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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 2 test struc-
ture and an analytical modsl desctibing the beam, is developed. Modq; parameter
estimation technigues are used to extract the modal parameters used in “the analyti-
- cal model, Two stroctural vibration control techniques are evaluated by comparing
both theoretical and experimental results, Digital control methods ate used to im-
-plement these control techniques, with the TMS320C30 digital signal pracessing card
used as the digitel conirollex The use of a Aigital signal processing based system
proved to be successful, however, the number of channels available were liniting,
The direct velocity feedback technique is found to be a useful control tool, whilst'-
- the resulis pertaining to the Modified Independent Modal Spaca Control method -
ave not nonclusm _



Acknowledgements

' Twould like to acknowledge my fawnily and Lisa for their continued support and belief
. in me. My brother, Grant, gets & special mention for his help and understanding.
Thank you to my supervisor Dr Brian Wigdorowitz for stepping in at the last minute,

v



Contents

Declaration il

Abstract S - it

Acknowledgements | | iv

Contents - | S v
List of Figures ' '_ i

List of Tables o | oz

1 Introduction o 1

1.1 Historical development of control nengineerng . » o v v .o.. 1

1 l2 s trllﬂural cnﬂtml . LI T R I T T LI I B .! * A F %Y OF N F & ¥ % 4 ¥ + b B 2

~ 1.3 Problem statement and Research Objectives . . v . v v v v v a0 v 2

1!4 Overview Ofthe dissertat‘inn LI I ) .t. 4 F » W & ¥ E K A& F 3 o b 41 oy o 3

2 Continuous system dynamics and transfer functions 4

2.1 Theoretical development of the governing equations, . . v vv v v v v 4

2.. 1-1 Cﬁntinuous BYStGmB - *= 8 b ® & 4 % 4 ¢ K LA koW NoREE . LN I T ) 4

2.1.2 (Governing equations of beam dypamies .. .......,.. 4

. 2.1;3 Th&omtiﬂal tmnﬂfal' fﬂnctionﬂ " 4 P BN AN N I._ [ I S T 6

2.2 Hxperimental extraction of modal paxameters . ;v v v v v v v 14
221 Experimental methods « « v+ i v cvv v nieener .. 15
- 22,2 TExtracting the frequensy response functions . « v v v v« v v . 16
22,3 Parameterestimation .. .. ... vienveinaneaa. 17
23 Synthesis of the mathematical model « < .+ v v v v iur e er.s 10



vi

3 Continuons Vibration control methods 21
30 Control BYSEEMS . v v« o v v oo v er i ar e u e anea 21
3.2 Overview of research done in stracturalcontrol « v+ v v v v oo 22
324 Early publications relating to structural somtrol . . « . . .., 22
3.22 Research reloting to smaller structures o » « s o o o o0 v vy, 23
3.23 Alternative control fechnigues . . v o v v v v v b i en v ey, 24
3.3 Feedbackcontrol ,........ ... B I
3.4 Controlling continnous vibration ... i.v. v, NFE 1 {

34,1 State variable Toedback . b v v ey e en e teeny .. e, 28
85 Direct velocity feedbagk « . .4 v v s anunrrenaneanro. 20
351  Accounting for modal coupling . . . .. .., chee.. 81
36 MIMSCTEROR «.v v v ievenenonnnenansnnsees 32

4 Appliéat-io.n' of Control to the Beam - 85

41 Uncontrolled response of the cantilevered beam . . . . Cevsesa. 35

413 The block diagram of the vantilevered beam » o+« o v 24 .\ 35
402 Torced TESPOMSE . .y v v v e v ar eura e ar s ans. 36
4.2 Direct velacity feedback « + . v s v s v v rrrneenuararsos. 38
421 Block dIagail ¢ e v v e v e run e ranne. 38
4.22 Control constant determination . . , . ..o v v v v 40
423 Controlled IBPORSE « v v v v v e nvsvevsanevsoess 42
43 MIMSCmethod .......... e casavaneses 4B
431 Block dagratn . oo v vvineuir it nieacne. 48
432 Controlled 22spomse . .« v v v v v st vt b b a e s . 46
44 DIBCUSSION « « 2 v v o v v v e v v et nvanenrnanorsesasss 49
441 Direct velocity feedback v, MIMSC . v .o cvvuvnay. 50

5 Experimental overview and results | 82

5.1 Experimental sebup . v oo .. P
51,1 Hardware considerations « « v « v v v v s s e s v v e e aaen B3
BL2 SONBOTE » o v s v v v s o nne st onvraniacnrens b4
BB ACCUBLOTS « v« s vt v u vt e b ey 54
514 Signal conditioners . . . o v i i eaaenae s 55
515 Controller . .4 i v i st vniversnnesancarsasss BB

52 Digital ACHNE + v o v s v eevsverennnsnronssenses 56
521 Specific AlbeIS . « o« v v v veb i n et enen. BB



) 52.2 Integratltm e n.. PR - .
53 hp“tdlstmbanOB#vliioili-

5.4 Implamentation A

54.1 Uncontrolled response . . . .
-5.4.2 Direct velocity faedback . . .
543 ‘The MIMSC muethod . . . . .

5.5 Discl!SSimI-...oa-‘--”....

6 Conclusions and Recommendations

L]

. 691 CD‘RChlSiOBE u'a ;-.#'t tt L L
611 Geneyal .v.v v

| 6.1.2 Oontrol'l‘echmqueu C e
- 86.1.3 Dlgttalcontrol f v
8.2 Recommendations for farther work

Ra_ﬁrence?s_ '

LI |

57

67

00
6

seeaa 80
L] '_1_ - . Q‘ " 61
. o 61
- LIS ) ¥ 63
..... 68
* & i [ 69 .
P Y [ ) ﬁg
LN T n. .. 70
- a vew 70

7z



List of Figures

2.1 Free bady digram of the element of the vibrating beam . . . + + . .
2.2 The system showing the beam, actuator and SADEOTE. + 4 v 4 4w «o 6
9.3 The system to be modelled .+ . v v e v v e nr e e an e |
. 94 'The homogeneons cantilevered baam. . o » v v v v vy v v 0 b s o .12
2.5 'F.:eﬁue:lcy tesponse function at position 1. , . . ... . i . 17
2.6 Frequency response function at position 2. .+« » .. .., . veei. 18

3.1 The elements of au open loop controlsystem. . ... ......... 22
3.2 The ¢lements of a closed Ioop controlsystem e 22
3.3 A scalar element with and without feedback. . .. ... 000 v. .. 27
34 Theplotsof 2 and 22/{(Z2 4+ 1) v v v v i v nnnnnnananens 27

4.1 ‘The block dlagram showing the uncontroted dynamics, . ...... 36
4.2 Uncontrolled response at position Io « v s v v v v s e vueens, 37
43 Uncontrolled respoﬁse atposifion 2. .......... Cenen . BT
4.4 'The block diagram for velocity feedback controllaw. ., . ...... &9
4.5 A plot of the absolute value of the physical displacement. .. ..,.. 41

4.6 A plot of the absoluie value of the physical d:splacament multipied
thm“ghbythehmefunctlonyl 4 & 8 & 3 4 4 8 F 2 " 3 4 oA AN RN 41

4.7 A plot of the chjective function versus control constants, . .. . ... 43
4.8 A plot of voliage versus the control constants, . v+ v v e u . 43

4.9 Controlled forced responze at position 1. . ..« . v v o veeas H4
4,10 Controlled forced response at Position 2. . . s v v v o v v v v s v 0. 44
4.11 Voltage applied to the actnator.. . ... ... . Ch s aae s vase 45
4.12 Voltage applied to the actuator with attention g:ven to the initial

displacement, . .. .. .. S T 1

4.13 Block diagram for the MIMSC method, . . R 4
4.14 Controlled response at position 1, using the MIMSC method. . ... 48

4,15 Voltage applied to the actuator for the controlled response, nsing the
MIMSCmethOdI‘lliltl.t!i‘llllllblli‘l'l‘l!‘ 48

Vit



438 Controlled response at position 1, using the MIM& s method w:t!: %
+ sraller magnitode disturbance. . . v b v v v i sk e e ma v r e

o 5.4 .17 Viltage applied to the actuator for the contro]led response, using the

MmMEC me!:ho& Wlﬂl a sma]]ex magnitude chsturba.nce e e s

61 Sprmg steel heam and dimensions .. ..., . , b e e e

B4 Tow-pass filter containing mode 1 and 2 frequency elements. -
5.5 High-pass filter contaming mode 2 and higher frequency elements,
5.6 Band-pass filter contaming only muda 3 freqnency elements. e
5.7 :Thatra.pazmdhetweensamples _
5.8 Frequency response of the mtegratur ..... e ey
8l
82
62

5.9 Force versus Time for & typical measnred impulse force, . . ...,

5.10 Uncontrolled reaponse a2t position L., . . . . EEEEEERRRE
&1 Hscontrolled Tesponse at position & , . ..y x e e

- 5.2 Block diagrata of the direct velacity feedback system. . . v v\ . o
- 5.13 Exyurimental setup for the direct velocity feedback system. . . . |

" 514 Controlied forced response using analogue filters, it.pusition- 1 .

5.5 Cmtyqlied'fort:ed fesponsa using analogue filters, at position 2. .

5.16 Controlled forced respuﬁse using digital filters, at position 1. ..

5.17 Contrclled forced res';“:onse using digital fllters, at position 2.

5.18 Controlled forced response without filters, at pnmtmn | SN

5 19 Cuntroﬁed forced response without filters, at pes:tmn 2o

520 Block diagram for the MIMSC contral theoryi . « « « . . . '. e
5.21 Controlled forced response ualng the MIMSG techniqua. ot

49

50

. 52
5.2 " A typical Chebyshev type-TUfilter. . .o v vuvvuvnsen s,
5.3 Low-pass filter containing only mode 1 frequency clements, . .. .

a6

-5
38

58

5
B9

80

2zea

85

66

86

67
67



2.1
22

. 23
24
25

2.6

54

List of Table‘s

Coﬁsténts for the céntilevered DA, « v v e s m e na e e

B

The first five natural frequencies of the beam. . B
Modal pa.tameters predicted theoretically, for the ﬁxst five mo&es c. 14
'Mndesha.pema.tmcatpeintsland.‘z. L R I RIS

Modsl parameters determined, for the first five modes. . . . . , ; 18
Mode shape matrix determmed(scaled for umty modal mass). « . .« 18
_Spnngsteelbea.mpmpert:es......'.,. .......... C e

. 52



Chapter 1

| Introduction

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 zesearch 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 technolugy, With the successful devel-

opment of these electrical systems it was reulised how much more could be monitored
and controlled within the engineering environment. :

In early a.pplzca.txans, control was used in la.rge 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 powsr 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 figld, It is an area where

factors such as rise time ate represented in minutes, hours or even 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 compansan between two different
controllers a much simpler task.

- With the development of high speed microprocessors the task of physically imple-

menting complex control Jaws 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 mechanical systems, notably mechamca.l
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 inkerent
fexibility, mechanicsl engineers started to employ active control methods in order
that the structure was stable when being perturbed. The use of ¢ ntrol methods
allowed engincers to use improved design methods as well as light weight materials
te dasign structures, 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




resesrch in the field of vibration control is currently being conducted [6, 11, 25, 38,
53).

1.2 Structural control

Part of the research in active control of structures addresses the structural control of

large space structures (LSS). This seems to be due to the funding avaliabla, especially
from NASA, for work done on structural consrol for structures such as solar panels,
antennae and the like. The LSS like any other mechanical structure which is light: in
weight and fexible, usually exhibits undesirable dynamic characteristics, adversely
affecting its design function. However, if vibration conirol 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 thair ﬂexibalzt}- poses a number of
difficulties when designing a control syatem

. The first aspact to consider is the fact that a structure is a distributed pa~ .

rameter system, To design and practically implement a distxibuted control
action i impossible, Hence, the conttol action which generates a finite num-

ber of contro} forces must be employed throughout the distnbuted structure

to control the system in its entirety.

o The flexibility of thete structures then iniﬁates the problems. associated with
undesirable dynamic response to a disturbance. This poses a demanding task
in controlling the vibration in flexible stmctures

"These consxdera.txons have been addressed with varying 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 conirol, as pre

sented in Chupter 3, gives the misleading impression that sufficlently good solutions
to the problem of vibration in stiuctures have been found. This however, iz not

entirely true as becomes evident in the dissertation and continued research is mecs

essary to improve the control methods applied in the active vibration control of
flextible structures [2]. _

Many of the papers discussed in Chapter 3 sutline the problems leading to instability

of a plant for vatious 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 fo obtain stable control systems that will meet gwen
spec:ﬁca’uona and remain stable for any input distur: ance.

Another area that still needs extensive research is the use of digital controllers in.an

attempt to limit vnwanted vibration. Few papers dealing directly with structural

"Wm&% T

‘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 cnntro]lars for a controlled
gystemi,



The objective of this re_search is to'a.na.lytically and experimentally investigate:
1. various contrél techniques in the active vibration control of flexible structures
2. digital implementation of the contrel techniques Snvéstigated.

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

» To davelop a test siructure consistent with previous work; it should also be
easy to manufacture and be cost effective. :

s 'To develop a mathematical model that will aceurately describe the test struc-
ture. The model should agree with eucperimental results for both frea and
forced vibration.

o Select relevant control techiiiques and present o theoretical ba.ckgromd to the
control method. Show analytical results pertair ing to the control methods and

the test siructure,

~ « Implement a digital control system, using the conirol techniques selectetl and
_ avaliable hardware.

s Evaluate the control methods and compare experimental and analytical results. |
In addrassing the ohjectives that were set, the following a.ppfuach was adopted:

-1, two of the more prominent techniques, the dxrect velocity feeﬂbax:k and the
MIMSC techniques, were applied

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

The sesults from the direct velocity feedback method chowed an improvement on
the uncontrolled dynamics, whilst the MIMSC results were inconchusiva.

1.4 Overview of the dissertation

‘The tasks given in section 1.3 were addressed as follows: :
Chapter 2 ontlines the dynamics of continnous systems and the development of
a theoretical transfer function of the systaru to be controlled. The experimental
. extraction of the modal parameters is discussed, and a comparison between the use
of theoretical and experimental modal parameters is presented, _
Chapter 3 discusses continnous vibration control methods, with an emphasis on state
variable feedback, The matheraatical equations for the control techniques considered
- in this research are developed and discussed,
Chapter 4 compares the numerical zesv1ts of the direct velocity feedback and Mod-
ified Independent Model Space Control {MIMSC) methods, The simulations are
carried out neing SIMULINK [60] running on Marras [38],
Chapter 5 presents the experimental implementation of the control methods. The
resulis obtained from the xmplementa.tlon are discussed and compared to the simu-
lated results.
The conclusions of the research together with recommendations for ﬁzture work are -
- presented in Chapter 6.1, :
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Chapter 2

Continuous system dynamics
and transfer functions

2.1 Thearetlcal development of the governing equa-
tions

2.1.1 Cantinuous systems

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

Continuous system modelling, is more complex than discrets system modelling, since
the vibratory motion is described in terms of a spatial and a time dep . 1dent varinble.
Other factors to consider are the manner of support of the system as well as the
elasticity of the structure,

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

2.1.2 Governing squations of beam dynamics

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

» The rotary inertia of the beam is neglected. The rotary inertia comes about
from a small apiount of rotation of the beam duwe to bending of the beam.
Since lateral vibrations of the beam are being considered, the beam vibrates
due to bending and some votation must be present. However, the rotary nertia



compared to its length. The effect of rotary inertia results in an increage in
effective masg and hence a lowering of the natural frequencies. This effect
is raore pronounced at higher frequencies and hence more influential on the
higher modes.

# The shear deformation across the depth of the beam element is neglected. As
discussed above the rotation is assumed to be entirely due to hending of the
beam element, For slender beams the effects of shear deformation may be
neglected.

s Damping is neglected. As long as the structure s lightly damped (flexible),
~ the neglecting of the damping mechanisms will not have a significant effect on
the overall systern dynamic behaviour.

It is evident from the ahove discussion that if the system to be modelled and hence
controlled is flexible and slender, the assumptions are justified, Therefore the stan-
dard approach of considering a small ¢lement of the beam and equa.tmg the moments
and shear force can be employed.

Consider a fres body diagram of a beam element, shown in Figure 2.1, Summing

¥y

Figure 2.1: Free bbdy digram of the element of the vibrating beam

the moments 3 about any point on the right hand side of the beam yields

oM |

where V' is the shear i‘orce From & force balance performed on the element, we
obtain -

m; 339 —w(z,i)-i-a o {2.2)

where « is the d:splacement of the element, this is compared with
 which is the directinn of vibration in general coordinates
m; is the mass per it length and
w(x,{) is the external force.

Using equation 2.1 and equation 2.2 together, we get

2
et ol i)+ S5 *gg (2.9)

i
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‘I may be shown,.by ugng bending theory [51], that
| &u

EIg—-:—M | I T

where E is the Young's Modulus of élagticity and
I is the moment of inertia.

Substituting equation 2.4 into equation 2.3 yialds

u 8 '
g w(z,t) — Fat (EI 6!:42) | (2.5)
¥ my, B and I are constant along the length of the beam, #hen equa.tmn %5 can be

rewntten as
8211 23" W(C_E,.i)
T mi (2.6)
where 2 = ;%f-. '

Equation 2,6 is the goVermug equation of an Euler—Bemouili beam.

._ 2.1.3 ‘Theoretical transfer functxons

In order that a control systeiz can be designed to limit the vibration in a wbrahng
heam, the governing equationa are traditionally given as a set of ordinary diffevential
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 terms of a set of ordinary differential equations (and

there are infinitely many), the complete system to be conirolled must be known,

Therefore Figure 2.2 shows the beam to ba controlled and its relevant components.
Sensors

Cantilever
beam

= Actuator

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

The actuator is & loud speaker (coil winding) attached to a foreo transducer wnd
to-the beam. The effect that the actnator has o the heam is an increase in -aass
rather than stiffuess since the force transducer is rather heavy. The attachment to
the beam is a stinger and therefore attaches Gver a very smali area, hence a point
mass is added to the system, having the effect of lowering 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 frans-
ducers will alter the dynamic characteristivs of the system. Therefore additional
Immt Maghes are a.tlded to the beam af each point whete an accelerometer exists.

LR | [ R T | P TH E | S, AR PR ' SRR T,




Figure 2.3: The system to be modelled |
 Solution of the beam eguation

The technigue used to determine the solution of equation 2.6 employs the separation
. of variables methnd. 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 then used to map the equations into the s-domain and
* hiente devalop the transfer function. The generalized eiganvalue problem allows the
time and space depeadent vatiables to he sepa.rated and deve}ops & get of equahons _
Zoverning the time dependent solution,

The general formulation of the eigenvalue problem states, if we haVe a functlon z of "
one or two mdependent spatial vanablea, the expression

2 |
L($)=¢oz+a.tgm+ﬂnay+aagm: +m£§y+ | (29)

in which g, 3.+« 478 lmomrn fzmatinns of the s;m:ial variables # and ¥y represents
a linear homogensous differential expression for z, The expression L(2) iz a combi-
‘nation of the function z and its de watives through order p. Therefore the linear
differential operator is of the form .

2 d
L= ao-l-ala +“‘§y+a‘?‘§m3+“8may+m _ (2.8}

For the present problam; the beam equation is represented in terns of a single spatial
variable (). Using this simplification, equation 2.8 cani be written as

L=%+ﬂ1%+.'%3%+33§%+"' . | (2l9)

where ay, dy, -+« are known functions of 2 only.

- Therefore equation 2.6, for str:uctum that ig hnmogeneorus along its length, can be
expressad as

z(a:,t) ey 101}
M(8) -+ L{) = ~5r | _(2.10)
where & represents the second derivative of dxsplncement with respect to time, M

. and L are special cases of the generalised linear differential operators (equation 2.9) .
and for this particalar problem are defined as o

M = % (211)
. pTs .
L o= o (212)

The model is developed in three stages:



1. The firat at@ge is the development of the jres response, without the inclusion

~ of the point masses. o _

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

3. The third ctage employs the e:genfunctmns found in stage 2 to solve for the
forced response.

- STAGE 1: Free response
For the fres response, the externally acting force (on the beam) is equal to zero,
therefore from ec;uat:on 211

| CM(B)+L(w)=0 (@49)
Sepatafing the time dependent and spa.tiﬁl va.riahl_ea ' '
- ulz, 1) = g{th(x) (2.14)

where ¢ is a function of ¢ and
¢ is a function of @.

Substituting into equation 2,13, we nbiain

i__ & _ o (5 1KY

R iah R (@28)
Therefore _ _

L(¢) = A*M(g) (2.18)

The function @ is referred to as the eigenfunction and Js » function of the spatial
variable z only {compare this to the eigenvector in the discrete system). A is called
the eigenvalue and represents the natural frequency of the system,

Associated with exuution 2.16, are four boundary vonditions that the fnnction &
must gatlafy along the boundary of the chosen domain ¥, The boundary conditiane

are of the form [39)
B(¢) = X*C(¢) {217

As before B and C are linear differential operators of the form given in equation 2.9,
The intent {5 now to solve for A? for a non~diminishing elgenfunction (@) so that &
satisfies the boundary conditions at each point along that boundary.

Consider the case where the eigenvalue does not appear in the houndary condition
equations, that is

' - B¢) =10 - ' _ (2.18)
Thie occurs when no inertial load i present at the tip of the beam [51]. Thia ia the
case in this research,

From equations 2.16 and 2.18, the eigenvalne problem is said. 0 be seb“-admint if
. any two arbitrary functions v and w

| L Lw)ds = j; WL(v)dE  (219)
and (2.20)
| /;: vM(:w')dE. = jn wM{p)ds (2.21)



hold true. Whether a eystem is self-adjoint or not can be determined by means of
integrating by paris (see Tse et al, {51] pp 273-275).

~'The orthogonality property can be extracted by considering two distinctive eigen-
values ), and J,, with ¢, and ¢, being the corresponding eigenfunctions. Since the
governing equa.txons are a gelf-adjoint eigenvalue problem,

L(g) = XNM(é) {2.22)
and {2.28)
L(#s) = AM(gs) (2.24)

Multlplymg equation 2.22 by g, and equation 2.24 by @, subtracting the ane equa-
tion from the other and integrating over the domain % results in

JACEICORESCH R f PEAMG) - HAM@ME  (225)

Since the e:geufunctmns @, and $, are solutions to the self-adjoint eigenvalue prob-
19"1'

: j;:eb._n(gbf)dz =} 1{¢,)dE (2.26)
and . (2.27}
| fomeniz = [ aMigan e
- Hence equation 2,25 reduces to
(2 -3) [ M(4)a8 =0 (229)
But in general A # A, therefore _
j; $M($)AE =0 for A Ay (2.30)

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

[‘J . L{6,)d8 = 0 far Ap # A (281
Honce for the expression L{¢) = A3M(4) ay per equation 2,24, the orthogonaiity
condition can be expressed as :
- 30 forrés
L@M(@)ds = { o forres {2.:32)

where I denotes the integration domain which is the eatire solid and
ttr 15 called the modal mass by definition.

Note that for the spec'ia.l case where M is not & differentisl operator, but simply
a function of the spatial coordinate as is the case for a cantilevered beam, the
orthogonality condition becomes

jn MoydydS = 0 for Ay # A (2.33)
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‘Therefore equa.tmn 2. 32 for 4 cantlle\'ered beam may also be eexpressed 88

0 farr
ay forr= .-3_

- jﬂ qu.dﬂ—»{ O @ay

STAGE 2: Extension to point masses :

Since the inclusion of a number of point misses along the beam exists, equation 2.

* must be modiﬁed, yielding _ .
_ ' -P-(ii) + I.[u) | : - {(2.35)

where

Em.ﬁ %~ a:;)

where my is ¢ the ith point mases,
#%; is the location of the th point mass anrl
6 is the generahsed Dirae delta function.

~ Now aga.m separating the varmbles, yields

| Ltqb)w*m) I (2-375
or o : L
PP LU "’*’ﬂ B )

.Aa beforr tlus is a nepresentatmn of the generalised aigénvalue problem, For this |
particyiar case, w js the eigenvalue and ¢ is the eigenfunction, It is clear that
~ the inglusion of the point masses has changed the values of the natural frequencles-

{inruitively it should lower the natural frequencies).
Choosing a particular eigenfunction,

2 [mdy Eﬂ'iia(“"""i)ﬁbr T
| L(qb,-) =l BT + & 5T ] o _(2.39}_
Using equation 2.18, and suhgtitutmg_equa.tmn 2.39 for Li{¢,) glves
9 _ gfm'mi» 2 mib(z - %)y | _
NM(g) = [T 4 BEEESHI ay)

Multiplying equation 2,40 through by a diffesent eigenfunction, say gy snd integrat-
ing over the cntire golid _ _

[ o an [ o2 [ponatar) BT l”‘m”‘] (2.415'

Now referring to equation 2,84 and abseerg the orthogonality of the eigenfunction,
we reduce equa.tmn 2.41 to '

A,.a,. = wf [uf +2 ;E::&Ja;:(g;z)] B .- . (242) o

‘Therefore

(2.43) '_

: %
. PR
. e
14 1 5 i,
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The intuition that by including the point maszes the natural frequencies would be
lowered is clearly shown in equation 2.43.Note that the natural frequency before the
inclusion of ihe point masses was X and now it is given by w,

" STACE 3: Forced response

The eolution for the forced response is carried out in the same way as for the {ree
response, Eigenfunctions from the first stage are used to construct a basis, which
forms the solution of the forced response. Therefore as before

sz, ) = Eq,cr)«:»(z) S (244)

Now, rewriting equation 2.6, but including the point masses and using the fact that

w2y t) = T 0 ()b (2)

| [  Emila— 28] raig) =20 )
Using the relation L{¢,) = A2M(4,), |
ﬁ. [11;?, + E m;ﬁ(;; 3;')@] AQM( ¢f) w(:’c? t) . (2‘43)

Then multiplying equation 2.46 through by ¢, end mtegra.tmg over the spatial
domain,

I [%M(m . z:m.a(zmz.)gs,qs..] 5+ [ aemgin = [ Wl Berthh
: (2.47)

Evaluating the integrals, gives
J- wimtdn dﬂ
bt 1+~L2m‘*‘?§ﬁ’;‘ R S )
Equa.tmn 2.48 ¢an be written in the form

& +ule = £0) (249)

where ¢ is called the generalised or modal coordinate and
wy 18 the natural frequency of the rth mode,

- (2.48)

This equation is of the standard second order form, without the inclugion of the
demping term.

The theoretical transfer function

With the use of the loud speaker cofl as an aciuator, a point force is applied to the
beam when a voltage is given to the speaker. The wrphfier employed uses a current
feedback module, allowing for a force proportional to the voltage supplied. This is
nnte? bere so that the theoretical transfer function is d weloped taking into account
this factor.

Hence, the external force can be wutten a8
(@, ) = £o(8)0(z — 2;) o (2a0)
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where f., is the force of the speaker COll a.pphed to the bea.m a.nd
; i the o-coordinate at which the force acts,

'Accountmg for eqna.tmn 2:48, leads to
IE .fe B8{a—zj)ldn d)]

f(t)"‘""' +EE‘(’;§}%}Y

| Uponmtegraﬂngequationﬂﬁibecomm o - _ R
| ae | _ B
)= R )m;;s#,;; | C em

| +2ﬂ‘*ﬁiﬁ |
- Which canbeslmplxﬁedmto the form S o B
8= kfr.-(t) S e

sy

 Hence o _
o O adde=RR®) @)
‘I!ra,nsformmg equahon 2.54 into the Laplace domain and wrltmg it in the form of &
transfer funciion, we obtain the relatmnsh:p between the modal dlsplacemmt a.n&
_ the force a.pphed '

E(a) a’ +ud

where Q(3) is the Laplace ttansform of the modal dxsplacement and _
' P(s) is the Laplace tra.nsform of the force applied to the beam. _

e S -(2.55)__

' Snlutmn to the theoretical tranat_'er function

A program was written in MATLAB to develop the theoretical transfer function and

find a numerical sclation for the specified problem as described above. By including

the action of the accelerometers and the force transducer on the beam the natural

frequencles and the constant (for each mode) k of the system was calculated. Point

1 is 177w from the base of the beam and pomt 2 j¢ 300mm from the base of the

beam,

Tn order that the theoratical solut.ion be obtained for the above transfer funt:tion,

- It is first necessary to deterraine the natural frequencles of the beam without any
point masses, Consider the homogeneous cantxlevarad bo*m with ‘ateral vibration

given in Fxgure 24 . _

R #utilev& B
beam

Figare 2.4: The homogeneous cantileverad beam.

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

Py 8" o '



‘Recalling that R : S o
- _ u(z, ) = flde(t) - {2.57)

Now substiiuting equation 2.67 into equé.tidn 2,56, we obtain
1d _1d o
a2 ~eq _
| ol ¥ = Sl (2:58)
Letting each side of equation 2.58 equal w?
o P _ RPN
i o | R
.Et.i...wg =0 (260)

where §* = wz./aa m(w’f Bl _
Tt can he shown that the generalised solutions of equa.tmns 2,59 and 2.60 are of the
form [51] _

#) = Asinfo+ B oosfe + Csinhfa +j Dooshfz ~ (2.61)
o) = Esnwt+Foswt . {269)
The buundary conditions for the cantilavexed beam are given b}' - '
® u(0,8)=0 and |
(&) (o, )= 0 for the fixed end.
(i) L¥(, ) =0umd
() E3{,t) =0 for the free end

Condition (i) yields B + D 0 and cnnditmn (h) yields A+C = 0, Usmg these
results in equation 261, we ubta.in : _

#(z) = A(sm Bz — sinh fz) +_B(cos ﬁ:p_- cosh Bz) (2,63)
Using condition (i} | | | 5
0 = A(~ sin 81 - sinh A1) 4 B(~ cos Sz — cosh ) (2:64)

and from condition (iv} _ _
| 0 = A(= cos Al — cosh 8l) + B(sin B — sinh A1)  (2.88)
leads to simultaneons equations which for & nontrivial solution for 4 and B, requires

-sihﬁl‘--si:nhﬁf -oosﬂl' cosh 8l

| —cos il ~ cosh i in Bl ~ sinh I —-G N ..(.2.66}

Expa.ndmg equatxon 2,68, yields the cha.ractenstic equatwn

cos Bl cosh Bl = -1 R (267)
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[Tength | Wldth Thickness Density | Yoimg’a Modulus
p (mm) | {mm) | (mm) |{
[00 | 315

Table 2.1t Consta.nts :l'ur the cantilevered beam. -

Mode | Natural frequency (Bz) |
1 = 8.2
I~ .15

CO ~146.08
|4 __ 286,15
5 47308 ]

Table 2.2: The ﬁrst five natural frequenmes of the bean.

Solving equa,tmn 2.67 numertcally, using the constants of the beam given in Ta .
ble 2.1, the values for the beam matural freqnenc:es are obtained. The beam natural
frequenc.les are given in Table 2.2,

" These values are then inserted into equation 2.63 to obtain the natural modes.
Using ¢{=), together with the solution to the cigenvalue problem gives & 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 she first fiva modes, at points I and 2, %1y and

Mode |w (Hz) | & kya
[ 1 | 5.0 2.‘225 [ 5.386 |
2 | 50.40 | 7.640 | 1.721
3 | 141,13 | 3.940 | -6.332
4 | 276.57 | <5676 | 6.092
B[ 467.07 | -5.901 | -1400_

Table 2.3: Modal pammeters predicted theoretically, for the fixst five modes.

kyz are arbitrary ccmstants, cunsistent with the properties of the beam.

2.2 Experimental 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 flters, amplifiers or actuators into the
dynamics of the plant (as a single entity), Hence, the transfer function developed
using this method introduces the physical propetties of the system through direct
mesurement,

14



ST 0753 [ 1,382 | 0729 | -1.063 [ 1021
|2 { 1823 ] 6,811 | -1.188 | 1.141].0.262
Table 2.4: Mode shape matrix at points 1and 2.

2.2.1 Experimental methods

The measurement and subsequent analysis of modal parameters of a structure is
knowsn 1 Modal testing. Modal testing is used o delermine the response of a
structure {0 a djsturba.nce, by measuring the following quantities

» Natural frequancy (w)

" The basic definition of a natural fraquancy deri\res from the undamped system’s
eigenvalues, which yleld 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 be defined, The first
definition derives form the oscillatory p- 7t of the free vibrating characteristic,
which, being complex containg an exponential decay in addition to the free
vibrating frequency, The second definition comez from the general expression -
of the frequency response function, and is not shown here (see [21]). The
greatest amplitudes that are detected on & frequency plot of 4 structure for an
input disturbance, will exist as a funciion of the system natural frequencies,
and is given by /T~ 203wy, where { is the damping ratio. These are the
system eigenvalues. Thenatural frequency can be either damped or undamped,
but for lightly damped syatems the difference is negligible. Undamped natural
frequency is normally expressed in radians/s (or Hz), where w = 2x f. Damped
natural frequency, also expressed in radians/s, is given as wy = wyr/1~ (2
{(where ¢ is the damping ratio and is discussed further in the next point).

~ o Damping ratio ({}
In flexible structures this value is very small (iypically 0.6% of the eritical
value), which presents difficulties in the control system design., The damping
ratlo is usually expressed as a % of critical damping,

* Residue, denoted by Af;. ‘I‘ha residuo is expressed as reierenm DOF {, response
DOF j and mode », The residue is a scaled quantity and can be interpreted
from the frequency response function (FRF) model

4y AR
Hy5(jw) = E [Jw - {5 - . Jwd,) + Jw (s ""*.J.“’.Er)]'

rezl

where ; Is for example the displacement over force FRF, * denotes the com-
plex conjugate and wy, is the damped natural frequency of the rth mode,

» Mode shape 'coefﬁment, denoted as ¥f, or #f for a mass normalised mode
ghape. The mass normalised mode shape coefficient ia related to the mare
generahsed form by

¢ = ﬁﬁ‘

16



where 4, i the modal mass of the rth mode, The mode chape coefficients ars
- expressed o8 a responss DOF 1 and a mode r. These coafficiente are assembled
for all DOF% i to form the modal shape matrix. For the computer package
- used to curve fit the frequency response fumne.ons, the relationship between
the residue and mode shape can be expressed as

sy HH
M 2wga.

~where 7 is the @mplax number 4l to /~1. The residues are usually ox-
pressed as sraled gqoantities, and asually rione 5o that a modal mass for Al
modes equals one (s =1). - :

Modal testing sethods are used because it is often difficult to measure the dynamic
forces causing vibration in a structura directly. Therefore the response of the system

is measured and equivalent forces are inferred. This allows an analysis of complex -

forced inputs without 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 'fun'ction exists between the actuator and

each of the observation paints on the beam. The transfer function is _also knowr to

“be of the form

Ay .
Hyj(s) = Z [8 (s - ar) e (3 - 3"*) (2.68: :

. r=1
F‘urthermore the relationship between the ontput at 2 = my a.nd the input is given
by

wheve u(x;, ) is the Laplace transform of the 4 observation point
Hi;(s) is the transfer function
¥ (s) is the Laplace transform of the input voltage.

The transfer function H;;(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 genes
ally for broad band excitation and reduction of cost.

The frequency responsa plots weare extracted exparimentally using a data acquisition
systeni that is specifically designed for modal analysis, together with the accompa-
nying software. The transfer finction between the accelerometers and the force
of the actuator was determined. The force transduter output was proportional to
the voltage input of the a.ctua.tor, siice a current feadback system was used on toe
~actuator amplifier.

A microprocessor based acquisition system specifically designed to perform modal
analysiz was avaliable {GenRad duta 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 preduce meaningfol results, The

u(ai, s) = Hig(iw)V(a) | (260)

S ey,



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 gystem allowed for four simultaneous signals to be read
in. Hence, the fransfer function was determined by comparing the output voltage
to the transducer response.

Tt calibration constants of the accelerometers and force transducer are taken tnto
accounit by entering the values, hence the transfer function determined shows a
relation between acceleration and foree, not voltage from the accelerometers and
voltage output from the force transducer.

At this stage all the power amplifiers are included in the loop so that when the
centrol system s designed and implemented, ali the system dynamics are {aken into
account, The lavels of the amplifiers are kept constant throughout the sampling and
testing of the heam response.

The transfer functions for twn pesitions on the heam 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 firat two
modez. 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

fgb 200 800 400 500 600
Fraquanoy {Hz) -

Figum 2.5: Frequoncy response funcéion at position 1,
of 177pam from the hase of the beam and Figure 2.6 shows the FRF at a position
of 300mz form the base of the heam,
2.2.8 Parameter estimation

Once the frequency responua functions lmd been determined, the mathematicsl
transfor function could be calemlated. The ascii data from the data acquisition
systom, containing information about the FRFa, was transferred to the PC where



o 100 200  S00 400 500 660
Fraquency {Hz)

~ Figure 2.6: Frequency response function at position 2.

the software package to curve fit the transfer fusiction data resides. A complex ex-
ponential parameter estimation techaique [21] was employed to caleulate the mudal
parameters, In addition, the transfer function relating displacement to force was
- required, and therefore the signal was integrated twice in the frequency domair,
before the parameters were extracted, The mode shapes were scaled so that an
equivelent modal mass of one was estimated, The parameters determined are given
in 'Pﬂ-bles 2.5 mld 2:61

T0%) | Az (/%) X107 | Arg (5/kg) X102

Mode | w (Hz)

___._1' 8.72 | 0.74 19111 8.625
2 48,74 | 046 4,448 ' (1811
§ 12778 098] 5018 | TT4G
4 W24 031 0.195 0430
H 45800 | 0.61 0.043 | 0.241

Table 2.5: Modal patameters determined, for the firat five modes.

3

10458 ~1.650 1.798 0.817 0.499
[ 2] 2.041 -0.301 -0.665 1.800 2.774

Tabla 2.6: Mode shape matrix determined{scaled for unity modal mass).

Py comparing Tables 2.3 and 2.5, the differenca batween the theoretical and expex-
imentally proedicted natural frequencies are small, However, the discrepancles can
be attributed to the boundary conditions and the assumption of a point mass in
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_‘the place of the aceelerometers and force transduger, The .experimanta]]y' axtracted
frequency response plots, together with the complex exponentizl curve fitting pro-
cedure shows z better description of the action of the transducers on the heam, -

" as well as the affect of the amplifiers on the ovetall system dynamics. For these

reasons, the experimentally extracted modal parameters are used rather than the o
purely theoretical constants. _ : _ oo

2.3 Synthesis of the mathematical model

Onee the modal parameters hava been found, the mathema.ucal model ¢ ca,n be Te
constructed, Recaﬂmg that the transfor fanction i is of the form :
AL
m&-———u—\-lu#——-
: H“M Es‘-l-%rw + w?
Fnrthermom it has been shown thepretically that

)= Te0 | @)

and transformmg this equatxon :m& using U(a:;, 8} = H.,(s).F‘(s) (where F(s}is the
Laplace tzansform of the fo::cmg function), we nbtain - __ _
ARFE :
Q“(s)¢j Z 32 F 2c w!‘ -+ wg i (2‘72)

Where Q..(a) ig the La.placa transform of the modal diapla.cement q. Now choosing
mode  we obtain. A F o)

Qf(3)¢j e 82+2c%+w2

o SRe
Ul) = Fraa e
o BE |
Al; e (2.75}

Note the use of ¢ instead of ¥, since the equivalent modal mass is one (@, = 1), and’
hence the mess normalised mode shape in equal to the more generalised form.

Combixiag equations 2.74 and 2.76 and noting that the mode shape Iz sealed for
unity modal mass, we obtain

e (2.7"0)'_’

(2.73)
’J.‘herefore_ '
(2.74)

But, {rom section 2.2.1

.gr:F' ' .
O (2.76)

The resulting mathematical model is of the form

. 1
f o+ 2o gy Fudn = ﬁi—f(t) @.17)

Bk 2w+l = o) (218

L]
L4
L4

- | |
e+ e bkt = g0 (279)
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* whers f is the physical force applied to the structure,

Fma]ly the equation determnmg the phyaical displwzement at the two positious i
- along the beawm {(u; and uy) is given by _ o _

N | un . '
o @ e aqljel L
{“9_} [%ﬁ 4,-;] (2.80)
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Chapter 3

Contmuous Vibration control
methods

3.1 Conirol systems

There are three elements to a control system. These elements are an objective,
an outcome and & link between the objective and the physical outcome. The link
between the objective and outcore may he 3 a single devlca or a number of davmen
depending on the complexity of the prohlem.

It is easily visualised that in everyday life we come across a number of .cuntroi

systems, The refrigerator is a simple example. The chjective 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 knoh. ‘The outcome is the actual temperature range

achieved, with the link {or medism} being the parts that make up the refrigerator,

For this example it can be seen that many larger conirol 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 systes.: where the objective is {o travel from one point to
another. This is achieved by the interaction of a number nf smaller control systems,

namely the brakes, the cosling system ete.

The examples given are examples of feedback control systems, which is by far the
most commonly used contrel technigue, 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. Xt is evident
that feedback only becomes necessayy 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
gomne uncertainty must be present. It can also be seen that a fesdback control system
silll hag the thres basic elements of a control system but another two elements are
necessary. These are a sensing element which measures the outcome and a controller
which processes the outcome and uses i to modify the input of the system,

The two conirol systems discussed are knovn as open Joop and closed loop control
systems. These systems are shown diagram-natically In Figures 3.1 and 3.2. -
Th2 uncertainty ‘n a feedback systera can avise from two different areas. The first
is the uncertainty about the system to be controlled and the second the uncertmnty
derived from an external distu-bance (usually caused due to the specific environ- -
ment).



ontput

mput controller = ' 1aedium

Figure 3.1: The elements of an open loop control system.

input ~output

controller ! medium

r

sengor

Figure 3.2: The elements of a closed loép control system. |
3.2 Overview of research done in structural control

The concept of structural control has been considered since the early seventies.
"Today extensive research has been caizied 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 ejghties when some papers of an overview
nuture 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 discuesing the need for
structural vibration control, especially in LSS. Research had beea done on the math-
ematical frameworks that would lead to full mathematical presentation of the con-
trollers for mechanical structures. In addition many enginears were carrying out
independent work that would contribute to the field of structural control as we
know it today.

A summazy paper by Balas [2] summanisad the status of active vibration control
of flexible structures up untit 1982, This paper cites a large number of papers,
dealing with various issues in the mechanical structures field (both applied snd
mathematically based). The survey discusses what solutions had been proposed
up until then in order that the vibration in distributed parameter systems may Le
controlled. The mathematical framework dealing with the linear quadratic regulator
theory, as well as lis relavance to the reduced arder model prohlem ia presented. As
will vecome clear later, when dealing with LSS, only a finite number of modes may be
controlled which is only achiavable with & 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 138 controllers as well
as adaptive control and filtering. Balas further expresses his hope that structural
vibration control will be as successful as early promises had shown.

A number of papers have been published addressing various issues in the modelling
and control of firxibla structures.



Balas published an engineering' note [4] discussing the state variable technique of
direct velocity feedback. This paper showed the mathamatical basis needed to im-

* - plement this control method. This particular control method is still being m:tensively

researched, and is discussed further throughout this diseertation.

Hughes [32] primarily ccasiders the large space structure type mechanical structure,
Hughes also discusses thas 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. Furthermors, thiz paper suggests a method to determine the

~values of the damping terms, so that the mathematical model will closely represent
the real system. Therefore, by incorporating this term in the model and simply
s.dﬂmg passive damping to the physical system, an improved response to vibration
i found.

Another paper dealing with feedback contrel of flexible systema 18], discusses the
development of the reduced order model of the plant. This model is then uzed in
order that a stable contro! system be developed. The affect of the higher order
- modes (if thuy are not accounted for) is also discussed,

Joshi [34] proposes & controller for LSS, jn the form of an active damper, This is
essentially the direct velocity feedback technique, kowever, Joshi suggests that there
is an optimal selection of certain parameters, to which the active damping should
be applied. The paper also discusses the problems associated with control spillover

(vefer Chapter 2) and the controller iz designed with this in mind, For the model

of the system » reduced order model is used, noting that in general the maximum

vibration is derived from the jirst few modes, which is within the bandwidth of the

controller,

Hughes and Skelton [33] present a paper discussing the observability and the con-

trollability of the flexible system, which in this particular case is a spacecraft, This
paper also deals extensively with the actuator and sensor placement and aelecﬁon

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, exiensive
tesearch was published on specific topics. Hence, research in the field of structural
control has develeped very quickly, over the perind from 1985 to present.

3.2.2 Research relating to amaller structures

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

It is important to realise the sxmilaﬂtms in controlling large space structures as
opposed to smaller structures. The control techniques are essentially the same,
however, the practical impletaentation may be a far more demanding task when
dealing with large space structures, :

It has  come evident that a suitable structure for use in the lnboratory snd com-
~ parison with large structures is the Buler-Bernoulli beam [48, 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-Bernoulli having 4 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 cither simply
supported beams or the fixed—frea Euler-Bernoulli beam.

Schiifer 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 flexible beam. The modal control techrique implemented was based on the direct
velocity feedback control. In their experiment, a flexible beam was hung vertically
and clamped at one end. An electro-optical displatement sensor was used to detect
motjon of the beam and the displacement was acted upon by electrodynamic force
actuators.

Similar work was carr:ed ot by Schaechter [48]. An expenment smploying a.pinne:k
free flexible beam was constructed, however, this flexible beam was large enough to
simulate a LSS mere 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 tesfed on flaxible beams, giving a suitable
standard with which to compare results. So, with the test strusture in place, fur-
ther research has followed two pathis; the first of which concarns different control
algorithms, with increasing mathematical complexity, The other concerns more of a
hardwsre approach, optimising sensor placement and sensor and actuator selection.

3.2.8 Alternative control techniques

The most widely used and . uderstood control technique for structural control ix
the direct velocity feedback technique {4, 35]. The simplicity and ease of practical
impleentation makes this method rather attractive as the results produced often
meet the specifications of the plant, Numerous papers have been published relating
to this topic, with one of the first being the paper by Balas [4). Joshi [35] also
published work on active vibration control using direct velocity feedback, He referred
to this rasthod 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 Is a special case of state variable feedback which
has been shown to be successiul with a number of different structures, such as
cireular saws. Fukuda et al [22] have also shown the applicability of state variable
fsedback applied to torsional vibration in LSS,

A problem that arises in structures Is their complexity, and the model deseribing the
s¥stem containg unmodelled dynamics, State variable feedback does not necessarily
address this issue, and other control techmques need to be employed, These are
~ discussed briefly,

Probably the best known technique for poorly defined plants is the linear quadmtic
Gaussian (or LQG) control method. A number of papers have been published de-
seribing the process with which to follow if a LQG control solution is sought, one
of those is the paper by Blelloch and Mingori [12). In this paper the mathematics
- behind the LQG technique is discussed and the results for # complex anteuna are
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numerically presented. Other papers which discuss this approach are those by Cza-
Jkowski [19] and Belvin and Park [10]. Czajkowski, in addition to describing the
LQG design approach, discusses the stabilisation of the spillover problem,

"The quantitative fesdback theory (QFT) for active vibration contro} is also presenteﬂ
by Yaniv and Herowitz [53]. Again, poorly defined plant parameters are necessary

" before the ¢ ~mplexity of the QFT approach is to 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 auita.b:lity of QFT for active vibration
control are presented.

Livneh and Slater [36] present an adaptive n:ontrol approach to arbitrary excitations
and unmodelled plant dynamics. As discussed in the paper for any plant with a
completely defined dynamic niodel and a fixed set of parameters, the construction
of a feedback control system will yleld a stable reésponse, generally conforming to
the specificasions of the system. The design difficulties present themselves when
there is an uncertainty sbout 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 numericel results of the response to a flutter model of

- an aeroelastic wind-tunnel model of a cantilever swept—back wing, :

Another method whereby vibration may be reduced in structures is that presented

by Morgtl [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 forque applied to
the free end. ‘Chis force and torgue are a function of the disturbance and are used
in order that vibration be reduced within the beam.

In the research currently undertaken, these alternative control techniques used where
the plant Is not well defined are not of direct bearing to the scope of the research.
However, another methad that has only recently been documented, and s of more
interest In the present research Is the Modified Independent Modal Space Control
(MIMSC) technique [7}.

The MIMSC msthod, showing numerical and experimental results, was demon-
 gtrated by Baz and Poh [7). A brief mathematical description of the MIMSC
technigue is outlined, describing the concept of spillover (further rofarred to in
{13, 24, 19]). A flexible beam is used to experimentally iliustrate the response of
a beam to & given distwrbance under the control of the MIMSC technique, with a
comparison to the IMSC (or Independont Modal Space Control) method also be-
ing considered. The mathematical methods behind the MIMSC technigue are more
broadly presented in the paper by the same authors {8]. A further paper, again dis-
cussing the MIMSC method and its applicability to structural control, covering the
same material was published the foliowing year [9). However, the complete mathe-
matics describing the MIMSC method, and showing a closed form solution for the
control constants was given by Meirovitch et al, [40, 41, 42}. These papers develop
the governing equations for tha MIMSC technique, then use a cost function to min-
imise force expended and vibration. From the roinimisation of the cest function, the
- gontrol constants are shown to be a function of the natural frequencies.

Baz and Poh [8] applied the technique to the use of the piezoelestyic actuator by,
considering the effect of the bonding layer between the actuator and the beam ta
he controlled as well as an optimal position of the actuator, Although the MIMSC
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method can be thought of as & time sharing techniqua, being able to employ more
than one actuator, this paper considers only a single actuator and its optimal place-
ment. A further paper discuesing a numerical study of the MIMSC method for active
contro} of vibrations of a caniilevered heam [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 eigenproperties [16]. The purpose of this paper wag 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 eigenproperties are shown to
be functions of the error sensor location and control force and independent of the
input disturbance. This paper is also ope of the first to discuss the expemnenta.l
implementation of the control law using a digital contraller.

‘Williams and Juang [52] considered pole/zers cancellation. State variable feedback
is employed and cancellation of poles and zeros are carxied 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, buy do not contribufe to the
dynamic measured output response, and so the fasteat 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 conirol action may be cancelled to be
unobservable in the measured output response. Then, the modes acted wpon, that
ara affected greatly by a control action are forced to zero displacement as quickly as
possible. In this resexrch a collocation of sensors and actuators are employed, « oud
numerical results are shown for thres mass-spring-damper systems in series. '

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

3.3 Feedback control

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 sach a way as to
either counteract or enhance the action of the original input signal, Intuitively, the
feedback used In active vibration conirol should decrease If not negate the input
signal to the structure. This is known as negative feadback.

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

¢ The first is in improviment in linearity of the system. This accurs because
feedback causes the responss of an active devics to remain within close bounda
of the set point. This, ~nsures the assumption of linearity around the set point
is usnally valié, Furthetmore, inearity over the entire domaln is improved with
the use of feedback, This is clearly demonstrated by the addition of feedback
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Figuré 3.3: A scalar element with and without feedback.

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 improvament of
Tinearity clearly shown.

Amplitude

Atbltrary variable
Figure 3.4t The plots of 22 and 23/(z? 4 1).

o A second advantage in nsing 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 parsmeter

_ gensitivity 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 attenvation techniques can ba applied to account
for variations of system dynamics or parasitic effects.

3.4 Controlling continitous vibration |

From the discussion of feedback control, It is evident that the ferdback in & con-

trol system used in the reduction of structural vibration does preent a number of
advantages. Therefors, the control system must incorporate some type of feedback,

Now, one of the simplest feedback control technigues must be that of state variable

feedback contiol, which provides a suitable startmg point of a structural vibra.tion'
control law, :
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3.4.1 State variable feedback -

Stato 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 prominent of the
advantages of state variable feedback is 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. Therefors, the velocity
state is estimated, and may not be as aceurate 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 stats variables, For example, let the plant be described by
the sscond order system .

£ 4 2w + w2 = £(£) + falt) | (8.1)
where fy(2) is a d.lsturba.nce force, Rewriting 2 =z and =y = 25
&3+ 2sz: + oz = f(8) + ful?) (3.2)

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

ft) = —(a=m + czza) | (3.3)
Equations 8.2 and 3.3 are combined to give _ |
B+ 2wz +wiey = fuolt) (3.4)
or : : o o
g 4+ (20w + e3)ma + (WP + 11 = (121 + eazta) + fa(t) (3.5)

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

XO) = T it st T ad (3.6)

From equation 3.6 the advantages of state vaciable 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 aot
* present, and therefore the increased amplitade of escillation 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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(with both the derivative and integral action in the fo_iwar& path}. Furthermore,
the derivative action ia the forward loop as in PID control is also not present 716].

"he abuve example demonstrates the applicability of state variable feedback to the
task of vibration control. The two techniques used in this research employ state
variable feedback, but because of the continuous system the models and hence con-
trallers 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 dirvect

“velocity feedback. The second more complex fechuique is known as the Modified
- Independent Modal Space Control (MIMSC) miethod, and uses feedback of both
stiffness and damping. These two methods are discussetl further.

3.5 Direct vel_acity feedback

Recall that the governing equations for the cantilevered bea.m given in the principsl
or modal conrdmates are of the form

B+ Wnd +oda = "61 ’(t) | @)
da + 2swads +dgs = mf(t) R 2
b b = ) (a 9)

Asan 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 curidnt feedback
module) a.nd is tianoted as f(i) = kV(t) Therefore

#

91_+2'-.1¢*-‘1Q1 telp = goekV(Y) | | (3.10)
2 ' B
B2+ Aawals +wier = ﬁ—;;km) | 4y

In direct velocity feedback, velocity is fed back from two roints on the beam and
tha resultant input voltage to the actuator is made a linear combination of these
feedback signals :
| V)= et + ety (312)
As before the physical displacements and hence velocities are related to the modal
coordinates as follows (ncte the truncation at the end of the second mode, due to
the filtering of the input signal)

iy = $ide + ¢ (8.13)
tg = iy + Pfds | | AW

Combining equations 3.13 and 3.14 with equation .12
V() = (Sl + dlea)ds + (Bler + diesdda O (3a8)
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Substituting equation 3.15 into equations 3,10 and 3.11

1 - ot e
k2wt budn = ook [(fhen o+ gl + (8B + doin] (16)

i+ 2awnda +wiea = 2"?3* [@’% ¢1 + dheg)ds + (dFey + @5362]&2] (3.17)

For simplicity introduce 2 and 2; where - -
2 = Pley+dles (318
= ffeg + ddeg ' (3.19)

Therefore, rewriting equa.tmns 3,16 and 3.1% in the simplified format
%o toln = gk +ad) (3:20)
'.'s _

A gkt ol (3.21)

As can ba seen from equations & !0 and 3.21, c_oupling exists between the first and
ser ad modes (In fact if the input signal is not filtered correctly, this coupliag exists
t = weater or Jesser extent batween all the modes). This coupling betweer modes
inet eg the complexity of the controller design and may even cause » reduction
in sysvem pexformance. Mlowever, the main concern with regard to modal coupling
- is that the higher order {0y parasitic) modes which are aot directly controlled may
cause instability; this problem arizes from a phenomenon known as spillover, Kor
example, the governing equation of the third mode is given by

3 : o
b+ 2t + s = 2 Mo + i + -+ (322)

The third mods and all the other higher order modes are not being controlled. Now,
lat ug say that the control action has been designed so that there is negative feedback
on the first and second modes, ie. ¢l2y < 0 and )z < 0. If ¢} has a different sign
to one or both of ¢} or ¢, then positive feedbuck could arise on the third mode from
the spillover of the control force from elther or hoth modes one or two. Therefors,
even for a amall signal at the tlnrd mode freguency, the gystem response may be
unstable.

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 fillered

out. The use of flters eliminates the spillover, and hence for a stable design guar

- antees stability of the entire plant if negative feedback exists on the first 2 modes
of vibration. Digital filters are ussd in the practical part of this research and are

discassed further in Chapter 5.

Since the truncated model can be made stable, the design of the direct velocity
feedback technique must account for high order modes. Howaver, it iz necessary fo
demonstrate that to control n modes, n sencors along the heam must exist.

Consider the discrete model truncated to two modes

&+ 2k +wdn = 'ﬁ“’“’(“) (3.28)
f+2wnbudn = HebVE) (120
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Suppose it is deslred to control » modes of vibration. Aa before, the control voltage
supplied to the actuator can be written a2 a linear aombina.tion of these feedback
wltages :
Vit) = c;m-}-e.;u,.].“._.;-c,.un. 0 {RaE)

Thus in term_s' of the modal coordinates, the control volte ge is

@ @ of [
ﬁ# L

R
Lo #F oo -¢§'1€fr o
Using the notation of ahove and intmducing a variable #, we have
V)= ady b adah ok ade | Y )
whete & = gley + dleg b o b glen
2 = _¢>’1'r:1__+ Pieg A o< ok Picn
% =dn +¢5c::+ ek len
'I‘herefore, equations 3.20 and 3.21 become
G+ 2¢=w: @ +wm = *&-k(zm + Zada oot 2rde) (8.28)

qa-+2¢awaéz_ twie = %k(m:-i-mwuwm,) - (8.20)

Since feedback is being made from n points along the beam, ¢,, 69, + -+, &, 3vs selected
in such a way as to develap negative feedback on the first » modes. The other
terms contained in g ++ + 2 cannot be determined using the n feedback points and
are therefore considered uncontrollable modes. This shows that for divect velocity
{feedback to control n modes, at Jeast n sensors are réquired,

3.5.1 Accounting for modal coupling

A namber of techniques exist for dealing witk the problem of modal coupling. Most
methods try to reduce the amount of coupling between modes, howevear, this coupling
cannot be completely eliminated,

H modal coupling could be eliminated completely, the controller complexity would be
greatly reduced. This can be seen from equations 3.30 and 3.31. These equations are
presented truncated to the first two modes, without modal coupling being present.

§i +20d fein = '2%;'1'&95}*11 (3.30}
b+ Rk tode = gbdlh @330

ifowever, the uncouplew equations are not a teue representation and therefore two
more commonly used methods thas reduce modal coupling ave inxther oatlined,

3



In the Lterature review, the technique of sepsor placement was briefly discussed,
One of the most important aspects of the censor 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 practics, but for a
limited number of modes, the sensors can ba placed close to a point that aliase all
. but one mode of vibration. A second method tlmt_is smployed in this research is the -
use of notch filters. By notch filtering the incoming signal from 2 sensor, all but one
mode can be filtered out (it must be noted that the coupling cannot be eliminated

complotely, but is only reduced). The difficulty in this method is the expense of -

analogue flters, or the sampling speed required for the use of digital filters. The
hardware needed to overcome these problems wag acquired. The design of the notch
filtexs and the selection of the control constants Incorporating the effect of modal
coup]ing is discussed further ia Chapter 4.

3.6 Mmsc method_

The Modified Tndependent Modal Space Control inethod uses » different approach =

to the problem of stractural vibration compared to the velocity feedback method,
Although thia t.chnlque uses bout velocity and position feedback, the modes remain -
uncoupled even when the force (or voltage) is applied t¢ the beam via the actuator,

A more detailed. model tan be faund in refererice [9]. The governing equations are
not trancated - _
fr + 2&%&, + Q’r ‘Ir = """"”""f { t) . (3 32}

where f is the modal force of the system, Wntzng equation 3. 32 in tee:ms of the
phyaical force, leads to

e+ 2rde e -—wtvs')"n(z} I < &)

For convenience, the physical force applied ta the beam thmugh the actuator is
denoted by F{#). -

From equations 3.32 and 3.33 it is evident that the modal and pllyu:cal forces are

related ag follows
F=¢TF (3.34)

The modal force can be written in two parts, the controlled part and the uncontrolled
part, signified by the subscripts % and ¢. Expanding equation 3.3¢ '

" ¢l ver o7 95?'1'1 qs_;"_r

. 13 X [ .
* - . L]
H +

I B dn ot o g {} o
= Sl oy e st b7 > wasvnrpp SR B 3
L4 {fu} Pnpt PR |1 ¢fn+1. Fy (3'I‘5)

* L] . H L *
" . + ¥ . *
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@w,_.% 3 JT“" {f’,u}  (330)

. 4 . . +
+ . - . a *
4

Applying the transpose in equation 3.95, results in

:‘:’}l'l'l ‘,.. _¢1'-.
-{t)-
N ST T PRI |

Equation 3.36 can be written as follows

{£1-]8 2= ){ 2} an

Now,ifn contrnl actions and % sensofs are present on the beam, Fu becomas 260,
Thersefore, equatxon 3.3? reduces to

h = BoFe | © (3.38)
and - S (3.39)
fu = Byl S {84

- Hence, the force that excitea the uncontrolled modes (also known a8 residual or
- spillover modes) is written as a function of the controlled physical force. In turn

. the nncontrolled modal force can he shown ta be & fanction of the contrelled modal |

force [40, 41, 42), This allows the determination of the physical value of the uncon-
trolled modal force, which was assumed to be zero by the IMSC [7].

As stated previously the MIMSC technique employs feedback on both the velocity

and position vectors and It can be shown that the modal control force has the form

[40]

where gy, snd g3, are the pofsitiu:i and velocity contro} constants respectively for

mode r and
R is » factor that weighs the importance of minimising the vibration

compared to the expenditure of the control force.

Now, to determine the contro] gains gy and gz, set up a performance index that is
minimised subject to equation 3.32. This is the same techniqua that will be applied
in Chapter 4 in order to determine the control constants for the direct velocity
feedback technique, However, the optimisation for the velocity feadback will be
varried out numerically, Melrovitch and co-workers {40, 42, 42], have developed &
closed form solution to the problem

MIN J= j [(w202 + 80+ (R @t (2.42)
and showed the control gains to be

g = R R Wikt O (ad9)

and (3.44)

e = \/MM o \/(wfR)"‘-w’ ) +wiR or (3.45)
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A further strategy developed in conjunction with the MIMSC method iz & unique
time sharing rechanism 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 the:r
modal energy at any time instant. This modal energy is given by

. E wrgr"l"'?z B (3'461_ .
where the wig? forme 'slie potenﬁal emargy part and ¢= forms the kinetic energy part,

" Then the actuator is dedicated to confrolling that mode with the most modal energy,
until a second signal is recejved (the next sample). If more than one actnator exiats,
the second actuator is dedicated to the mode with the second most modal energy
and go forth.

- Ag discussed, the spillover force whick is not zero, may be written in terms of the
controlled modal force, denoted by fe. If, however, the input signal iz filtered, the
spillover forees generated will have very little ar no effect, but if no filters are present

spillover forces can be determined numerically, This allows one to determine the-
* effect of the spillover forces snd perhaps even necessitate the use of the actnator jn

controlling a moda that was not initielly intended to be controlléd, Furthermore, the

spillover forces may actually § improve the performance of the controller by vroviding

 negative {aedba.ck 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 ave constructed in SIMULINK, running on MATLAB. Both the govera-
ing equations of the cantilevered beam and of the control algorithm sre entered in
the form of a block diagram. Thetelore the block diagram form of the differential
equations governing the cantilevered beam are presented. Once these have been de-
veloped, the dyramic response of the beam to an input disturbance can be shown,
and compared with the uncontrolled response tv the same input.

4.1 Uncontrolled response of the cantilevered beam

A method of visnalising the sysiem of equations that govarn the cantilevered beam,
including the direet velocity feedback control algorithm is to represent the ordinary
differential equa.tions in terme of o block dmgram. The block diagram of the uacon-
trolled rasponse is developed here, 50 as {o give a basis against which the responses
of the hear including the control laws can be compared.

4.1.1 'The block diagram of the cantilevered beam

From sectjon 2.3 the mathematical model governing the cantilevered beam was given
as - .

&+ 2k +odn = M Sy @y
B2 tods = LAY | 2)

Using equations 4.1 and 4.2, a block diagram was constructed so that the simulated
response of the cantilevered beam to an input could he determined. The block
diagram is given in Figure 4.1, In Figure 4.1 u; and ug represent 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 tespectively, These positions are also ba referred to as positions one and two
throughout the text. The input force Fy, is a physical force.

35



% *I | _
| /2w, OBy 2L ysL \_ '

L8

| -'—‘ZCQH’Q;] _ . -
L ¢§/_2w¢=_i'(‘5'-"'2—1/s g2l lf.s L

ot ]

wi e

Figure 4.1: The block diagram showing the uncontrolled dynamics,

4,1.2 Forced response

The hasis used for comparisen is a pulse force input, This pulse is generated from a
finite force input at time zero over a jinite time span (which can be set to a fraction
of a second). The actual magnitude of the input force disturbance was chiosen such
that a physical meaningful displacement of the beaxa would oceur.

- Although, the pulse is essepiially & numerical foreing function, it presente & good
comparison between dynamic responses for different systems. Furthermore, the nu-
merical pulss may be favourably compated to the action of the experimental impulse
hammer, The pulse force input also excites of a brond frequency band. Therefors,
many resonances are simultaneously excited, providing for a better *est of the conirel
techniques, L ' '

The impulse force may be inathemnticﬂly rapresented by

.ﬂ={1 t=0 | - (4.3)

¢ >0

where 4 ig vertical displacoment and # 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 time zero {or in practical applicaticais after a short time
period) the jorcing function is no longer present and does not interfers with the
response of the structure which may then he directly analysed.

"The response of the cantilevered beam to the pulse disturbance at time zera without
any structural vibration control Is shown in 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 physical displacements are made up of
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Figure 4.3: Uncontrolled response at position 2.
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% combination of the modal dxsplé.cemanté g and g, In addition the true vélue of -

displacement should be noted, since the magnituds of the inpu* Tisturbancs is set
snch that physically meamngful results are obtained,

Althaugh, in practice the uncontrolled decay of the dynamic Tesponse of the can-

tilevered beam is made up of infinitely many modal displacements, the truncationto

the first two modes gives a fairly good comparison o that which is found in practice.
‘This is especially true in large mechapical structures where it is often found that

lawer order modes, if not oaly the firat mode, is af any consequence. "This is known -

as the domma.nt root approximation.

| 4.2 Dlrect velomty feedback

As discussed in section 3.5, due to the huutatmn o the dxgxtal controfler, on!y two
modes could be controlled by this method. Therefore, 04 presented in Chapter 3 the
mathematical mode! is truncated to two modes. In addition, the filtering and signal

conditioning are part of the control algorithm and can be :gnored

4.2 1 B]uck diagram

The truncated two mode ma.thematicai model in terms of modal coordmates, in-

cludmg the conirol action ia

fh +2{1W1§1 +‘.i’191_

fa + 2wnta +ufes = 231" [(#ler + ¢z¢z)m+{¢¥cx+ dle)s]  (45)

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

_ . \ _ o
Bt wd bl = V) (46)
* 1
3
o+ aats hdgs = PRV (4.7
bt 2adsbuwzgs = FO-RVE ( )._
where : _ _
V{t) =ity +egfia _ (4.8)
" The physical velocities are related to the modal coordinates as follows
b o= s+ el | - (449)
e = Ghd+ o3 : (4.10)

The block diagram representing theso equations is given in Figure 4.4, Note that
both the physical and modal states of the cantilevered beam are easlly extra,ctecl
snd consequently ¢an 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 conirol
constants are denoted as ¢) and ¢9. The only nnknowns are therefore the disturbance
Input and the control constants. It bas been decided to use a pulse input disturbance
that is large enongh to give an initial displacement of a suitable physical size (this
is applied at the same point a5 the actuator), and the control comstants will be
determined using an optimisation process.

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

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

o An initial reduction in physical displacement, but allowing the bea.m' to still
oscillate as per ‘the open loop system.

» Not as stringent a contzol on the initial displa.cement but reducing the oscillu-
tory behaviour of the open loop system.

+ Conserving energy applied to the strugtuse, which in turn does not present as
good u solution when the rain aim ig to eliminate the vibration as quickly as
possible,

Tt 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 function is the limit on the physical volts
aga that can be supplied to the actuator. Once the objective function js setup to.
incorporate these issues, this /uaction is then minimised to determine the control
constants that best sult this specific application.

The main aim of the nptimlsa.tion is to minimise the physxcal displacement, or in
mathematical terms
Jm (tual+ b =0 (441)

Note that a square function of u may be used, a8 opposed to the absolute value fune-
tion. Now to make sure that the importance of reducing the physical displacement
is enhanced (as discussed abave), the absolute value of the displacement and voltuge
- functions is weighted by multiplying each with a function of time, The positive part
of the straight line y = 2 was initially used as the time function, but it was found
that the best results were obtained by multiplying the absclute value functions by
a Tunction where each time step is raised to the power of a quarter.

ya gt e et (412)
where %, denotes the last time step, '
Therefore from equation 4,11 |

Sm (ylul+ylual) =0 (4.13)
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Figure 4.5: A plot of the absolute value of the physical displacement.

Displacement (m)

| “Time t8)
Figura 4.6: A plot of the absolute value of the phymcnl displacement multlphed
* through by the time function y. '
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The effect of multiplying through by a function of this nature is tlearly shown by
comparing Figures 4.5 and 4.8, Figure © . a plot of the absolute value of one of -
the physical displacements, compared v gure 4.8 which i3 the absolute value of
* a physical displacerment mu’tiplied through by the fanction given in equation 4.12,

It is clear from these two sigures that the importance of reducing the vibration is
- enhaneed as time progresses,

Writing this as an ob;ective ftmctmn, 4 to be minimised gives
5= [7 ol + ywaual)de (4.14)

where w; and w; ate welghting constanis chosen so that approximately equal weight- -
ing is given to koth the physical displacements.

At this point the contribution of the voltage is mcorparatel, and therefore equa.—
tion 4.14 becomes

7= [ vl + vuslua] + yunlV)dt (4.15)

whete ;3 s consistent with the weighting constants wy and wy,

It must be noted that by chang, = the values of the weighting constants, different
results are obtained and a suitable solution can be obtained after many iterations.

The direct velocity feadback system in Figure 4.4 together with the objective function
{equation 4.13) results in 4 constrained optimisation problem which was solved using
Martan, 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 optimisation
algorithm determines the minimum of the objestive function and the corresponding
control constants by iteration,

Various control constapts were found depending on the initial guess, The best
selution for the specified prol:lem was found to be where ¢; = -54.8 nnd £y =
‘2360:0; .

It is interesting to note how the objective function varies a.cmrdmg to the change
in control constants. Therefore, the plot of the abjective function J {on the z-axis)
versus ¢y on the z-axis and ez on the p-axis is gwen in Fignre 4.7. In Figure 4.7,
¢1 is varied from ~200 to 200 in steps of 20 and ¢z is varied from —4000 to 3000 in
stops of 50. For this figure to be more meaningful, a plot of the change of woltage
with respect to the control constants must aleo be considered. This Is tru2, since,
& constrained optimisation is used, with the constralnt on the masimum voltage.
The opilmisation 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 not allowed set to zero. This shows on the pl & as part
of the zero voltage plane, Since these particular values of control constant are not
allowed, the correspondmg values in Figure 4.7 are also set to zero, indicating the
minimum of the - jective function clearly. The axes and values i in Figere 4.8 ara
consistent with shose in Figure 4.7, :

4.2.8 Controlled response

Using the block diagram in Figure 4.4, together with the modal parametors exper-
imentally determined and the control constants given in section 2.2.3, the forced
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response due to & pulse input was determined. Figrres 4.9 and 4,10 show the dis-
placement due to the controlled forced response at positions 1 aad 2 vespectively
and Figure 4.11 shows the voltage applied to the actuator, In addition Figure 4.12
is also included to show the difference in the voltage against time plot for 2 different
approach namely that of trying to reduce the initial amplitude of vibration, nnt not
attempting to reduce the oscillatory behaviour thereafter.
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Figure 4.9: Controlled forced response at position 1,
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Figare 4.10' Controlled forced response &t position 2.

The actuator hmited tha avaliable fors to contral the vibratmg beam. Therefore,
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Figure 4.12: Voltage opplied to the actuator w:th attention given to tha 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 2 reduced number
of actuators. This is done by ¢ time sharing method and ranking the modes according
to the modal energy. For this reason, more than two modes could be attempred to
be controlled using the single antuator, Therefore, the following discussion shows
the response of the system using the MIMSC method attempting to control the
* first three modes. As befcre 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 simulation of the MIMSC techniquo wes done using SIMULINK, which requires
a block diagram to be entered into the package. Recalling the governing equatlons
of tha cantilevered beam are

B 1 2ptinde + 10 = -i'f--w,(:)' | ms)

Furthermore, the modal forca is a ﬁmctum of both ths modal velacxty and t!iaplane-
ment and is represented by -

1 .
.'fi‘ = "'“'"R"(Hl.-qur + g’r?“) o . (4'17)

Another consideration when developing a control system for the MIMSC technique,
is the time—gharing mechanism used to share the actuator batween a number of
modes. As discnssed this is done hy ranking the mades due to modal encrgy given
by :
Ew=wiel + g (4'18)

From the above equations we can construet the block diagram for the MIMSC
method, so that & numerical result to the problem may be found, The block di-
agram depicting the model of the cantilevered beam and the conirol technique is
given in Figure 4,13, The block diagram depleted in Figure 4,13 is truncated at the
- third mode. The first thres modes aye used a3 an example to show that the time
shaving mechanism allows control te be placed on more modes with a fewer nuniber
of actuators,

In Figure 4.13, the bluck Iabelled *Fanction’ is where the simulation package com-
~ putes which mode has the highest modal energy at that instant. Henee, the output
of physical force (applied to the actvator) is determined with relation to the modal
energy and fed back to be summed with the disturbance force.

4.3.2 Controlled response
The controlled response for a pulse input disturbance (consistent with the input for

the direct velocity feedback techniguae) is given in Figure .14 for position one along
the beam. The voltage applied to the actuator is alsv shown in F ,ure 4,15,
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Figure 4.14: Controlled response at position 1, neing 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 Figare 4,14 are not the
game as those previously shown in the fres response). In fact the natwral 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 as strmgen’.- & 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 soluticns is presented. This solution is determined for the system having a
pulse input disturbance of magnitude twenty times Iess than that praviously used.
Figure 4.16 shows the response of the cantilevered beam for the disturbance dis-
cussed, while Figure 4.17 shows the corresponding use of voltage by the ac. .tor.
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Figure 4.16; Controlled response at position 1, using the MIMSG method with a
smaller megnitude dnsturbance.

4.4 Discussion

By comparing the graphs that have been presented in this chapter, it is evident
that the reduction in vibration over a long {ime period is only marginal or non~
axistent with the addition of a vibration control method, with the Initial conditions
as previously stated.

- The other point that ia of significance and Is shown clearly im the discussion of the
direct velocity feedback technique and the MIMSC method is the Hmit on force

that can physically be applied to the beam. This is dne to &3 “huiita of the signal
conditioners and the actuator itself, It therefore becomos «b Impurinas factor to note
when developing a contral system, since a far more impressive dynamic response

- will be feund without the physical limits of the actuator. This is illustrated n
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Figure 4,17: Voltage applied to the actuator for the controlled response, using the

MIMSC methed with & smaller magaitude disturbance,

' Figures 4,16 and 4.17. Although, these figures are obtained with the use of the
MIMSC technique, & similar dynamic response of the heam will be obtained using
the direct velocity feedback methad.

4.4.1 Direct velocity feedback va. MIMSC

These two techniquez are bath based on the same piincipal, namely state variable
feedback, Howaever, the MIMSC method employs both position a.d velocity feed-
back, while the direct velocity feedback method uses only velocity feedback, It is
important to note that neither of these methods use trua state variable feadback,
since accelerometers are nsed and the velocity and position of the beam are esti-
mated. In the case of the MIMSC method o double integrator is used to determine
" the physical position of the heam. This makes the MIMSC technique more com-
plex and intuitively suggests £ .t it should solve the problem better provided that
the states measured and synthesised are an aceurate representation of the physical
behaviour. However, it must be realised, that with the added complexity of the
control system, the time to calculate the actuator force is jntreased and hencoe the
time delay between the samples is increased. The effect can negate the intuitive feel
‘that the MIMSC method should perfmm batter than the ve?ocxty feedback method
for the saxae system.,

There is a further difference between the two methods presented in this dxaserta.tion.
however this is more of a philosophy than part of the control technique developed.
This difference iz the tima sharing mechanism implemented by the MIMST method.
Since the time sharing Is built around the state variable feedback control it is not
strictly past of the contro} technique, but rather an addition to the averall control
gystem, incorporated in on atterapt to control many modes with a fewer number of
actuators. One may view this as & primitive adaptive 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 mors snergy to achieve the same result,
This doeg not confirm the suspicion that by using both velocity and position feed- .
back, the dynamics of a structure may he better controlled than by simply nsing
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 actustor further, resulting in a poorer dynamic response than
that represented in the numerical solution. The expenmenta.l mplsmentation and
results are presented in the next chapter.

A further poiat that must be discussed is the evident time shaﬁng mechaniam of the

MIMSC method. This can be seen from the plot showing oltage versus time with |

the MIMSC control method in operation (Figure 4.17). Ths actuator is dedicated to

& certain mode and the change from controlling the first mode to the second mode
and third is clearly seen. It is also clear that when too demanding & task is placed .
on the controller, an attempi Yo control only the first mode is made. Again this -
can be seen from vae of the plots representmg voitage versus time with the MIMSC
method in operation (Figure 4.15).

In this section the two control methods are cnmpamd, but the dire-:t ve!oc:ty feed-
back method is designed to conirol the first iwo modes, while the MIMSC method fs
showa to attempt to control the fixst three modes of vibration. In fact it makes Httls
or no difference to the dynamic response of the cantilevered beam if the MIMSC
method is dedivated to only the first twe modes. This is true since the major initial
task of the control system is to dam.p out the intense vibration caused by the first -

mode of vibration, This iz again clearly seen in tha ﬁgurea descnbmg tha voltage :
supplied to the actuator for the MIMSC method. :
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Chapter 5

Experlmental overview and
| results

5.1 Experimental se_t-ilp

As discussed throughout 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, 30 as to simulate a fixed end as closely as poasible. The dimensions of the beam
were chosen #o that the length of the beam was very much greater than its thickness,
This allowed for the assumptions made in Chapter 2 $o hold true. The dimensions -
and mechanical properties of the spring steel beam are given in Table 8.1, whilst
Figure 5,1 deseribes the cantilevered beam graphically, showing tha‘-‘d;mensiona vsed,

Table 5.1t Spring stesl beam properties

:Lr 1.8 mrg
315 mm

Figute 5.1: Spring steel beam and dimeneions

The other components of the test apparatus included the siguel conditioning devices,
the sensors, actuator and the controller,
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5.1.1 Hardware considaerations

A number of publications discuss optimal sensor and actuator placement [5, 4, 8].
However, all seem to have an equal number of seasors and actuators, ofte~ up to
five sensors and actuators on a flexible heam, Besides the difficulties of the limited
space along a test rig, the effact of the sensors and agtuators is to alter the dynsmics
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, sivaply meaning the same physical lacation of sensor and actuator,
" 5o control methods need to be employed to achieve the required resulis,

Baruh and Choo [5] discusa the issues associated with sensor placement in struc-
tural control. Results ave presented showing the optimal placement of five sensors
for pinned—pinned beam and a tapered bar, Failure of the structure is alzo consid-
ered and backup positions are presented for this purpose. Although the papers by
Goh and Lee [25} and Goh and Caughey {24] do not deal exclusively with sensor
_ placement, the stable control methods that are discussed in thess papers rely ou the
fact that the sensors and actuators are vollocated.

A Turther consideration for many researchers in the field of structural conttol 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 cholce
of & piezoelectric crystal used as an actuator, With the sur<xss of the piezoelectric
erystal due to its properties, a number of papers have heen published on the use of
piezoelectric film, The use of the film instead of the crystal js due to the fact that
the piezoelectric film is & distzibuted parameter, potentially making the control of a
continuous system easier,

"The papers discussing the MIMSC technique cite the use of the piezoelectric crystal
in the experimental portions of their work. The auther together with Wood [26]
used a plezoelectrie crystal in undergraduate research on active vibration contral 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
implemettation of a control system for a flexible structure. The direct velacity
feedback system was employed and together with either an electrodynamic shaker
or a piezoelectric crystal as the actuator a stoble control system was developed.

Bailey and Hubbard {1] and Burke and Hubbar [16] are among the revearchors that
have published work on active vibration control using a piezoelectric~polywer as the
acimator, These works employ a complex ma:hematical method, whereby the control
lawt are obtained so that the law can use the distributed parameter actuator. Sadek
et sl [47] were among other researchers that slso discussed the use of distributed
paramieter actuators, and showed their applicabisity. Both 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. Bag, Imam and McCoay [6] document the feasibility of using shape
memory actuators (SMA) in controlling flexural vibrations of & fiexible cantilevered
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The transducers used to detect the vibration of the beam were aceelerometers. Acs
celerometers ‘were chosen primarily due to the fact thut a velocity or position of the
beam could be estimated from the acceleration signal by an integrator. This wasa
better route than using for example proximity probes or linear varying displacement
transducers (LVDT) since these devices would dewand numerical differentiation by
the controller, which tends to produce a large amount of noise on the output.

The other reasons for the use of the accelerometers was that Strut Cell acceleromaters
were avaliable in the Inboratery and these ave 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 heam equations and transfer function given in sec  2.1.3.

All the nccelerometers were calibrated against a rotationul acceleromerer with vendor
supplied calibration data before they were used.

The other semsor nsed was a force transducer, The force tra sducer was aﬁixed
between the actuator and the beam. This was done so *hut a .ra~sfer function
between the accelerometers on the beam and the force applied » tbe be. n could
be determined. This was described in section 2.2. The calibration wonstant of the
force transducer was taken into account. Although the force transducer was not
necessary in the experimental work, other thau to monitor the force applied to the
beam, the transducer was left in place so as not to affect the beam dyniamics that
wera expenmentally determined.

5.1.3 Actuators

A number of actuatore had been tested in previous work rela.ting to the gubject
of vibratic control {26). These included piezoelectnc crystals a.nd electrodynanﬁc
shakers.

Froma prehminary investigations in undergraduata research, the plezoelectzic crystal
showed promise in the actuation of the contrel of structural vibration; this has been
confirmed by a number of papers {1, 8, 18, 26] which bave discussed the use of
both piezoelectric polymers and crystals as the actuating componens, The main
drawbacks in the use of piezoeleciric materials is the large amount of energy that is
required for the best performance of the crystal and the cost of either the crystal or
the polymer. The crysial used previously was approximately Sem in length, which
required up to 2 maximam of sbout 2500 volts in order to extract the true value
from the actuator.

The electrodynawmic shaker proved to be an excellent actuator. Although, the shaker
that was avaliable was too large for the cantilevered beam, previous work showed
that the electrodynamic shoker would counteract the vibratio in the beamn quite
easily, However, the design that was employed was probably an over design. This
particular electrodynamic shaker would also not always be avaliable, and the cost of
now smaller shakars was too much. Therefare, an alternative actuation system was
sought,

The actuator that was decided on was based on the same principal as the elestro..
dynamic shaker system, but had a much smaller peak force output, and could be
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permanently fixed to the test structure. This setuator was a load speaker coil and
provided a cost effective solution to the probiem of actuation,

5.1.4 Signal conditioners

The main signal conditioner uc:d was that of an amplifier for the actuator. Lhis
provided & current large enough to drive the speaker coil from the controller output
voltage. The amplifier is fitted with a current feedback module, so that the voltage
input to the actuator is proportional to the force applied to the beam by the actuator,
This was measured by taking a transfer functjon between the voltage Input to the
actuator and the force applied to the beam, and it was found that the voltage was
indeed proportional to the fo: e,

The wse of analogue filters were not necessary, siroa it was decided that the fil-
tering would be done digitally, providing for greater flex™Sility. 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 use
of snalogue controllers, Few pupers such as [15] and [11] discus: .ae use of digital
controllers, The first paper makes referenc:. to a specific digital signal Processor,
named the TMY320020 DSP processor. This type of hardware i of particular in-
terest in the current research, as ' e project will use a digital pracessor of the same
type except for the added advantage of using flouting point processing. The other
paper discusses the AT&T DEPI2C processor for use as the digital controller. The
use of this processor as a controller is shown to be employed 2o as to successfully
implement a very complex mathematical algorithya, such as the Wiener-}lopf opti-
misation routine as desetlbed by [11].

Hanselmann {28], discusses the processors on the market until 1987, that could be
employed as digital controllers, Furthermore, the pitfalls as well a3 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 easy selection of the
best pracessor for the particular application, Hanselmann also compares some of
the better known processors, by implementing a control algorithm. Although the
digital filters that are used a8 examples to demonstrate the capabilities of the DEP
{digital signal processors) are faizly simple systems, the comparison of floating and
fixed point processors is evident.

In pravious woik an analogne computer was usad ay the controller. Although, tb:ls

allowed for the time delay between samples in a digital controller to be ignored, -

- the restrictions of the analogue system wera noted. The main restrictions were the
nurzber of integrators and swnmers present. In addition to this it was found that
the integrators saturated ve s quickly, requiring a Teset for continued operation.

It was decided that a solutlon to these problems would be the use of a Vgital
controller, with the flexibility of the controller being the main advantage. Tlus 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 mcpenmental implementation i the
T*5320C30 ﬂuating point digital Bigna'l processor {DSP) card.

5.2 Digital filtering

As discugsed in the previous éeci;ion, digital ﬁlteﬁng was used in place of analogue
filters. The mumber of filiérs required, made it necessary to find an alternative
method to the use of znalogue filters to make it sconomically viable,

A number of filters were necessary. The first being the filter that would attempt
to eliminate 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 individually
required.

5.2.1 Specific ﬁltem

The required filters were designed using MaTsAB and were based on the Chebyshev
filter design. By using the Chebyshev filters a steeper roll~off with » lower order
filter could he found, whife still maintaining = flat (monotonic) passhand. This s
achieved by allowing for equiripple In the stopband, which i kept to & minimum.
This is shown diagrarmasically in Figure 5.2, which has tin exaggerated ripple in
the stOpba.nd to make F:gure 5.2 more meaningful.

1,2 L ™ -

o 100 200 300 400 500
_ Frequenav (H2) _
Figure 5.2: A typical Chebyshev type-II filter.

The design iz done uelng the bilinear transformation technigue. This technique
requires the presence of an existing low pass analogue filter, The differential equation
is integrated, bhut a numerical approximation to the integral is used and is based on

56



the tra.pezoidal rule. The bilinear transformation is apphed, wluch maps the s~plane
onto the z~plane by the mapping [44]

)1 - 21
1z

e

*-3[;0

(ol

where T' is the szmpling 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~) these filters would not bhehave propely

when implemented on the controller. Therefore, s was necessary to design the
filters in auch & manner that as gradual a roll-off ar cauld 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 mode of
vibration. Figures 5.4 and 5.5 are both designed atound mode 2, since it was found
that by applying a low—pass and then s high~pass filter, & witer pass band range
could be found rather than using a band-pass filter.

o 20 40 60 " 80
_ Freguenov (Hz)
Figure 5.3; Low-pass filter containing only mode 1 frequency elements.

0

5.2.2 Integration

It was also decided to use a filter as an integfator. This ﬁ.ra.s because the softwate |

that communijcates with the card has built in libraries that could implement digital
filters. The integrator iz based on the trapezoidal rule and because of the high
sampling frequency a more complex a.pproximation for example Simpson’s rule was
not necessary,

The trapezoidal rule is based on the approximatmn of the area under & curve and

between samples a5 being a trapezoid. The approximation of this area s clearly

shown in Figure 5.7.
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- Figure §.4: Low-pass filter cotaining mode 1 and Z_frequéhéy-eleﬁ;ents. o

56 100 150
"~ Freauenav {Hz}
Figure 5.5: High-pass filter containing mode 2 and higher frequency elements.
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* Figure 5.6; Band-pass flier containing only mode 3 frequency elements.

: o "‘nﬁl""‘-‘“
T - il _ .
yﬂ ) ]
' \\ Trapozoid made
_ : |—~>up from a triangle
/ | =" andarectangle
¥ _
20 31 L:b‘

Figuve 5.7t The trapezoid between samples,
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Since we know that the bilinear transformation is based on the tiapézmda’l ule, and

from Laplace transformation tables an integral is given as 1/s, we can uge these

o

e s 1 i s i e

two equations together to dedign 3 filter that will be an integrator, The bilinear °

tta.nsforma.tion Is gm.n a8
L 23-z

T1+z-1 (6.2)

Now wusing the fact that an integral is 1/s and combmmg with equation 5.2, ike

integ *ator becomes
1_T/2+T/27

8 - 1=zt {53)

The frequency respoase of the filter is shown in Figure 5.8. It can be scen that as the

50 S e —

&
-]

-100}

Amplitude (dB)

- 150}

200 e
10‘* : 14° 10* 19t
Frsquuncy {rad/z)

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 Integmtor, this should not have an sffect on the system
being control!e&.

5.3 Input disturbance

As discussed (Chapter 4), it was decided to use an impulse force as a disturbance

input to the cantilevered beam. The impulse hamamer was used for this purpose

and although the disturbance force was aver a finits time period it could be closely
tompared with the numerical impulse force. Figure 5.9 shows a typical response, in
the time doraain, of an impulse force due to the action of an impulse hammer,

Tha force exerted by the hammer on the beam (for sach test) was moasured so that
all the resulte ronld be scaled and so compared with the numerical solutions and
with each other,
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Figure 5.9; Force versus Time for a typical measured impulse force.
5.4 Implementation

With the basic building blocks for the physical implementation of a control law in
place, the programs could be written to control the vibration of the beam. This
wag not an eagy tagk, since the software 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. However,
results for each control method discussed in Chapters 3 and 4 were faund and are
presented heve.

5.4.1 Uncontrolled response

To compare the controlled response in each case, the experimental uncontrolled re-

" 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 acceleroms-
eters, The results presented show physical displacement from each of the two posi-
tions. This is consistent with the anumerical vesults shown.

Figures 5,10 and §.12 show the uncontrolled, free _vibration of the cantilevered beam.

These results compare well with the predicted ones shown in Chapter 4. Hence, the
* parameter estimation techniques used to develop a model describing the cantilever
beam are satisfactory and therefore may be used to predict the physical responsa of
a simdlar beam without the need for experimental testing.
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Figure 5.10; Uncontrolled response at position 1.
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~ Figure 5.11; Uncontrolled responss at position 2.
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5.4,2 Direct velocity feedback

From Chapters 3 and 4, the background to the velocl,y feedback system is given and
the applicable block diagram iz shown in Figurs 512, -

-

e R T e I e I R s Y
r  Plant - ' - a)_
_ B e B VPR B A 9 | 2 |- +

- LPF = low pass filter

Figure 5.12: Block 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 cleatly shown in Figure 5.13. :

 Signel Conditioner
Amplifier === | - |
Filters

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

As discussed the relevant digital filters were designed using MATLAB, Different
filters were used to compare resulis and show the necessity of eliminating the higher
frequency content for the atcelerometers. Furthermore, analogue filiers were also
used to check the efficiency of the equivalent digital filters.

Three sets of results are presented for the direct velocity feedback mett ~d. The
first results shown are for the control of the first two modes, with the filter. g belng
carried out by the analogae filters. These resulis are shown in Figures 5.14 and 5.15.
Figures 5.16 and 5.17 show the controlled foreed response of the beam, ueing the
digital filters and the Jast 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 bearn displacement neglecting to
eliminate the energy from the higher order modes, Thersfore, spillover to those
higher order modes results and the respunse to an impulse force mput shows a
) neutrally gtable beam
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" Tigure 5.04: Contralled forced response using analogue filters, at position 1,
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Figure 5.15: Controlled forced response using analogue filters, at position 2.

64




v A S . g oo AR

bt et g B A SRR Y T b BT e AT B

_ Displacement {m)

°o 2z 4 & 8 10
Tims {5}

Figure 5.16: Controlled forced response xming digital ﬂltarai at positioh 1.
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Figure 5.17: Controlled forced responec using digital filters, at position 2.
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Figure 5.18: Controlled forced respanse without filters, at position 1,
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Figure 5.19: Controlled forced zesponée without filters, at position 2.
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R TEE The MIMSG method

o The expenmental apg;_smtus is axacﬂy the same as that g gwenm ihe previous sertion.
" Thecon 3l philosophy,-however, is different and only one accelerometer is used, The
other accelerometer s left in piace so that the dynamics of the beam are not affected.

The block dlgra.m of the M!MSG contzol tel:hmqne axpemmental appamtus is shown

in Fzgure 8,20

eIy e o |- 1/
S B B el !_,___qz._,Ewgy
Plant [ BPR |-H 1/ -] 175 ol 178 (B
| BPF|-He

yapdef s L]
F

— /&

(LEF = low pass _ﬂltar, BPF = band pass filter)

Fxgnre 5.20 Blcck dxagram for the MIMSC control theory
The results oi' the MIMSC test with an mapulse force mput ls shown i Flglﬂ.'ﬁ 521

xi10™t

4
3
2

- Displacement {m)
o

: ' " Time {1 _ :
Figure 5.21: Controlled forced response using the MIMSC technique,
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‘Figare B.21 does not show usable Tesults. It was difficult to distarh the beam with a -
- much smaller excitation and therefore form a basis of comparison with the sumerical

resules. Howewar, Figure 521 is consistent with the numerical solution in that the |
- MIMSC technique will not show an improvement on the free response without

 Inrger control force. This was not possiblo with the speaker coil used in these tests.

5 5 Dmcussmn

The physically measumd results compare weli wu:h timse genera.ted by numerxcal
_ calcula.tmn S :

- Tor the direct velocity feedback method, is it evxdent that the anailogue ﬁlters are
- more efficient than their equivalent digital filters, However, the cost of the analogue

filters malke the usy of digital filters very appealing. Furthermore, the variation in -

the two sets of results is not that large such thai the digital filter solution should
be ignored. The nesessity of the filters as discussed in Chapiers 3 and 4 s clearly

demonstrated in Fignres 5.18 and 5,19, As shown, the beam does not necessarily -

become totally unstaie without the highe. arder modes being filtered out; a neu-
trally stable response inay be the result, Elther solution Is unwanted and therefore
spillover into the lug’:&r order mudes must be accounted for.

. The experimental results for the direct velocxty feadback methud (Figures 5,14 and
. 5 15) appear much better than the numerical results (Figures 4.9 and 4.10). This

is due to the fact that the a voltage Juat }arger than tha sssumed 10 volis could be
supplied to the actxtor. -

- Ounly two analogue ﬁlters were availsble and therefora or.ly d:g:tal ﬂlters were used
in the MIMSC tests. As with the numerical results, the measured results for the
MIMSC method show that the tests consistent with the direct velocity feedback

~ tests display & worée response than the free vibration results. J& was not possible

%o axcite the beam with a emaller magnitude force and a different actuator was not
~ avaliable, so the results reflected in the analytical waork are not 1epeated here,
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Chapter 6

Conclusions and
Recommendations

6.1 Conclusions

6.1.1 - General

A test structure consisten’ with previous work {7, 18, 26, 47, 49] was used and prdve&
to be an ldeal rig for testing of structural vibration. As the theoretical work shows,
a steel heam can easily be extended to compare with large flexible stractures.

The mathematical model developed from experimental modal parameters proved
batter than & pure analytical ap-iwoach, The model was shown to compare well
with experimental results for both the frea and forced vibration cases, Furthermore,
the model behaved as expected with the addition of a control law, ‘This is seen
by comparing the results in Chapters 4 and 5. With the well hehaved response
of ¢“e model, it is evident that a steel beam iz o good test stracture to use in
strutural vibration research. It is well defined in the theory, and even a purely
analytival approach to the mathematical model will yield results comparable with
the experimental ones.

6.1.2 Control Techniques

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

~ The direct velocity feedback method was a good atatting point. The experimental
behaviour of the steel beam was consistent with the aua]ytxcal results. Farthermore,
because of the yeduced complexity of this tecknique it is loss demandmg on hard-
ware and therefore cost. The direct velumty feedback method is a useful structural
vibration contro} tool.

The results of the MIMSC raethod ahnwe& that 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 ailow for a la.rger‘

aontrol foree. '
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Although the basic control principis of the two techniques is similar, the control
philosophy is different. The direct velocity feedback method nses as many sensors as
modes to be controlled, whilst the MIMSC method has a “time sharing” mechaniem
which uses a reduced mumber 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.l control

‘I’he digital signal processing (DSP) card was ideal for the application of digital
conirol, 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 tiwe
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 are well deﬁnéd. and further work in these areas
is not necessary; they are:

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

» The usz of the direct velocity feedback method, other than an extens:on 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 floating poiut processing
capabilities, However, ¢urtently not enough mput and output channels are
available,

From thig list it is clear that further work on the MIMSC aud other control laws
(particularly [53]) is the path to follow to continue with this research, Onca better
software and more channels ara availables for the DSP card, higher modes and mora
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 ¢ontrol more modes of vibration.

Different actuators could be tested. As discussed, both the plezoelectric crystal and
the electrodynamic shaker show promise as a.r.tna.tors in structural vibration control
and these should be explored further,

The direct velocity feedback method is well documented and the results presentad
in this dissertation are consistent with those results, Further work is not necessary
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o venfy the applicability of this control techniq,ue. "The advantage gained aver
controlling more modes, however, may be of § intexest.

The MIMSC technigue needs further work. Spemﬁc attention should be pa.ui to the
need of a larger control force for the MIMSC method, and therefore & speaker coil
a3 an actuator may not be the best schition, The MIMSC methed should also show
a far nnprovad frequency response by extendmg the expenmental work to ihe use
of more than one actuator.

It is demonstrated in this research tha.t state space control theory dues not a.ddress
the spillover problem, Therefore, other control techniques such as QFT (53] should
be analysed with atfention to the nded to filter out the “xpﬂluver” onto the modes
that are not belng controlled. _
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