cantilevered beam.

I Mode I Natural frequency (Hz) I
1 8.32
2 52.15
3 146.03
4 286.15
5 473.03

Table 2.2: The first five natural frequencies of the beam.

Solving equation 2.67 numerically, using the constants of the beam given in Ta-
ble 2.1, the values for the beam natural frequencies are obtained. The beam natural
frequencies are given in Table 2.2.

These values are then inserted into equation 2.63 to obtain the natural modes.
Using 4J(x), together with the solution to the eigenvalue problem gives a complete
theoretical solution in terms of a transfer function.

Table 2.3 gives the modal parameters as determined theoretically, while Table 2.4
contains the mode shape matrix for the first five modes, at points 1 and 2. kll and

IMode Iw (Hz) I kll· I k12 I
1 8.04 2.225 5.386
2 50.40 7.640 1.721
3 141.13 3.940 -6.332

I-
4 276.57 ..5.676 6.092
5 457.17 -5.991 -1.400

Table 2.3: Modal parameters predicted theoretically, for the first five modes.

k12 are arbitrary constants, consistent with the properties of the beam.

2.2 Exper-imental extraction of modal parameters

An alternative method used to develop the transfer functions governing the flexible
beam is to use modal testing and extract the modal parameters experimentally, This
technique incorporates the dynamics of the filters, amplifiers or actuators into the
dynamics of the plant (as a single entity). Hence, the transf~ function developed
using this method introduces the physical properties of the system through direct
measurement.
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Table 2.4: Mode shape matrix at points 1 and 2.

2.2.1 Experimental methods

The measurement and subsequent analysis of modal parameters of a structure is
known .);$ Modal testing. Modal testing is used to determine the response of a
structure to a disturbance, by measuring the following quantities

• Natural frequency (w)
The basic definition of a natural frequency derives from the undamped system's
eigenvalues, which yield the frequencies at which free vibration of the system
can take place. For damped systems, the situation becomes more complex
and two alternative natural frequency parameters may he defined. The :first
definition derives form the oscillatory P~'7tof the free vibrating characteristic,
which, being complex contains an exponential decay in addition to the free
vibrating frequency, The second definition comes from the general expression
of the frequency response function, and is not shown here (see [21]). The
greatest amplitudes that are detected on a frequency plot of a structure for an
input disturbance, will exist as a function of the system natural frequencies,
and is given by .)1- 2(2W"" where ( is the damping ratio. These are the
system eigenvalues. The natural frequency can be either damped or undamped,
but for lightly damped syutems the difference is negligible. Undamped natural
frequency is normally expressed in radians/s (or Hz), wherew = 27rf. Damped
natural frequency, also expressed in radlens/s, is given as Wd = wnvT="(2
(where, Is the damping ratio and is discussed further in. the next point).

• Damping ratio (()
In flexible structures this value is very small (typically 0.5% of the critical
value), which presents difficulties in the control system design. The damping
ratio is usually expressed as a % of critical damping.

• Residue, denoted by AFi' The residue is expressed as l'ererenceDOF i, response
DOF j and mode r, The residue is a scaled quantit~· and can be interpreted
from the frequency response function (FRF) model

where Hii is for example the displacement over force FRF, ...denotes the com-
plex conjugate and Wdr is the damped natural frequency of the rth mode.

• Mode shape coefficient, denoted as 'l/JF, or 1>F fo1'a mass normalised mode
shape. The mass normalised mode shape coefficient is related to the more
generalised form by
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where a" is the modal mass of the rth mode. The mode: ehape coefficients are
expressed. ;).S a response DOF i and a mode r. These coefficients are assembled
for all DOF's i to form the modal shape matrix. For the computer package
used to curve fit the frequency response func':l ...ns, the relationship between
the residue and mode shape can be expressed as

At. _. 'ifJ['l/JJ
IJ - 2ju)drar

where j is the complex number ,J to A. The residues are usually ex-
pressed as scaled quantltles, and usually I.one so that a modal mass for all
modes equals one (a. ::::1).

Modal testing methods are used because it is often difficult to measure the dynamic
forces causing vibration in a structure directly. Therefore the response of the system
is measured and equivalent forces are inferred. This allows an analysis of complex:
forced inputs wlthout an indepth knowledge of the actual forces involved .

.2.2.2 Extracting the frequency response functions

It is clear from section 2.1.3 that a transfer function exists between the actuator and
each of the observation points on the beam. The transfer function is also known to
be of the form

N[ At'. At'i']H.. 8 - I, • + __ • '3
'J( ) -?; 8 - (s - sr) s - (8 - sr"') (2.68'

Furthermore the relationship between the output at II: == lI:i and the input is giver.
by

U(II:" s) == HiiUc...I)V(s) (2.69)

where u( Xh s) is the Laplace transform of the i observation point
Hij(S) is the transfer function
yes) is the Laplace transform of the input voltage,

The transfer function HiJ(S) can then be experimentally extracted by dividing the
signal of the structure displacement by the input voltage, which is varied over a
specified frequency range. The input voltage is most commonly a sinusoid, although
random excitation techniques may also be applied. The random excitation is gener ..
ally for broad band excitation and reduction of cost.

The frequency response plots were extracted experimentally using a data acquisition
system that is specifically designed for modal analysis, together with the accompa-
eying software. The transfer function between the accelerometers and the force
of the actuator was determined" The force transducer output was proportional to
the voltage input of the actuator, since a current feedback system was used on tile
actuator amplifier.

A microprocessor based acquisition system. specifically designed to perform modal
analysis was avallable (GenRad d",ta acquisition system [23]). Consequently, the
acquisition system has the facility to sample response data from a structure and
perform real time analysis on the data so as to produce meaningful results. 'l'he



software package used [23],supplies an output voltage for the input to the actuator;
and in. this particular case a. swept sine type voltage input was used. Four input
channels on the acquisition system allowed for four simultaneous signals to be read
in. Hence, the transfer function was determined by comparing the output voltage
to the transducer response,

Tl ,) calibration constants of the accelerometers and force transducer are taken into
account by entering the values, hence the transfer function determined shows a
relation between acceleration and force, not voltage from the accelerometers and
vultage output from the force transducer.
At thls stage all the power amplifiers are included in the loop so that when the
control system 1:; designed and implemented, all the system dynamics are taken into
account. The levels of the amplifiers are kept constant throughout the sampling and
testing of the beam response.

The transfer functions for twn pr sltlons on the beam were measured. Only two
points were used due to the fact that the digital controller only has two inputs, and
consequently the analysis of one of the control laws is restricted to only the first two
modes, These frequency response plots are shown in Figures 2.5 and 2.6. Figure 2.5
contains the plot of the point impedance. Figure 2.5 shows the FRF at a position

Q.,

~ 10°

100 200 300 400
Frequency (H:)

soo

Figure 2.5: FrequeMYresponse function at position 1.

600

of I11mm from the base of the beam and Figure 2.6 shows the FRF at a position
of 300mm form the base of the beam.

2.2.3 Parameter estimation

Once the frequeney responae functions had been deterlnined, tile mathemati",.u.
tr~nsfer function could be calculated, The ascii data from the data. acquisition
system, containing information about the }"RFs, wes transferred to the PC where
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Figure 2.6: Frequency response function at position 2.

GOO

the software package to curve fit the transfer function data resldee, A complex ex..
ponential I>arameter estim~~tiontechnique [21]was employed to calculate the modal
parameters, In addition, the transfer function relating displacement to force was
required, and therefore the signal was integrated twice in the frequency domain,
before the parameters were extracted. The mode shapes wt:.zescaled so that an
equivalent modal mass of one was estimated. 1'he parameters determined are given
in 1r.ables2.5 al,d 2.6.

[ Mode I w (Hz) I c (%) I Au (s/k~) x10...a I Au (a/kg) xfb":::"l]
rT 8.72 0.74 1.911 8.525
2' 48.14 0.46 - 4.l148 ..0.811

3 127.73 0.08 2.018 ..0.746,~,-
·'1 27i.24 0.31 0.195 0.430
:3 458.05 0.51 0.043 0.241

Table 2.5: Modal parameters determined, for the :first five modes.

0.458 1.650 l.799 0.817 0.499
2.0·11 ..0.301 ..0.665 1.800 2.774

Table 2.6: Mode shape matrix detennlnadfscaled for unity modal mass).

Ily comparing Tables 2.3 and 2.5, the difference between the theoi'etical and exper-
imenta.11ypredicted na.tural frequencles are small, However, the disc).·~panclescan
be attributed to the boundary conditions and the assumption of a point mass in
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the place of the accelerometers and force transdncer, The experimentally extracted
frequency response plots, together with the comple~texponential curve fitting pro-
cednre shows a. better descriptlon of the action of the transducers on the beam,
as well as the affect of the amplifiers on the overall system dynamics, For these
reasons, the experimentally extracted modal parametera are used'to; thet than the
purely theoretical constants.

2.3 Synthesis of the marhematical model

Once the modal parameters Ilava been found, the mathematical model can be re-
constructed. Recalling that the transfer function is of the form

Ali.
Hij(s)::: E~2 + 2( ~+. w2 (2.10)

,. I' r ,.

Furthermore it has been shown theoretically that
u(a:" t) :::EfJ.r(t)¢i (2.71)

r

and transforming thle equation and using U(XhS)::: !Iij(s)F(lJ) (where F($) ls the
Laplace transform of the forcing functlon), we obtain

o ( ),/,To _ '!it"' _ AfJF(s)
"$f' s ~J -.. ~ 2 I' 2

r .~ +2\rwl' +Wr
(2.72)

Where QI'(s) is the Laplace transform. of the modal displacement g. Now choosing
mode l' we obtain

Q ( )"'''- - A~iF(L (2.73)
r s ~3 - 8'),+ 2(,,411' +w;

'therefore

(2.74)

But, from section 2.2.1
AI'.:; <p'i¢i

'.1 2jwdra.r
Note the use of tP instead of "II, slnee the equivalent modal mass is one (a.,. ::: 1), and
hence the mess normalised mode shape in equal to the more generalised form,
Combh,:ilg equations 2.14 and 2.75 and noting tha.t the mode shape is scaled tor
unity modal mass, we obtain

"r: F( )Q (8) -= w.; s ,
r 82 + 2(,.w,. + w;

(2.75)

(2.76)

The resulting mathema.tical model is of the form

!h+ 2(1("121 +wigl ::: ...~LJ(t)
2Wcil

Q2 + 2(2w2q~+ wiQ2 :::: -;:fLJ(t)
..,Wa.2

(2.77)

(2.78)

(2.19)
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where f is the pbysical force applied to the structure.
Finally, the equation determining the physical displacement at the two positions
along the beam (141 and 'U2) is given by

(2.80)
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Chapter 3

Continuous Vibration control
methods

3.1 Control systems

There are three elements to a control system. These elements are an objective,
an outcome and a link between the objective and the physical outcome. The link
between the objective and outcome may be a a single device or a number of devices
depending on the complexity of the problem.
It is easily visualised that in everyday life we come across a number of control
systems. The refrigerator is a simple example. The objective in this case is to keep
the interior of the refrigerator within a certain temperature range, which is acted on
by the adjustment of the control knob. The outcome is the actual temperature range
achieved, with the link (or medlnn) being the parts that make up the refrigerator.
For tlllS example it can be seen ;hat many larger control systems are actually made
up of a number of smaller control systems. The car is a good example of this.
The Car is a large control systt" where the objective is to travel from one point to
another. This is achieved by tb! interaction of a number of smaller control systems,
namely the brakes, the cooling system etr.,
The examples given are examples of feedback control systems, which is by far the
most commonly used control technique. Feedback is the use of a system outcome
which is compared with the requirement (or objective) of the system and then fed
back into the system to more accurately obtain the required objective. It is evident
that feedback only becomes necessary when there is uncertainty in the system. This
is shown by the fact that if the outcome of a system is not exactly as expected then
some uncertainty must be present, It can also be seen t:hat a feedback control system
&till has the three basic elements of a control system but another two elements are
neceasary, These are a sensing element which measures the outcome and a controller
which processes the outcome and uses i~to modify the input of tlle system.
The two control systems discussed are knovn as open loop and closed loop control
systems. These systems are shown diagram'natically in Figures 3.1 and 3.2.
Th,~ uncertainty 'n a fec(lba.cksystem can arise from two different areas. The first
is the uncertainty about the system to be (,ontrolled and the second the uncertainty
derived from an external distu- bance ('ll~mallycaused due to the specific environ- '
ment),
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Figure 3.1: The elements of an open loop control system.

ut ()-- controller medium
out

sensor

put

Figure 3.2: The elements of a closed loop control system.

3.2 Overviewof research done in structural control

The concept of structural control has been considered since the early seventies,
Today extensive research has been carried out on the various aspects relating to
active vibration control in structures. This section outlines the development in this
research field from the work in the early eighties when some papers of an overview
nature on the subject of active vibration control were published (2}.

3..2.1 Early publications relating to structural control

By 1977 it was evident some engineering researchers Were discussing the need for
structural vibration control, especially in LSS. Research had beea done on the math-
etnaticaJ. frameworks that would lead to full mathematical presentation of the con..
trollers for mechanical structures. In addition many engineers Were carrymg out
independent work that would contribute to the field of structural control as we
know it today,
A summary paper by Balas [2] summarised the status of active vibration control
of tlex.ible structures up until 1982. This paper cites a large number of papers,
dealing with various issues in the mechanical structures field (both applied and
mathematically based). The survey discusses what solutions had been proposed
up until then in order that the vibration in distributed parameter systems may be
controlled. T.hemathematical framework dealing with the linear quadratic regulator
theory, as well as its relevance to the reduced order model problem is presented. As
will oecome clear later, when dealing with L5S, only a finite number ofmodes may be
controlled which is only achievable with a reduced order model. By the same token,
the higher order modes must be accounted for, otherwise an unstable control system
results. The paper also touches on digital implementation of LSS controllers as well
as adaptive control and filtering. Balas further expresses his hope that structural
vibration control will be as successful as early promisee had shown.
A number of papers have been published addressing various issues in the modelling
and control of flexible structures.
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Balas published an engineering note [4) discussing the state variable technique of
direct velocity feedback. This paper showed the mathematical basis needed to im-
plement this control method. This particular control method is still being extensively
researched, and is discussed further throughout this dissertation.

Hughes (32)primarily ccnsiders the large space structure type mechanical structure.
Hughes also discusses that up until then most structural analysis techniques focussed
on structural-dynamical models that neglected.linear-viscous damping. He stated
that a model incorporating the damping matrix term shows an improved description
of the overall system. Furthermore, this paper suggests a method to determine the
values of the damping terms, so that the mathematical model will closely represent
the teal system. Therefore, by incorporatlng this term in the model and simply
adding passive damping to the physical system, an improved response to vibration
is found.

Another paper dealing with feedback control of flexible systems [3], discusses the
development of the reduced order model of the plant. This model is then used in
order that a stable control system be developed. The affect of the higher order
modes (if they ate not accounted for) is also discussed.

Joshi [34] proposes a controller for L85, in the form of an active damper, This is
essentially the direct velocity feedback technique, however, Joshi suggests that there
is an optimal selection of certain parameters, to which the active damping should
be applied. The paper also dlscusses the problems associated with control spillover
(refer Chapter 2) and the controller is designed with this in mind. For the model
of the system a reduced order model is used, noting that in general the maximum
vlbratlon is derived from the first few modes, which is within the bandwidth of the
controller.

Hughes and Skelton [33}present a pa.per discussing the observability and the con-
trollahillty of the :!lexiblesystem, which in this particular case is a spacecraft. This
paper also deals extensively with the actuator and sensor placement and selection
for the particular structure.

Following further surveys [2, 24, 49) dealing with the future of structural control of
large space structures, and tying the work done up until the early eighties, extenelve
research was published on specific topics. Hence, research in the field of structural
control has developed very quickly, over the period from 1985 to present,

3.2.2 Research relating to smaller structures

More recently, smaller structuree have been used to test structural vibration control
theories. These smaller structures have then been compared to the large space
structures.

It is important to realise the similarities in controlling large space structures as
opposed to smaller structures. The control techniques are essentially the same,
however, the practical implementation 1nay be a far more demanding task when
(1ealingwith largo space structures.

It has come evident that a suitable structure for use in the l:l.bora.toryand com-
parlson with large structures is the Euler-Bernoulli beam [49, 8, 7]. The most com-
pelling reasons being the simplicity of the structure and the flexibility which comes
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from the traditional Euler-Bernoulll having a large ratio of beam length to beam
thickness. Due to the dimensions of the Euler-Bernoulli beam, the beam show enor-
mous flexibility which can be directly related to the behaviour of the LSS. Hence, a
large number of researchers have experimentally verified their work on either Simply
supported beams or the fixed-free Euler-Bernoulli beam.

Schafer and Holzach [49]published a paper that described work that had been done
on a hardware experiment used to study the active vibration control of a clamped-
free flexiblebeam. The modal control technique ~mplemcntedwas based on the direct
velocity feedback control. In their experiment! a flexible beam was hung vertically
and clamped at one end. An eleetro-optlcal displacement sensor was used to detect
motion of the beam and the displacement was acted upon by electrodynamic force
actuators.

Similar work wascarried out by Schaechter [48].An experiment employing a pinned-
free flexible beam was constructed, however, this flexible beam was large enough to
simulate a LSSmere closely. The hardware was constructed to demonstrate active
shape control, active dynamic control, adaptive control and various other control
approaches.

Most control techniques since 1990 are tested on flexible beams, giving a suitable
standard with which to compare results. So, with the test stru :ture in place, fur-
ther research has followed two paths; the first of which concerns different control
algorithms, with increasing mathematical complexity. The other concerns more of a.
hardware approach, optimising sensor placement and sensor and actuator selection.

8.2.8 Alternaeive control techniques

The most widely used and .tuerstood control technique for structural control is
the direct velocity feedback technique [4, 35]. The simplicity and ease of practical
implementation makes this method rather attractive as the results produced often
meet the speCificationsof the plant. Numerous papers have been published relating
to tills topic, with one of the first being the paper by Balas [4J. Joshi [35] also
published work on active vlbration control using direct velocity feedback. lie referr~d
to this method as an energy dissipation technique and showed that a robust controller
could exists despite the use of a truncated model.

The use of direct velocity feedback ls a special case of state variable feedback which
has been shown to be successful with a number of different structures, such as
circular saws. Fukuda et al [22]have also shown the applicability of state variable
feedback applied to torsional vibration in LSS.

A problem that arises in structures is their complexity, and the model describing the
system contains unmodelled dynamics. State variable feedback does not necessarily
address this issue, and other control techniques need to be employed. These are
discussed briefly.

Probably the best known technique for poorly defined plants is the linear quadratic
Gaussian (or LQG) control method. A number of papers have been published de-
scribing the process with which to follow if a LQG ccntrol solution is sought, one
of those is the paper by Blelloch and Mingori [12], In this paper the mathematics
behlnd the LQG technique is discussed and the results for a. complex antenna. are

,
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numerically presented. Other papers which discuss this approach are those by Cza-
jkowski [19] and Belvin and Park [101. Czajkowski, in addition to describing the
LQG design approach, discusses the stabilisation of the spillover problem.

The quantitative feedback theory (QFT) for active vibration control is also presented
by Yaniv and Horowitz (531.Again, poorly defined plant parameters are necessary
before the c~mplexity of the QFT approach is tv be justified. However, the distur-
bance uncertainty may be considered as the uncertainty of the plant and in doing so
provide a basis for a QFT design. In this paper the difficulties of the LQG technique
are referenced, and the results showing the suitability of QF1' for active vibration
control are presented.
Livneh and Slater [361present an adaptive control approach to arbitrary exeitations
and unmodelled plant dynamics. As discussed in the paper for any plant with a
completely defined dynamic model and a fixed set of parameters, the construction
of a feedback control system will yield a stable response, generally conforming to
the specifications of the system. The design difficulties present themselves when
there is an uncertainty about the validity of the dynamic model of the plant. The
authors of the paper then continue to develop the mathematical model of an adaptive
control method, presenting numerical results of the response to a flutter model of
an aeroelastlc wind-tunnel model of a cantilever swept-back wing.

Another method whereby vibration may be reduced in structures is that presented
by Motgiil [43]. Here a specialised structure needs to be present for this technique
to be useful, since a cantilevered beam is used, with a force and a torque applied. to
the free end. '.chis force and torque are a function of the disturbance and ate used
in order that vibration be reduced within the beam.

In the research currently undertaken, these alternative control techniques used where
the plant 15 not well defined ate not of direct beating to the scope of the research.
However, another method that has only recently been documented, and is of more
interest in the present research is the Modified Independent Modal Space Control
(MIMSC) technique {7J.
The MIMSC method, showing numerical and experimental results, was demon-
stra.ted by Baz and Poh [7]. A brief mathematical description of the MIMSC
technique is outlined, describing the concept of spillover (further referred to in
[13, 24, 19]). A flexible beam. is used to experimentally illustrate the response of
a beam to a given disturbance under tho control of the MIMSC technique. with a
comparison to the IMSC (or Independent Modal SP:'l.CeControl) method also be-
ing considered. The mathematical methods behind the MIMSC technique are more
broadly presented in the paper by the same authors [8J. A further paper, again dis-
cussing the MIMSC method and its applicability to structural control, covering the
same material was published the following'year [91. However, the complete mathe-
matics describing the MIMSC method, and shewing a closed form solution for the
control constants was given by Melrovitch et al, [40,41,421. These papers develop
the governing equations for the MIMSC technique, then use a cost function to min-
imise force expended and vibration. From the minimisation of the cost function, the
control constants are shown to be a function of the natural frequencies.

Baa and Poh [8] applied the technique to the use of the piezoelectric actuator by
considering the effect of the bonding layer between the actuator and the beam tv
be controlled as well as an optimal position of the actuator, Although the MIMSC
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method can be thought of as Q. time sharlng technique, being able to employ more
than one actuator, this paper considers only a single actuator and its optimal place-
ment. A further paper discussing a.numerical study of the MIMSCmethod for active
control of vibrations of a. cantilevered beam [18]was also presented at the conference
on Recent Advances in Active Control of Sound and Vibration in April 1991.

A further control technique recently published is that regarding the theory of feed-
forward controlled system eigenpropertles [15J. The purpose of this paper was to
study the dynamics of a flexible structure with a feedforward control algorithm. In
this paper the controlled system is shown to behave as having new eigenproperties,
therefore having a different dynamic response. The elgenpropertles are shown to
be functions of the error sensor location and control force and independent of the
input disturbance. This paper is also one of the first to discuss the experimental
implementation of the control law using a digital controller.

Williams and Juang [52]considered pole/zero cancellation. State variable feedback
is employed and cancellation of poles and zeros are carried out at specific points
only. Hence, the closed-loop modes are unobservable at these points and therefore
do not contribute to the measured response. Therefore, the dynamics expressed by
the cancelled poles and zeros cannot be controlled, but do not contribute to the
dynamic measured output response, and SO the fastest possible exponential decay of
the system to a disturbance is found. Since, any modes that decay slowly, but. are
not unstable and are not affected greatly by a control action nlay be cancelled to be
unobservable in the measured output response. Then, the modes acted upon, that
are affected greatly by a control action are forced to zero displacement as quickly as
possible. In this research a collocation of sensors and actuators are employed, end
numerical results ate shown for three mass-sprlng-damper systems in series.

The background to the Iiterature (section 3.2) indicates that many control techniques
have been applied to the control of flexible structures. With the current research in
this area new methods are being developed all the time. It is noticeable however that
some techniques are more widely used than others. There are a number of reasons
for this, and tIllS chapter will outline a few of these reasons, before developing the
mathematical background to the techniques that will be focussed on.

3.3 Feedbackcontrol

Almost all the control methods designed to control continuous systems use some
form of feedback. Feedback is a process, whereby some or all of an output signal
from an active device is sampled and fed back to the input in such a. way as to
either counteract or enhance the action of the original input signal. Intuitively, the
feedback used in active vibration control should decrease if not negate the input
signal to the structure. TlUsis known as negative feedback.

Feedback has three main advantages when introduced into a control system.

• The first is in improv:.ment in linearity of the system. This occurs because
feedback causes the response of an active device to remain within close bounds
of the set point. This. »nsures the assumption of linearity around the set point
is usually vali~. Furthermore, linearity over the entire domain is improved with
the use of feedback. This is clearly demonstrated by the addition of feedback
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on the scalar element, which is shown in Figure 3.3. The graphical results
of the two block diagrams are shown in Figure 3.4, with the improvement of
linearity dearly shown.

Figure 3.3: A scalar element with and without feedback.

1~----~----~----~------~----~----~

1

3

• A second advantage in using feedback control is the reduction in parameter
sensitivity. This is an important factor when a plant parameter is calculated
exactly, but is difficult to achieve in practice. Therefore, if the par=meter
sensitivity Is reduced, a small change in plant parameters will not produce a
large change in the dynamic response. Hence, plant parameters can be mod-
elled as disturbances, and attenuation techniques can be applied to account
for variations of system dynamics or parasitic effects.

6

5

2

o~----~----~--~~~~--~----~----~
-3 -2 -1 a 1 2

Arbltrarv varlabh ..
Figure 3.4: The plots of (1:2 and (1:2/«(1:2 + 1).

3.4 Controlling continuous vibration

From the discuselon of feedback control, it is evident that the fefdbn.ck in a con..
trol system used in the reduction of structural vibration does pre ient a number of
advantages. Thereforet the control system must incorporate some type of feedback.
Now, one of the simplest feedback control techniques must be that of state variable
feedback control, which provides a suitable starting point of a. structural vlbratlcn '
control law•
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3.4.1 State variable feedback

State variable feedback is a technique whereby the states of the system are measured
and used to modify either the actuating or control signal. The most pzomlnent of the
advantages of state variable feedback ~s that the system states contain a complete
description of the plant dynamics. One of the main drawbacks of such a technique,
is that in practise full state variable feedback is not generally used due to the cost
of measurement equipment (sensors). Hence, one or more of the states is generally
estimated. For example, if a number of accelerometers are used as the transducers,
and velocity or effectively modal damping is needed to be fed back to the actuating
signal, the signal from the sensor is numerically integrated. Therefore, the velocity
state is estimated, and may not be as accurate a signal as if it were measured directly.

To demonstrate the use of state variable feedback, the governing equations are
rewritten in terms of the state variables. For example, let the plant be described by
the second order system

x + 2(wi + W2~ == J(t) + faCt) (3.1)

where Jd(t) is a disturbance force. Rewriting ~ = ~l and i == i1 = :Z;2

(3.2)

To modify the state variables, the force input to the actuator is chosen to be a
combination of the state variables. For simplicity a linear combination is chosen.
Therefore

J(t) == -(Cl:Z;l + C2:Z;2)

Equations 3.2 and 3.3 are combined to give

i2 + 2(W:Z;2 + w2Xl = faCt)

(3.3)

(3.4)

or
i2 + (2(w + C2)~2 + (w2 + Cl:Z;l == -(C1Xl + C2:t2) + fa(t) (3.5)

Transforming equation 3.4 into the Laplace domain, and presenting it in the form
of a transfer function, we obtain

(3.6)

From equation 3.6 the advantages of state variable feedback become evident. Both
the states of the system may be altered independently, essentially increasing or
decreasing stiffness and/or damping.

The numerator dynamics introduced with a technique such as PID control are 'lot
present, and therefore the increased amplitude of oscillation will not be present. In
a different environment the use of integral action may be necessary to improve the
steady-state performance of the system. However, the chance of overshoot due to
the numerator dynamics for a structural vibration control problem is not worth the
risk (it must be noted that in a system with different specifications the overshoot
due to the presence of numerator dynamics may actually be desirable). In addition,
the controller does not have to respond to possibly conflicting tasks simultaneously
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(witll both the derivative and integral action in the forward path). Furthermore,
the derivative action hI. the forward loop as in PIn control is also not pre$p.n~:.t6l.

"he above example demonstrates the applicability of state variable feedback to the
ta.sk of vibration control. The two techniques used in this reaesrch employ state
variable feedback, but because of the continuous system the models and hence con-
trollers become more complex than discussed up to this point. Therefore, the first
technique uses only a modification to the system damping and is known as direct
velocity feedback. The second more complex:technique is known as the Modified
Independent Modal Space Control (MIMSC) method, and uses feedback of both
stiffness and damping. These two methods are discussed further.

3.5 Direct velocity feedback

Recall that the governing equations for the cantilevered beam given in the principal
or modal coordinates are of the form

= .4>1 :(t)
2Wdl

= ¢~ J(t)
2Wd2

(3.7)

(3.8)

(3.9)

As an example of the velocity feedback technique, consider a truncated model of the
system incorporating the first two modes. Also, the voltage supplied to the actuator
is directly proportional to the force (since the amplifier uses a cUl"ldntfeedback
module) and is denoted as f(t) :::kV(t). Therefore

;i1+~CIWljit+w21nl = cPI kV(t) (3.10)
~ 2wdl

ii2 + 2(2w2Q2 +W~q2:::; ¢~ kV(t) (3.11)
2wd:l

In direct velocity feedback, velocity is fed back from two r oints on the beam and
the resultant input voltage to the actuator is made a Uncal' combination of these
feedback signals

(3.12)

As before the physical displacements and hence velocities are related to the modal
coordinates as follows Cnete the truncation at the end of the second mode, due to
the filtering of the input signal)

'lit :::;4>l~h + 4>~q2
'liz :::;4>~!h+ <P~q2

Combining equatlcas 3.13 and 3.14 with equation 3.12

V(t):::; (<plc1 + 4>~(2)ql+ (4)!Cl + (,6~C2)q2

(3.13)
(3.14)

(3.15)
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Substituting equation 3.15 into equations 3.10 and 3.11

qi + 2(lWIQl +W~gl = 2~~ k [(<J>lcl + <J>~(2)ql+ (¢ici + q)~C2)q2]

ii2 + 2(2WZQ2 +WiQ2 = ~~;kI(<J>~Cl+ <J>lcz)ql + (tf>fcl + tf>i(2)ti2]

For simplicity introduce Zl and Z2 where

ZI := ¢ICl + ¢~C2

Z2 = q,'f tol + q,~cz

Therefore, rewriting equations 3.16 and 3.1'. in the simplified format

.. + 21': • + 2 <pI L( . + . . )gl ..tWlgl wlg1 =2w (I; ZIIJt Z'2Q2
ell

.. + 21': • 2 <I>~ '"( • + . \q2 ..2W2Q2 ;-w2Q2 = -~ zlQl Z2Q2
2Wd2 I

As can be seen from equations ~ !Oand 3.21, coupling exists between the first and
SP' ',d modes (in fact if the input signal is not filtered correctly, this coupling exists
f ':\ "eater or lesser extent between all the modes). This coupling betweer modes
in('! .ses the complexit~· of tho controller design and may even cause a. reduction
in sys~em performance, However, the main concern with regard to modal coupling
is that the higher order (ci parasitic) modes which are not directly controlled may
eause instability; thls problem arises from a phenomeuon known as spillover. 1<'o1'
example, the governing equation of the third mode is given by

<1>3qa + 2(3{4'3Q3 +w~q3= it 3 k(Zl!lt + Z2Q2 + ...) (3.22)
~.I)d:l

The third mode and all the other higher order modes are not being controlled. Now,
let us say that the control aetion has been designed so that there is negative feedback
on the first and second modes, ie. <l>iz1 < 0 and ¢1Z1 < O. If <I>~ bas a. different sign
to one or both of <1>1 or 4>~1 then positive feedback could arise on the third mode from
the spillover of the control force from either or both modes one or two. Therefore,
even for a. small signal a.t the third mode frequency, the system response ma.y be
unstable.

(3.16)

(3.17)

(3.18)
(3.19)

(320)

(3.21)

In order to reduce the signals of the parasitic modes that influence the system re-
sponse, the higher order modes on the signal received from the actuators is filtered
out. The use of filters eliminates thE'spillover, and hence for a stable design guar-
antees stability of the entire plant if nega.tive feedback exists on the first 2 modes
of 'Vibration. Digital filters are ussd in the practical patt of this research and are
discussed further In Chapter 5.
Si~ce the truncated model can be made stable, the design of the direct velocity
feedback technique must account for high order modes. However, it is necessary to
demonstrate that to control nomodes, nosensors along the beam must exist.
Consider the discrete model truncated to two modes

ql + 2(I(1)lq1 +WrQl = <1>1 kV(t)
2t....dl

i,h. + 2(2W2~b+WiQ2 ;:: j'lkV(t)
~el2
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Suppose it is desired to ecntrol n modes of vibra.tion. As before, the control voltage
supplied to the actuator can be written as a linear combination of these feedback
voltages

Vet) ;;:etiil + (l2U2+ ... + cnun
Thus in terms of the modal coordinates, the control valtt_ge is

(3.25)

V(!) = [., ..... '" l[1~i:::~].H}•.
4>~ 4>; ... tb: l qt'

Using the notation of above and Introduclng a variable ~, we have

(3.26)

(3.21)

where Zt == t/>}Ct + t/>lC2 + + tfo~c.n
Z2 =: t/>~Cl+ tfo~C~1+ + tfo;cn

Th~refore, equations 3.20 and 3.21 become

== 13k(ZlQl + Z!lQ2 + ... + zI'QI')
.w,.'dl

== ~~;k(Zl!h + Z:aqtl + ... + zl'ql')

(3.28)

(3.29)

Since feedback is being made from n points along the beam, CHC2f • , • t ('", are selected
in such a way as to develop negative feedback on the first ~ modes. The othet
terms contained in t'n+l ••• Zr cannot be determined using the n feedbar.k points and
are therefor~ considered uncontrollable modes. This shows that far direct velocity
feedback to control n modest at least n sensors are required.

8.5.1 Accounting tor modal coupling

A number of techniques exist ibr dealing with the problem of modal c()\l,tlling.Most
methcds try to reduce the amount of coupling between modest however, this coupling
cannot be completely eliminated.
Ifmodal coupling could be eliminated completely, the controller complexity would be
greatly reduced. This can be seen from equflotions3.30 and 3.31. These equatlona are
presented truncated ttl the :first two modes, wltllOut modal coupling belng ~resent.

(3.30)

(3.31)

However, t1t(~ullcQuj?lel..t.equations are not a. true re{'resenta.tion and therefore two
more commonly used mcthcds that reduce modal couplillg are further oitllned,
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In the litelature ravlew, the technique of sensor placement waa briefly discussed.
One of the most important aspects of the sen so): placement in flexible structures is
directed at an attempt to reduce modal. coupling. The sensors are placed so that
they detect only one mode. This is impossible to achieve in practice, but for a
limited number of modes, the sensors can he placed dose to a point that aliase all
but one mode of vibration. A second method that is' employed in this research is the
use of notch ffiteI's. By notch filtering the incoming signal from a sensor, aU but one
mode can be filtered out (it must be noted that the coupling cannot be eliminated
comtJletely, but is only reduced). The difficulty in this method is the expense of
analogue 'filters, or the sampling speed required for the USb of digital filters. The
hardware needed to overcome these problems was acquired. The design of the notch
fllters and the selection tit the control constants incorpora.ting the effect of modal
coupling is discussed fttrther in Cha.pter 4.

3.6 MIMSC method

The Modified Independent Modal Space Control method uses a. different approach
to the problem of :;tl'l\ctural vihra.tion compared to the velocity feedback method.
Although this t" ehnlque U$~S bO~J1velocity and positi<m feedback, the modes remain
uncoupled even when the force (or Voltage) Ia applied t(; the beam via the actuator.

A more detailed model can be found in reference [9J. TIle governing equa.tions Arc
not truncated

(3.32)

where f is the modal force of the system. Writing equation 3.32 in terms of the
physical force, leads to

q,. + 2(rw,.q,. +W;qr:= 2:~r (tf>DT Fr(t) (3.33)

l!Ol' convenience, the physic~ force applied to tIle beam through the a.ctuator is
denoted by F(t).
From tquations 3.32 and 3.33 it is evident that the modal and pbysical forces arc
related as follows

(3.34)

'l'he modal force can be written in two parts, the controlled part and the uncontrolled
part, signified by the subscripts '11 and c. Expanding equa.tion 3.34

<pi tP~ <pr+1 ••• ~I T... ..
[Jj:;: { Ie } l/Jl ., ., . l/J:t l/J1\+1 '* it • ¢~ { }!~ }n (3.35)fu = l/Ji ~~+1

~
Fu1\+1 .... rp~+1 ¢~+1

" ' ..
<p~ ifJ: ¢:+1 .." ¢~
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Applying the transpose in equation 3.35, results ln

pi <p~ ~~+t ••• ¢~

[f] == { % } =
.,.

'..

"

(3.36)

..
,/,1'1. A':",r./.".
'I' '1'.. '1-'»+1 • ••

Equation 3.36 can be written as follows

{Ie } - [Bee DC'll.1{ Fc }
lu -. Buc Bl.Iu. Fu (3.3'7)

Now, if n control aetlone and n sensors ate present on the beam, Fubecomes zero.
Therefore, equation 3.31 reduces to

fe == ReeFe (3.38)
and (3.39)

11.1 = BtJcFr. (3.40)
Hence, the force that excites the uncontrolled modes (also known as residual or
spillover modes) is written as a. function of the controlled phyaical force, In turn
the uncontrolled modal force can be shown to he a function of the controll('d modal
force [40, 41, 42}. This allows the determlnatlon of the physical value of the uncon-
trolled modal force, which was assumed to be zero by the IMSC [1].
As stated previously the MIMSC technique employs feedback on both the velocity
and position vectors and It can be shown tha.t the modal control force haa the form
[401

(3.41)

where fll" and Q'},r are the position and velocity control consta.nta respectively for
mode r and
R is a factor that weighs the importance of minimising thi>vlbratlon
compared to the expenditure of the control force.

Now, to determine the control gains 91 and g'}., set up a performance index that Is
minimised subject to equation 3,32. This is the same technique that will be applied
ill Chapter 4 in ord~r to determine the control constants for the direct velocity
feedback technique. However, t'he optimisation for the velocity feedback wlll be
carried out numerically. Meirovitch and co-workers [40, 41, 42], have developed a
closed form solution to the problem

MIN J;::: ~oo [(w~(T~+ q;) + (Itl;)] dt (3.42)

and showed the control gains to be

91" ;::: -wrIt + V(WrIt)'J.+w~R (3.43)
~ ~~

O'}.I' ;::: {aRwr (-wrR + V(WrR)2 +w~li)+w~R or (3.45)
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A further strategy developed in conjunction with tha MIMSC method is a unique
time sharing mechanism whereby a. small number of actuators can be used to control
a. large number of modes. In this strategy the modes are ranked according to their
modal enel'gy at any time instant. This modal energy is given by

(3.4$)

where the w;'q~ forms the potential eMl'gy pa.rt and q~forms the kinetic energy part.
Then the actuator it'} dedicated to controlling that mode with the most modal energy,
until a second signal is received (the next sample). Ifmore than one actuator exists,
the second actuator is dedicated to the mode with the second mO$tmodal energy
and so forth.
As dlseusaed, the spillover force which is not zero, may be written in terms of the
l;ontroUed modal force, denoted by Ie. If,however, the input signal is filtered, the
splllover forces generated will have very little or no effect, but if no filters are present
spillover forces can be determined numerlcally, This allows one to determine the
effect of the spillover forces and perhaps even necessitate the use of the actuator in
controlling a mode that was not !nitially intended to be controlled. Furthermore, the
spillover forces may actually improve the performance ofthe co.ntrollerby providing
negative feedback on some or all of the parasitic modes.
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Chapter 4

Application of Control to the
Beam

The two control techniques discussed in Chapter 3 are applied to the beam. The
simulations ate constructed in SIMULINK, running on MATLAB. Both the govern-
ing equations of the cantilevered beam and of the control algorithm are entered in
the form of a block diagram. Therefore the block diagram form of the differential
equations governing the cantilevered beam are presented. Once these have been de-
veloped, the dynamic response of the beam to an input disturbance can be shown,
and compared with tht',uncontrolled response to the same input.

4.1 Uncontrolled response of the cantilevered beam

A method of vlaualislng the sys~em of equations that govern the cantilevered beam,
including the direct velocity feedback control algorithm is to represent the ordinary
differential equations in terms of a block diagram. The block dlagram of the uncon-
trolled response is developed here, so as to give a basis against which the responses
of the beam including the control laws can be compared.

4.1.1 'l'he block diagram of the cantilevered beam

From section 2.3 the mathematical model governing the cantilevered beam was given
as

= ¢i J(t)
2wdl

= ¢r J(t)
2Wd2

Using equations 4.1 and 4.2. a block diagram was constmcted so that the simulated
response of the cantilevered beam to an input could be determined. The block
diagram is given in l"jgure 4.1. In Figure 4.1 1£1 and 1£2 reprp.sent the physical
displacement of the beam at two different physical positions along the beam. These
two positions as mentioned earlier are 117mm and 300mm. from the base of the
beam respectively. These positions ate also be referred to as positions one and two
throughout the text. The input force Fdi.Jt is a physical force.

(4.1)

(4.2)
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Figure 4.1: The block diagram showing the uncontrolled dynamics.

4.1.2 Forced response

The basis used for comparison is a pulse force input. This pulse is generated from a
finite force input at time zero over a, flnite time span (which can be set to a fraction
of a second), The actual magnitude of the input force disturbance was chosen such
that a physical meaningful displacement of the beam would occur.
Although, the pulse is essentially a numerical forcing function, it presents a good
comparison between dynamic responses for different systems. Furthermore, the nu-
merical pulse may he favourably compared to the action of the experimental impulse
hammer. The pulse force input also excites of a broad frequency band. Therefore,
many resonances are simultaneously excited, providing for a better ~est of the control
techniques.
The impulse force may be mathemll.ti<:aJly represented by

{
1 t= 0

·u= 0 t>O (4.3)

where 'U is vertical displacement and t is time. This demonstrates that the impulse
force is a convenient forcing function for analysis of the response of the structure.
This is true because after thn.e zero (or in practical appllcatic.!ns after a short time
period) the forclng function is no longer present and does n\lt interfer~ with the
response of the structure which ma.y then be directly analysed •.
'I'he response of the cantilevered beam. to the pulse disturbance at time zero without
any structural vibration control is shown ln Figures 4.2 and 4.3.
The responses given in Figures 4.2 and 4.3 are the physical displacements at each
of the two positions along the beam. The pbysical displacements are made up of
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Figure 4.2: Uncontrolled re~,onse a.t position 1.
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Figure 4,3: Uncontrolled response at position 2.
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a combination of the modal displacements lJl and qz. In addition the true value of
displacement should be noted, since the magnitude of the Input disturbance is set
snch that physically meaningful results are obtained.

Although, in practice the uncontrolled decay of the dynamic response of the Can-
tilevered beam is made up of infinitely many modal displacements, the truncation to
the first two modes gives a fairly good comparison to that which is found in practice.
This is especially true in large mechanical structures where it is often found that
lower order modes, if not only the :firstmode, is of any consequence. This is known
as the dominant root approximation.

4.2 Direct velocity feedback

As discussed in section 3.5, due to the limitation (\1.:' the digital controller, only two
modes could be controlled by this method. Therefore, us presented in Chapter 3 the
mathematical model is truncated to two modes. In addition, the filtering and signal
conditlonlng are part of the control algorithm ani can be ignored.

4.2.1 Block diagram

Tll(~truncated two mode mathematical model in terms of modal coordinates, in-
cluding the control action is

?it +2{lWtQt +wtIJl = 2~~1k [(l,blcl + 4>~CZ)gl+ (4)fcl +P~C2)q2] (4.4)

?i2 + 2(ZW2Q2 +WiQ2 = 2:~/[(PiCl + 4>~C2)ql+ (tP~Cl + ¢~c2)~h] (4.5)

These equations can be presented in terms of the control voltage V as

(4.6)

(4.7)

where
Vet) ::;:Cltil + cZti2

The physical velocities are related to the modal coordinates as follows

til ::;: phil + ifJN2
U2 = ¢~ql + tP~q2

(4.8)

(4.9)
(4.10)

The block diagram representing these equations is given in Figure 4.4. Note that
both the physical and modal states of the cantilevered beam are easily extracted
and consequently can be dynamically monitored.
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4.2.2 Control constant determination.

As can be seen from Figure 4.4 no numerical values are given, and the control
constants are denoted as C1 and C2. The only unknowns are therefore the disturbance
input and the control constants. It has been decided to use a pulse input disturbance
that is large enough to give an initial displacement of a suitable physical size (this
is applied at the same point as the actuator), and the control constants will be
determined using an optimisation process.

It must be noted ~hat these control constants are specific to the type of force distur-
bance and if one had to choose a different input, the control constants would then
be suited for that particular setup.

In order to determine the best control constants for the pulse disturbance, it must
be decided exactly what the aim of the vibration control is. Possible alternatives
are

• An initial reduction in physical displacement, but allowing the beam to still
oscillate as per the open loop system.

• Not as stringent a control on the initial displacement but reducing the oscilla-
tory behaviour of the open loop system.

• Conserving energy applied to the structure, which in turn does "lot present as
good a solution when the main aim is t~l eliminate the vibration as quickly as
possible.

It was decided to use the second option, since trying to control the initial displace-
ment would tend to overload the actuator.

Therefore, an objective function was setup to reflect this decision. The other point
that must be included in the objective fuuction is the limit on the physical volt-
age that can be supplied to the actuator. Once the objective function is setup to
incorporate these issues) this IU>lction is then minimised to determine the control
constants that best suit this specific application.

The main aim of the optimisation is to minimise the physical displacement, or in
mathematical terms

(4.11)

Note that a square function of'U may be used, Mopposed to the a.bsolute value func-
tion. Now to make sure that the importance of reducing the physical. displacement
is enhanced (as discussed above), the absolute value of the displacement and volt ....ge
functions is weighted by multiplyillg each with no function of time. The positive part
of the straight line 'II = :t was initially used as the time function, but it was found
that the best results were obtained by multiplying the absolute value functions by
a function where each time step is raised to the power of a quarter.

" _ tl/4. + tl/4. + tl/4.
V·_ (I 1 ••• fll (4.12)

where til denotes the last time step.

Therefore from equation 4.11

(4.13)
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The effect of multiplying through by a function of this nature is clearly shown by
comparing Figures 4.5 and 4.6. Figure' , a plot of the absolute value of one of
the physical displacements, compared v .gure 4.6 which ls the absolute value of
a physical displacement multiplied through by the function given in equation 4.12.
It is clear from these two ligures that the importance of reducing the vibration is
enhanced M time progresses.
Writing this as an objective function, J to be minimised gives

(4.14)

where WI and W2 are weighting constants chosen so that approximately equal weight.
ing is given to both the physical displacements.
At this point the contribution of the voltage it:! lncorporate-l, and therefore equa-
tion 4.14 becomes

(4.15)

where W3 is consistent with the weighting constants Wl and W2.

It must be noted that by chang, .. the values of the welghtlng constants, different
results are obtained and a suitable solution can be obtained after many iterations.
The direct velocity feedback system ill Figure 4.4 togeth(,f with the objective function
(equation 4.15) results in a COILS trained optimisation problem whichwas solved using
MATt.All. The main constraint is the physical voltage that can be applied to the
actuator; which is set at a maximum of 10 volts. The constrained optimisatlon
algorithm determines the minimum of the objective function and the corresponding
control constants by iteration.
Various control constants were found depending on the initial guess, The best
solution for the specified problem W8.'i found to be where Ct ;::: -54.6 and 1:2 ;:::

-2360.0.
It is interesting to note how the objective function varies according to the change
in control constants. Therefore, the plot of the Qbjectivefunction J (on the z-axis)
versus Ct on the e-axis and C2 on the lI""aJ".isis g.ven in Figure 4.7. In Figure 4.7,
Cl is varied from -200 to 200 in steps of 20 and C2 is varied from -4000 to 3000 in
steps of 50. For this figure to be mere meaningful, a plot of the change of voltage
with respect to the control constants must also be considered. This is true, since,
a constrained optimisation is used, with the constraint on the maximum voltage.
The optimisation is done, so that all values of voltage less than or equal to zero are
allowed. Figure 4.8 shows a plot of the voltage versur the control constants, with
the voltage values that are !lot allowed set to zero. This shows on the pl ; as part
of the zero voltage plane. Since these particula:r values of control constant are not
allowed, the corresponding values in Figure 4.7 are also set to zero, indicating the
minimum of the r jective function clea.rly. The axes and values in Figure 4.8 are
consistent with shose in Figure 4.7.

4.2.3 Controlled response

Using the block diagram in Figure 4.4, togetht'l' with the modal parameters exper-
imentally determined and the control constants given in section 2.2.3, the forced
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response due to a pulse input was determined. Figl1res4.9 and 4.10 show the dls-
placement clue to the controlled forced response at l;ositions 1 and 2 respectively
and Figure 4.11 shows the voltage applied to the actuator. In addition figure 4.12
is also included to show the differencein the volta;;e against time plot for a. different
approach namely that of trying to reduce the initial amplitude of vibration, hut not
attempting to reduce the oscillatory behaviour thereaftet.

10"4~x ~ __ .~ __ ~~ ~ ~ ___
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Figure 4.9: Controlled forced response at position 1.
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Figure 4.10: Controlled forced response &.t position 2.

The actuator limited the avaliable force to contrJl thf:lvibrating beam. ThercfofC',
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Figure 4.11: Voltage applied to the actuator.
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Figure 4.12: Voltage r,pplled to the actuator with attention given to tho initial
displacement.
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a large improvement over the uncontrolled beam is not found.

4.3 MIMSC method

The MIMSC method attempts to control a number of modes, with a reduced number
of actuators, This is doneby (,;.time sharIllg method and ranking the modes according
to the modal energy. F,)f this reason, more than two modes could be attempced to
be controlled using the single aetuator. Therefore, the following discussion shows
the response of the system using the MIMSC method attempting to control the
first three modes. As before the signal conditioning and filtering to achieve this
practically is assumed to be present on the input and output signals.

4.3.1 Block diagram

The shnul~,tion of the MtMSC technique wes done.using SIMULINI<:, which requires
a block diagram to be entered into the package. Recalling the governing equations
of the cantilevered beam are

~"
" I 21' • +" fji, A..'f' $ (t)q" I ,,).,.w,.q,. w2Q,.::::: ~-'YrJrar

Furthermore, the modal force is a function of both th~ modal velocity and displace.
ment and is represented by

t4.16)

(4.17)

Another conalderatlon when deVelopinga contr,.,lsystem for tlte MIMSC technique,
is the time-sharing mechanlsm used to share the actuator between a number of
modes. As discussed this is dOMby ranking the modes due to modal energy given
by

(4.18)

From the above equations we can t:QnstrUt~tthe block diagram for the MIMSC
method) so that a numerical result to the problem may be found. Tl:e block di-
agram depicting the model of the cantilevered beam and the control technique is
given in Figure 4.13. The block diagram depicted in Figure 4.13 is truncated at the
third mode. The first three modes are used as an example to show tllat the time
sharing mechanism allows control to be placed on more modes with a. fewer number
of actuators.
In Figure 4.13, the block labelled 'Function~ is where the ~imu1ath:>npackage com-
putes which mode has the higllest modal. energy at th~t insttl.nt. Hence, the output
of physical force (applied to the act\lator) is determined with relation to the modal
euergy and fed back to be summed with the disturbance force.

4.3.2 Controlled response

The controlled response for a pulse input dlsturbance (consistent with the input for
the direct veloclty feedback technique) is given in Figure 4.1-1for position one along
the beam. 'the voltage applied to the actuator is also shown in F .lure 4.15.
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Figure 4.13: Block dia.gra.m for the Mi MSG method.
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Figure 4.14: Controlled response at position 1, uslng the MIMSC method •
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Figure 4.15: Voltage applied to the actuator for the controlled response, llslng the
MIMSC method.
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It is evident from Figures 4.14 and 4.15 that the use of the MIMSC method for the
particular input disturbance given is worthless (the axes on. Figure 4.14 are not the
same as those previously shown in the free response). In fact the natural decay of
the system shows a better dynamic response than with the inclusion of the control
method, As before, if the limit on actuation energy was not M strlngene, a. stable
quicker exponential decay of the vibration could be found.

To demonstrate the load placed on the actuator by the MIMSC method, a different
set of solutions is presented. This solution is determined for the system having a
pulse input disturbance of magnitude twenty times less than that previously used.
Figure 4.16 shows the response of the cantilevered beam for the disturbance dis-
cussed, while Figura 4.17 shows the corresponding use of voltage by the ac, ...tor.

2

-2~----~~----~------~-------~------~o 2 4 G 8 10
Tlme (3)

Figure 4.16: Controlled response at position 1, uslng' the MIMSC method with a
smaller magnitude disturbance.

4.4 Discussion

By comparing the graphs that have been presented in this chapter, it is evitient
that the reduction in vibratioll over a. long time period is only marginal or non-
existent with the addition of a vibration control method, with the initial conditions
as previously stated.

The other point that is of significance and is shown clearly in the discusslon of the
direct v£l1ocity feedback technique and the MIMSC method is the limit on force
that can physically be applied to the beam. This is dne t'.l t't ':ulit::\ of the signal
conditioners and the actuator itself. It therefore becont,'o:>...r.. imp" r~~~t-::ia...::torto note
when developing a control system, since a fa;r more impressive dynamic response
will be fe and without the physical limits of the actuator. This is illustrat~d ;n
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Figure <1.11:Voltage applied to the actuator for the controlled response, using the
MIMSC method with &. smaller magnitude disturbance.

Figures 4.16 and 4.11. Although, these figures ate obtained with the use of the
MIMSC technique, a similar dynamic response of the beam will be obtained using
the direct velocity feedback method.

4.4.1 Direct velocity feedback va, MIMSC

These two techniques are both. based on the same prlnelpal, namely state variable
feedback. However, the MIMSC method employs both position a.id velocity feed-
back, While the direct velocity feedback method USesonly velocity feedback. It is
important to note that neither of these methods use true state variable feedback,
since accelerometers are used and the velocity and position of the beam are esti-
mated. In the case of the MIMSC meshed a double integrator is used to determine
the physical position of the beam. This makes the MIMSC technique more com..
plex and intuitively suggests t~ ,t it sheuld solve the problem better provided that
tIle states measured and synthesised are an accurate representation of thn physical
behaviour. However, it must be, realised, that with the added complexity of the
control system, the time to calculate the actuator force is increased and hence the
time delay between the samples is increased. The effect can negate the intuitive feel
that the MIMSC method should perform bett~r than the velocity feedback method
for the same system.
There is a further difference between the two methods presented in this dissertation,
however this is more of a. philosol>hy tha.n part of the control technique developed.
This difference is t1.o time sharlng;mechanlnm implemented by the MIMSC method.
Since thtl time sharing is built around the state variable feedback control it is not
strictly part of the control technique, but rMhor an additton to the overall control
system, incorporated in an a.ttempt to control many modes with a fewer number of
actuators. One lUayview tbis as a primitive adu.ptive control strategy.
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By studying the plots representing the dynamic response of the controlled system,
it Is evident that the MIMSC method uses more energy to achieve the same result.
This does not confirm the suspicion that by using both velocity and position feed-
hack, the dynamics of a structure may be better controlled than by simply using
velocity feedback. Numerically this is easily shown and may be enhanced in the
physical implementation, since the complexity of the control method may challenge
the controller and actuator further, resulting in a poorer dynamic response than
that represented in the numerical solution. The experimental implE'mentation and
results are presented in the next chapter.
A further point that must be discussed Is the evident time tlharingmechatUsIDof the
MIMSC method. This can be Seenfrom the plot showing 'oltage versua time with
the MIMSC control method In operation (Figure 4.17). Th~ actuator is dedicated to
a certain mode and the change from.controlling the first mode to the second mode
and third is dearly seen. It is also clear that when too demanding a task is placed
on the controller, an attempt to control only the first mode is made. Again this
can be seen from one of the plots representing voltage versus time with the MIMSC
method in operation (Figure 4.15).

In this section the two control methods are compared, but the direct velocity feed-
back method is deslgned to control the first twomodes, while the MIMSC method is
shown to a.ttempt to control the first three modes of vibration.. Infact it makes little
or no difference to the dynamic response of the cantilevered beam if the MlMSC
method is dedicated to only the first tnt(> modes. Irhia is true since the major initial
task of the control system is to da14p out the intense vibration caused by the first
mode of vibration. This Is again clearly seen In the figures describing the voltage
supplied to the actuator for the MIMSC method.
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ChapterB

Experimental overview and
results

5.1 Experimentalset-up

As discussed tllfoughou,t this dissertation, the experimental apparatus used to ex-
amine structural vibration control was a steel cantilevered beam. This beam is made
from spring steel to provide flexibility and is clamped between two mild steel brack-
ets, so as to simulate a fixed end as closely as possible. The dimensions of the beam
were chosen so that the length of the beam was very much grea.ter than its thickness.
This allowed for the assumptions made in Chapter 2 to hold true. The dimensions
and mechanical properties of the spdng steel beam are given in Table 5.1, whilst
Figure 5.1 describes the cantilevered beam graphically, showing the drmenslons used.

'labIa 5.1: Spring steel beam properties

_l
_~,.1.6mm

______ ~1.5mm-~~~
~ 4001111n

Figure 5.1: Spring steel beam and dimensions

The other components olthe test a.pparatus Included the sigual conditioning devices,
the sensors, actuator and the controller.
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5.1.1 Hardware considerations

A number of publications discuss optimal sensor and actuator placement [5, 4, 8].
However) all seem to have an equal number of sensors and actuators, ofte'" up to
:fivesensors and actuators on a flexible beam. Besides the difficulties of the limited
space along a t~st rig, the effect of the sensors and actuators is to alter the dynamics
of the system considerably, unless sensor) such as optical sensors and actuators
such as electrodynamic force actuators are employed. The term most papers use
to describe the placement of the sensors and actuators is the collocation of sensors
and actuators, simply meaning the same physica.11ocation of sensor and actuator,
so control methods need to be employed to achieve the required results.
Baruh and Choe [5] diSCUESthe issues associated with sensor placement ill struc-
tural control. Results are presented shOWingthe optimal placement of five sensors
for pinned-pinned beam and a tapered bar. Failure of the structure is also consld-
ered and backup positions are presented for this purpose. Although \;he papers by
Goh and Lee r251 and Goh and Caughey [24] do not deal exclusively with sensor
placement, the stable control methods that are discussed in these papers rely on the
fact that the sensors and actuators are collocated.
A further consideration for many researchers in the field of structural control is the
selection of sensors and actuators. The selection of au actuator has become the
subject of many papers [1, 6, 8, 16], with the vast majority opting for the choice
of a piezoelectric crystal used as an actuator. With the sUHt:ss of tho piezoelectric
crystal due to its properties, a. number of papers have been published on the use of
piezoelectric film, The use of the film instea.d of the crystal is due to the fact tlla.t
thA piezoelectric film is a.distributed parameter, potentially making the control of a
continuous system. easier,
'I'he papers discussing the MIMSC technique cite the use of the piezoelectric crystal
in she experimental portlcus of their work. The author together with Wood [26]
used a piezoelectric crystal in undergraduate research on active vibration control in
flexible structures, and found it to be suitable for the task. A paper relating to this
research was published [27}, describing the theoretical background and practical
lmplementation of a. control system fot a flexible structure. The direct velocity
feedback system was employed and together with either an electrodynamic shaker
or a piezoelectric crystal as the actuator ).stcble control system was developed.
Bailey and Hubbard [I] and Burke and Hubbar-l [16] are among the rC}.learclte15that
have published work on active vibration control using a,piezoelectric ..polymer as the
a.ct'lator. These works employ a complex ma.hematlcal method, whereby the control
laws are obtained so that the law can use the (.U(;)trlbutedparameter actuator. Sadek
et al [47] were alllong other researchers tha.t also discussed the use of distributed
parameter actuators, and showed their applicablfity. Doth papers dealt with flexible
beams as their test systems.
The use of shape memory alloys as actuators in active vibration control has also
been documented. naz, Imam and McCoy [6] document the feasibility of using shape
memory actuators (SMA) in. controlling flexural vibrations of a flexible cantilevered
beam.
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5.1.2 Sensors

Tho transducers used to detect the vibration of the beam were accelerometerc. Ac-
celerometers 'lIere chosen primarily due to the fact thl.l.ta velocity or position of the
beam could be estimated from the acceleration signal by an integrator. This Viasa
better r(l\!i'~tha.n using for example proximity probes or linear varying displacement
transducers (LVDT) since these devices would demand numerical differentiation by
the controller, which tends to produce a large amount of noise on the output.

The other reasons for the use ()fthe accelerometersWM that Strut Cell accelerometers
were avaliable in the laborat(.'ty and these at's light weight compared:with the weight
of the beam. Therefore, the dynamics of the beam are not greatly affected by the
attachment of the accelerometers on the Leam, This can be seen from the theoretical
development of the beam equations and transfer functlou given in S~r.H 2.1.3.
All the accelerometers were calibrated against a rotational acceleromeie» w lth vendor
supplied calibration data before they were used.
The other sensor used was a force transducer, The force tr... sducer WaG affixed
between the actuator and the beam. This was done so +hat a .ra'.sf€f function
between the accelerometers on the beam and the force applied I) tne be.. n could
be determined. This was described in section 2.2. The calibration constant of the
force transducer was taken :nto account. Although the force transducer was not
necessary in the experimental work, other than to monitor the force applied to the
beam, the transducer W(l.S left in place so as not to affect the beam dynamics that
were experimentally determined.

5.1.3 Actuators

A number of actuators had been tested in previous work relating to the subject
of vlbratie control [26]. These included piezoelectric crystals and electrodynamic
shakers.
From preliminary investigations in undergraduate research, the piezoelectric crystal
showed promise in the actuation of the control of structural vibrationj this has been
confirmed by a number of papers [1, 8, 18, 26] which have discussed the use rf
both piezoelectric polymers and crystals as the a('tuating component. The main
drawbacks in the use of piezoelectric materials is the large amount of energy that is
required felr the best performance of the crystal and the cost of either the crystal or
the polymer. The crystal used previously was approxhnately 5cm in length, which
required up to a. maximum of about 2500 volts in order to extract the true value
from the actuator.
T-heelectrodynamic shaker proved to be an excellent actuator, Although, the shaker
th~t was a.valiablewas too large for the cantilevered beam, previous work showed
that the electrodynamic shaker would counteract the vlbratlo- in the beam quite
~Mily, However, thc design that was employed was probably an. over design. This
particular electrodynamic shaker would also not always be avallable, and the cost oi
new smaller ahakera was too much. Therefore, an.alternative actuation system was
sought.
Tbe actuator that was decided on was based on the same principal as the electro..
dynamic shaker Syfttem,but ha~ a. much smaller peak force output, and could be
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permanently fixed to the test structure. This actuator was a load speaker coil and
provided a. cost effectivesolution to the problem of actuation.

5.1.4 Signal conditioners

The main signal conditioner used was that of an amplifier for the actuator. .this
provided a current large enough to drive the speaker coil from the controller output
voltage, The amplifier is fitted with a current feedbackmodule, so that the voltage
lnpu t to the actuator is proportional to the force applied to the beam by the actuator.
Thls was measured by taking a transfer' function between the voltage input to the
actuator and the force applied to the beam, and it was found that the voltage was
Indeed proportional tv the fo~'::0.
The use of a.nalogue fllters were not necessary, siTl,!Q it was decided that the fll-
terlng would be done digitally, providing for greater flexI1ility. However, analogue
filters would be used to compare with those that had been numerically designed and
digitally implemented.

5.1.5 Controller

Up until very recently experimental work that has been carried out employed the usc
of analogue controllers. Fc<wpapers such as [15] and [11]discus! ..te use of digital
controllers. The first paper makes reference to a specific digital signal processor,
named the TMS320C20 nsp processor. '!'his type of hardware is of pa.rticula.rin..
tercst in the current research, as ... e project will use a.digital processor of the same
type except for the added advantd.geof using floating point processing. The other
paper discusses the AT&T nEP32C processor for use as the digital controller. 'l'he
use of this processor as a. controller is shown to be employed so as to successfully
implement a very complex mathematical algorlthra such as the Wiener-Hopf opti-
misation routine as described by [11].

Hanselmann [28], discusses the processors on the market until 1987, that could be
employed as dlgltal controllers. Furthermort\) the pitfalls as wen as advantages In
the use of digital techniques are outlined. This paper gives a good overview of the
current digital processors commercially available and allows an aMY selection of the
best processor for the particular application. Hanselmann also compares some of
the bettor known processors, by implementing a control algorithm. Although the
digital filters that are used as examples to demonstrate the capabilities of the nsp
(digital signal processors) are fairly simple systems, the comparison of fioa-tillgand
fixed point processors is evident.

In previous WO'iK an analogue computer was used as the controller. Although, this
allowed for the time delay between samples in a. digital controller to he ignored,
the restrictions of the analogue system were noted. The main restrictions were the
number of Integrators and summers present. In addition to this it was found tha.t
the integrators saturated VP I quickly, requiring a reset for continued operation.

It was decided that a. solution to these problems would be the use of a 1igital
controller, with the fiexibility of the controller being the main advantage. Th.ts also
allowed for a more complex system, if the digital controller catered for high speed
computation. The use of a digital signal processor based controller was ideal for
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this application. The controller used in the flxperimental Implementation ill the
Tl-llS320C30 floating point digital signal processor (DSP) card.

5.2 Digital filtering

As discussed in the previous section, digital filtering was used in place of analogue
filters. The number of filters required, made it necessary ttl find an alterna.tive
method to the use of a'llalogue filters to make it economically viable.

A number of 111~erswere necessary. The first being the filter that would attempt
to elimina.te the higher frequency signals; those above the range of the modes that
were to be controlled. The other filters were the filters necessary to isolate a specific
mode of vibration. This was needed since the MIMSC method ranks the modes in
order of their modal energy and to do this the amplitude of each mode is indivldually
required.

5.2.1 Specific filtcrr.

The required filters were designed using MA'l'lrAB and were based on the Chebyshev
filter design. By using the Chebyshev filters a steeper roll-off with a lower order
filter could be found, while still maintaining a fiat (monotonic) passband. This is
achieved by allowillg for equiripple in the stopband, which is kept to a minimum.
This is shown diagran'U.n.a.tieally in Figure 5.2, which has an exaggera.ted ripple in
the stopband to make Figure 5.2 more meaningful.
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Figure 5.2: A typical Chebyshev type---!I filter.

The design is done using the bilinear transformation technique. This technique
requires the presence of an existing low pass analogue filter. The differential equatlon
is integrMed, but a mnnerlcal approxlmatlon to the integral is used and is based on
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the trapezoldal rule, The bilinear transformation is applied, whichmaps thl. =-plane
onto the a-plane by the mapping [44]

21- Z-l
$ = --.---"!"T 1+z-l

where T is the sampling period.

It was found that when the filters Were designed, if the numerator of the filter
had a very small term (typically 1 X 10-14) these filters would not behave prOPC:ly
when implemented on the controller. Therefore, is was necessary to design the
filters in such a manner that as gradual a roll-off ar could be catered for would be
incorporated. Figures 5.3 to 5.6 show the numerical frequency response of the filters
designed to filter out frequency elements not pertaining to that particular modo of
vibration. Figures 5.4 and 5.5 arc both designed around mode 2, since it was found
that by applylng a low-pass and then a high-pass filter; a WilLJrpass band range
could be found rather than using a. band-pass filter.

0.8

.g O.S
::s
.1::
C.r:
<C 0.4

0.:L,----.J.....-_--'-,
o 20 40 GO 80

::reQuencv (Hz)
Figure 5.3: Low-pass filter containing only mode 1 frequency elements.

5.2.2 Integration

It was also decided to use a filter as an integrator. This was because the software
that; communicates with the card has built in libraries that could implement digital
filters. The integrator is based on the trapezoIdal rule and because of the high
sampling frequency a more complex approximation for example Simpson's rule was
not necessary.

The trapezoidal rule is based on the approximation of the area under a curve and
between samples as being a trapezoid. The approximation of this area is clearly
shown in Figure 5.7.
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Figure 5.4: LOW-PMSfilter containing mode 1 and 2 frequency elements.
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Since we know that the bilinear transformation is based on the trapezoidal rule, and
from Laplace transformation tables an integral is given as 1/8, we can use these
two equations together to d«Jign a filter that will be an integrator. The bilinear
transformation is given as

21- Z-ls=-Tl +Z-l
(5.2)

Now using the fact that an integral is l/s and combining with equation 5.2t ~h(j
integ.ator becomes

1 T/2 +T/2z-1
:;:::: 1- z-l (5.3)

TIle frequency response of the filter is shown in Figure 5.8. It can be soon thM as the

o·············~·········~···············:-··

.. <; ~ ~ ' ' « ~ ..· .· .· .· .· .

·150 ..... .. .. "f ~ ........ _ ....... t .t.. .. .
.. ·200~--~----~--~----~----~---~--~----~10~ 10° 102 104 fO'

Frequency (rad/s)

Figure 5.8: Frequency response of the integrator.

filter approaches the Nyquist frequency (half the sampling frequency) the frequency
response deviates from a. true integrator. Due to the high frequency content at which
the filter deviates from an Integrator, this should not have an effect on the system
being controlled.

5.3 Input disturbance

As discussed (Chapter 4), it was decided to u;;e an impulse force as a. disturbance
input to the cantilevered beam. The impulse hammer was used for this purpose
and dlthough the disturbance force was over a. finite time period it could be closely
compared with the numerical impulse force. Figure 5.9 shows a. typical response, in
the time domain, of an impulse force due to the action of an impulse hammer.

The force exerted by the hammer on the beam (for each test) was measured SO that
all the results could be scaled and so compared with the numerical solutions and
with each other.
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5.4 Implementation

With the basic building blocks for the physical implementation of a control law in
place, tlle programs could be written to control the vibration of the beam. 'l'his
was not an easy task, since the eoftware that is used to communicate with the
TMS320C30 card is not user friendly. Furthermore, the budget did not allow for
better software to make the implementation of the control systems simpler. HoweverI
results for each control method discussed in Chapters 3 and 4 were found and are
presented here.

5.4.1 Uncontrolled response

To compare the controlled response in each case, the experimeutal uncontrolled reo
sponse of the cantilevered beam is shown here. The beam Is excited by an impulse
from an impulse hammer and the response is measured by means of two accelerom-
eters. The results presented show phYSicaldisplacement from each of the two 'Posi-
tions. This is consistent with the numerical results shown.

Figures 5.10 and 5.11 show the uncontrolled, free vibration of the cantilevered beam.

These results compare well with the predicted ones shown in Chapter 4. Hence, the
parameter estlmation techniques used to develop a. model describing the cantilever
beam are satisfactory and therefore may be used to predict the physical response of
a similar beam without the need for experimental testing.
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5.4.2 Direct velocity feedback

From Chapters 3 and 4, the background to the veloci.t fef>dbacksystem is given and
the applicable block diagram is shown in Figure 5.12. .

Plant

v
LPF ::::low pass fllter

Figure 5.12: Bleck diagram of the direct velocity feedback system,

Figure 5.12 shows the plant as a "black box" type setup. This is consistent with
the experimental setup since the plant is the beam being controlled and exists as a
single entity. This is clearly shown in Fjgure 5.13.

Figure 5.13: Experimental Setup for the direct velocity feedback system.

As discussed the relevant digital filters were designed using MATr,A}). Different
filters were used to compare results and show the necessity of eliminating the higher
frequency content for the accelerometers. Furthermore, analogue filters were also
used to check the efficiency of the equivalent digital filters.

Three sets of results are presented for the direct velocity feedback metr -d, The
first results shown are for the control of the first two modes, with the filterr, g being
carried out by the analogue filters. These results are shown in Figures 5.14 and 5.15.
Figures 5.16 and 5.17 show the controlled forced response of the beam, using the
digital filters and thp. last results presented for the direct velocity feedback method,
show the importance of filtering out the higher order modes. The response shown
in Figures 5.18 and 5.19 are results of controlled beam displacement neglecting to
eliminate the energy from the higher order modes. 'I'herefore, spillover to those
higher order modes results and the response to an impulse force input shows a,

. neutrally stable beam. .
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Figure 5.14: Controlled forced response using analogue filters, at position 1.
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Figure 5,15: Controlled forced response using analogue filters, at position 2.
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Figure 5.16: Controlled forced response using digital ftltera, at position 1.
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5.4.3 The MIMSC method

The experimental aPPi1ratus is exactly the same as that given in the previous section.
The con )1philosophy, however j is different and only one accelerometer-Is used. The
other accelerometer is len in place so that the dynamics of the beam are not affected.

The block digram of the MIMSC control technique experimental apparatus is shown
in Figure 5.20.

Pla.ntv Energy

F

(LPF:;::; low pass filter, BPE' ::;::band pass filter)

Figure 5.20: Block diagram for the MIMSC control theOrY.

The results of the MIMSC test with an impulse force input is shown in Figure 5.21.
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Figure 5.21: Controlled forced response 'Using the MIMSC technique.
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Figure 5.21 UM£) not show usable results. It was difficult to disturb the beam with a
much smaller excitation and therefore form a basis of comparison with the numerical
results. Howe....er, Figure 5.21 is consistent with the numerical solution in that the
MIMSG technique will not show an improvement on the free response without ;:'I.

larger control force, This was not possible with the speaker coil used In these tests.

5.5 Discussion

The physically measured results compare well with those generated by numerical
calculation.

For the direct velocity feedback method, is it evident that the analogue filters are
more efficient than trtair equivalent digital filters. However, the cost of the analogue
fJters make the US'i~of digital filters very appealing. Furthermore, the variation in
the two sets of resi'Jts is not that large such thac the digital filter solution should
be ignored. The n£;c~ssity of the filters as discussed in Chapters 3 and 4 is clearly
demonstrated in Fjg~!res 5.18 and 5.19. As shown, the beam does not necessarily
become totally unstasle without the highe ... ,ltdi'll'modes being filtered out; a neu-
trally stable response may be the result. Either solution IS unwanted and therefore
spillover into the hie:lz'll1" order modes must be accounted for.

The .:xperhnantal results for the direct velocity feedback method (Figures 5.14 and
5.15) appear much better than the numerical results (Figures 4.9 and 4.10). 1'ms
is due to the fact that t.1te a voltage just larger than the assumed 10 volts could be
supplied to the ac.. "\tor.

Only two analogue filters were available and therefore orJy digital :filters were used
in the MIMSC tests. As with the numerical results, the measured results for the
MIMSC method show that the tests conslstent with, the direct velocity feedback
tests display a. worse response than the free vibration results. It was not possible
to (>,xcitethe beam with a smaller magnitude force and a. different actuator was not
available, so the results reflected in the analytical work are not repeated here.
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Chapter 6

Conclusions and
Recommendat ions

6.1 Conclusions

6.1.1 General

A test structure consisten~ with previous work {7, 18, 26?47,491 was used and proved
to be an ideal rig for testing of structural vibration. As the theoretical work shows,
a steel beam can easily be extended to compare with large flexible structures.

The mathematical model developed from experimental modal panmeters proved
better than a pure analytical ap Iroach. The model was shown to compare well
with experimental results for both the free and forced vlbrasion cases. Furthermore,
the model behaved as expected with the addition of a control Iaw, This is seen
by comllaring the results in Chapters 4 and 5. With the well behaved response
of il'e model, it is evident that a steel beam is a goof!, test structure to use in
str\;....tural vibration research. It is well defined in the theory, and even a purely
analyth.:a.} approach to the mathematical model will yleld results comparable with
the experimental ones.

6.1.2 Oontrel Techniques

The selection of the control laws was based on a literature review. Two techniques
were selected, namely the direct velocity feedbac" and the Modified Independent
Modal Space Control (MIMSC) methods.

The direct velocity feedback method was a. good starting point. The experimental
behaviour of the steel beam was consistent with the analytical results. Furthermore,
because of the reduced complexity of this technique it is less demanding on hard-
ware and therefore cost. The direct velocity feedback method is a useful structural
vibration control tool.

The results of the MIMSC raethod showed tha.t although this technique had promise,
it demanded a large amount of energy to be applied to the beam. The experimental
.results were not conclusive and further work needs to be done to allow for a larger
control force.
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Although the basic control principle Qt th~ two techniques is similar, the control
philosophy is different. The direct velocity feedback method uses as many sensors as
modes to be controlled, whilst the MIMSC method has a "time sharing" mechanism
which uses a reduced number of sensors compared with modes to be controlled.
Therefore, each tecanique would be used for the solution to different structural
vibration control problems dependent on the problem constraints.

6.1.3 Digit d control

'the digital signal processing (DS:?) card was ideal for the application of digital
control. The software, however, used in conjunction with the TMS320C30 chip
was not user friendly and could be improved upon. The budget did not allow for
improved software and therefore the programming of the controllers took more tirce
than expected.

The high speed of the DSP card did allow for the complexity of the MIMSC method
as well as the digital filters to be accurately implemented. Therefore, the advantage
of the digital type controller over the analogue methods is significant and digital
control methods should be pursued.

6.2 Recommendations for further work

A number of areas of the research ate well defined and further work in these areas
is not necessary; they are:

• The selection of a test rig. The cantilevered beam has a.well behaved frequency
response to an input disturbance and it is analytically well defined.

• The US3 of the direct velocity feedback method, other than an extenslou to
more controlled modes.

• The selection of a digital controller. The TMS320C30 based DSP card is ideal
for digital. control. This is due to its high speed and fioa,ting point processing
capablllties, However, currently not enough input and output channels are
available.

From this list it is clear that further work on the MIMSC and other control laws
(particularly (53)) is the path to follow to continue with this research. Once better
software ann more channels are available for the nsp card, higher modes and more
complex systems may be analysed.

The test rig could be improved upon. The selection of different sizes and materials
for the cantilevered beam would lower the frequency at which the modes present
themselves, making it easier to control more modes of vibration.

Diff~rent actuators could be tested. As discussed, both the plezoelectrlc crystal and
the electrodynamic shaker show promise as actuators ln structural. vibration control
and these should be explored further.

The direct velocity feedback method is well documented and the results presented
in this dissertation are consistent with those results. Further work is not necessary
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to verify the applicability of this control technique. The advantage gained over
controlling more modes, however, may be of Interest,

The MIMSC technique needs further work. Specific attention should be paid to the
need of a larger control force for the MIMSC method, and therefore a speaker coil
as an actuator may not be the best solution. The MIMSC method should also show
a far improved frequency response by extending the experimental work to the use
of more than one actuator.

It is demonstrated in this research that state space control theory does not address
the spillover problem. Therefore, other control techniques such as QFT [53] should
be analysed with attention to the need to filter out the «spillover" onto the modes
that are not being controlled.
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