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Active vibration suppression in a {lexible cantilever beam using fuzzy
logic controllers
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Absiract: This paper presenis a novel control svsrem to find a suttoble sulution jor addresang the
vibratton problem i fixed-free cannlever beam svstem soructires The solution 15 generated sving a
Juzzv fagic comtrofler (FLC) wtihizing single and muitiple contral actuators. The fuzsy comsrolier
eniplovs the errar benweent a retercive model oirdput and the cannlever responscr and error change
to geserate the conirol mpel increment W urfer (o preserve the desired refereace model
perfarmance, The controlier 1x tested walin o sysulanon epviromment. Results show that ait eveetlont
control performance is possible

Kevwords: Flexthie structures, canfifever beam, active canirol. fuzzy comratler

1. Introduction

The arca of vibration contrel is cnormous,covering a wide area ranging {rom civil engincenng
applications, such as buildings and suspension bndges. (o various problems in aerospace sLmeturcs
such as wing futier in aircraft and the swaving of satellite solar panels. Consequenily. this las
received considerable atentions by scientists and researchers in specific aspects such as, modeling and
simulation {Alghaneam, 14993), damping and comro! (passive and active as wel as hybrid) (Balas.
1979 and 1978).(2),(4)

The active conirol of vibrauon problems in flexible beam structures has been an imponant
topic of research in recent vears The aralvsis and design  of controllers for such structures have
mainly becn uscd on complicaled models. To reduce this complexity, several approximations (o the
mathemarical models can be made However, in praciice, it 1s quite difficult (o construct a model
which chamcienzes the svsiem completely and accurately, vet compact cnough for easy
intplementauon. These probicms couid be solved with incarporating the more recent hewristic ideas of
intelligent controf te actively suppress oscillattons in Oexible structures. These include neural
networks (NNs), genctic algorithms {(GAs) and fuzzy  logic controliers (FLCs) The NNs and GAs
have been investigated where good resulis have been aclticved (Al-Dmour. 1996) however. in this
paper fuzzy control techniques arc nilizesd so that their poientials in the considered application can be
asscssed. Furzy logic 15 wonth studving since. al a comenercial level. it has been used with great
success to control 8 wide range of machings and consunier products whereas, at a funcuional level. it
has been demonsirated that there are a wide range of appropriaie applicalions because luzzy logic are
simple 10 design and implenicnt Morcover. fuza logic works weil and it is based on simple, and
easily understood principles ( 2 )
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The application of fuzzy logic [or control systems has been Lhe subject of considerabie
rescarch in recant years; some important contributions on this subject inctude (Ghazli, 1996; Wang,
1993; Al-assaf et al, 1995, Higgins e al, 1994; Kung et al., 1994). The man feature of a fuzzy
controller is that it is easy lo apply heuristic knowledge without involving 2 tedious mathemalical
analysis. Also this controller may coven linguistic rules usually based on expen knowledge (Zadeh,
1975) imo aulomatic control strategy. So it can be applied o control dynamic sysiems with known or
wnknown models.{ 6 3( (3) and { 14}

In chis paper. the use of the FLC for vibration suppression of a flexible cantilever beam nsing
a single conrot actuators is considered first, the flexible canulever beam structure is considered as a
core case studv. since it provides the basis for many flexble structures applications, Actuaily when
wilizing only one control actuator to achieve global minimization of the vibration along the beam.
salisfactory perfornance mayv nol be possible 1o suppress the cantilever beam's vibrations o the
required Jeve! Therefore. it is the iention of this work 10 investigate the vibrauon suppression
performances using mulliple control actuators so that 1here 15 flexibility in placement and coutrol
design (0 achicve the desired results. Furthermore. muluple control aciuators allow us the design of
fault wleraunce solutions by which the comroller reconfligures iseif under actuator failures. This
ruethad also unlizes Lhe functional actnators to inuiniain the performance of the vibralion suppression
system lo be as close as possible 10 the level of (he nn-fanled condition.

Before discussing the design of FLCs and how they can be applicd Lo suppress Lhe vibration
of acantilever bearn system, a briel introduction 1o the lmeral vibrtion of a camilever beam structure
is presented.

2. Lateral vibration of a Mlexible cantilever beam structure

The ume rcsponse of a beam in jateral mouan 15 descnbed by the following fourth order parmial
differential equation (PDE) (Meirovitch. 1986; Tscet al.. 1978): (10) (11)
Fwald) Pylar)
Ef—;_;-—q-m—r:fd(a.r)«-fc(a.n (1}
where o is the disiance along the beam from the fixed end, »(a, 1) 1s (he displacemnent of the beam
at pont a ond al ume (. fy(a.r) amd /. (a1} are the disturbing and conlroting signals acting on

the beant at point a and time ! respectively, i 15 the beam mass per unit length and F7 is the flexural
rigidity  of the beam. It is well known that the resonance {requencies for the fixed-frec beam arc given
by (Tsc el al. 1978): .

vos{ f Nuosh(f )= -1 for =i, 2...n {2

where 7 is the beam length, g7 are ibe roois of Lhe characierisue equations. # is the number of the

considered modes. 5 = E— @ 15 the 1ith mode nawral frequency and o™ = Ll - According 1o the
u "

cantilever sysieru data (presenicd in Appendix A), i is straightforward to calculate our beam's

resopance frequencies; the first five natwral frequencies are 1,14, 7.12, 1993, 39.05 and 6456 Hz

(Al-Dmour, 1996).¢ 2]

To construct & suitable simutation pladorm 1o est and verify the control mechanisms. a
method for oblaining the numerical solution of the PDE in Eq. (1) is required. Several such methods
are aailable; one of the most popular approaches {s based on approxinuating the derivatives by their
dilference approximanons. This leads o various finite difference (FD) simulation methods such as
forward backward and cemiral FD methods (Kourmoulis. 1990}, The cental FD is 1he most accurate
methad. and (herclore deploved here for simulation purposes (Alghannam, 19963, The FD mcthod is
simple to implement and gives good and accurale approximations lo the dynamic behaviar of the
cantibever beant system (Virk ey al.. 1995),

3. Active vibration suppression system structare

Genenslly 1he schemalic diagram of the armangement of an active vibration eontrol system is as shown
in Fig 1 where a diswrbance force is applied at a distance r [rom the clamped end in order 10
excile the beam. The deformation of the beam is measured by sensors (observation points (OPs)) and
mcasmements are utilized 10 generale the conirol force using some design philosophy, while, the
canccllation forces arc implemented via conirol acluators {(CAs) o suppress the vibrations at the
contral poims (CPs). It is clear (hal. thcre arc many conligurations that may arise with possible
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vananons o the number of observation points. number of control actualors awd the aumiber of contvl
points iogether with various possible locations for \he sensors and actuators. In the main. only onc
sensor. one (or two) controd actuator(s) are considered and that the controf point is the same as the
observanon point. The sensors as described earlier measure beam deflections but other quantities such
as velocity or acceleration could be measured by wiilizing appropriate sensors,

FL ....... Xorrrwencn p bmerved pomis Control actialon ¢ proents
l_\" B "

Figure 1. Schematic diagrum of the active condrol sysiem

4. Destgn of fuzzy controller with single control actuatar
Fuzpy loge contred is based on fuzzy sct theons, which has been developed by (Zadeh . 1975). The
fuzzy sel is aset whose membershup function (characieristic function) takes values between zero and
one. In the design of w7y controller. the required vanables o be observed and controtled shonld be
idenufied which are chosen here t0 be the deflection af certain locauons along the beam. Also the
input and owpu fuzzy lingwstic variables and thewr membership functions need (o be defined.
Usually. the input variables arc sclecied 1o be the creor (e} {ihe ¢rror 1s the ducrence between 2
reference model output and the system ontpur) and the change in esvor (3 e) and may be expressed as:
e(ki= v ik}-v (a &) {3
Aok = efky —elk - 1) (4}
where,

v, kY is the model reference outpnd at 4" spmpling instant and v {a k}is the beant system deflection

at poimt aand a1 &”sampling instani and w/a. &/ is the beam system deflecuon at poimt &
Basically  the fuezy conuoller compriscs three main sieps. these are, fuzzification. control mile
evatuation and defuzziftcation.

In the fnezification process. the crror and change in error are fuzzified tnto membership
fneuons g, and 7 as shown in Figs. 2 & 3 respectively Here both ¢ and A e are convericd wmnto five
linguistic variables: Negative Large {NL). Negauve Small (N5). Zero (ZE). Positive Small (PS) and
Positive Large (PL). Also the controller output increments have five membership functions as shown

in Fig. 4 Large Negative (LN). Mediun Negative {MN), Small (SM), Medium Positive (MP) and
Large Positive (LP).
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Figure 4 Fuzzy ouwtpur imembership functions

Actually the values of these linguistic variables are selected according to the possible range in1he
error signal and the maximuin possible controler ou(put changes.

Dascd on ihe muembership function, and our hennsic knowledge from the resulis than hine
been obiamed 1w (Al-Dagur. 1996}, the fuzzy conirol rules that are used are summarized in Table 1.
These rules, usually expressed in (he IF-THEN form. are nunplied in this wable. for example, for 1he
element in the first row and the first column implies thay:
[F( ¢ is NLnand 3 eisNL)
Thei {the increment of the control signal is LN).

Table 1: Fuzzv ¢ontrol mule
Ervoe
1]
Action .\-‘LJ" N5 T ZE P8 PL

I

Lo LN Ly ] MN Mp | MP

Change | NS | LN | SN T sMm | up | alp
amor- ZE | MN | 3™ Isa | SM WP
3 MN AN ™ MP LP

PL MN | MM P Lr [ X3
A

It is clear from Table | that there are lwenty five permutations of conditional rules and it 1s required
10 wanslate them into mathematical format for each fuzry oulput membership function by using flezy
sct theory, and AND apd OR operators as:

z,  AND 7 =Minlz, .r,!

Z,0R y,=Max{yry .7.}

for any two membership values z and z, - The resulling values (or the fuzzy control action) are the
degree of the membership. r . for the fuzzy output membership functions,

The final stage of the furn controller design is the defuzzification process. [n this process
the fuszzy conwrol acuon is defnzzified using defuzzification stralegy 1o obuain a crisp control action.
The most commonly used straegy is the center of graviny (COQG). since it has bean found to give
smwooth controi signals (Al-assaf ¢t al.. 1993). here cach output membership abave Lhe value indicaied
by its respective fuzzy owpw is 1runcated. The resulting memnbershup funcoon are theu combined and
the overall COG is caleulated. The calculated value represents the ineremental control signal which is
theu used to modify the conlrol signal of the cantilever beam.

4.1 Conirol simulation results

The (uzzy control surmegy discussed in Section 4 was tesicd within a simulation environment using
FD for the beam system: a 20 suwion (or scclions) FD approxiniation is used because this gives
reasonable accuracy as was discussed in (Virk ot al .. 1994),
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Before  presenting the conrol simulation results. the ntost dominant modes which do exist i
our beam sysicm need to be iffusurated. It is assumed that the beam is disturbed by 2 unit step force of
0.1 N by an actuator piaced at the end of the beam. (n addition the abservation point is assumed to be
at the free end. An indicatuon of how many modes exist can be attained by studving the power density
specirum of the beam’s time responss to disturbances (xav, a step). Such a spectrum density plot is as
shown in Fig, 5 where il cun be abserved that the first three modes are dominani for the beam under
consideralion.
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Figure 5- Dominant modes of the disturbed beam

It should be noted thot the pawer spectral density should have units of m° / Hz . in this work however
these alues arc presented in dB units which reflect ihe pover density as a ratio compared with unity.
There s no wawral damping assumed in the FD simulation and hence, the response peaks in Fig. 5
should be infinity. However, in practice the frequency spactrum in numerically calculated in discrete
freqnencics which inevitably miss the exact sesonance resulting in the educed peak observed.

The set of simulation resulis (o be followed show the effectiveness of the fuzzy comrol
sirategy on the performances of the cantilever svstem. Simulation s carried our for 2 6 see period
when a step force of 0.1 N is applied at location @38/ from the clamped end. The disturbing force is
focated here becanse i1 will excite all the dominant modes The control actualor and (he abservation
point are both located at the free end of the beam since, Lhis lacation i1s not or near a node (zero
deflecuon) of the most dominant modes { see Appendix A). The (ime step size for the finite difference
simulaiton was chosen 1o be 0.2 mrec which is suficent to cover all the dominant resonance modes of
the beam. The three dimensional description of the vibration of the uncontrolled beam along s length
is as shown in Figure 6 where it is clear that the beam deflection is zero at the clamped end and
increases with the distance o from the fixed end. and reaching a maximum at the free end. This
result is as expected and il conftrms the validity of the FD simulatton in representing the behavior of
the cantilever beam. Fymire 7 shows a 3D piot of the beam response throughout its length when the
conirelter is turned on afier 3.0 see. Thus, it can be coneluded that (he fuzzy controller works well for
our system where good damping is observed.

. o
Il Serovw loganen n

Figure 6: Cantitever beam response before Figure 7: Comparison of sysiem response and
cancellation model ontput

E.3



E.6 A.S. Al-Dmour

Figure ® shows the time responses of the reference model and 1he beam sysiem ineasured at the frec
end for fixed and differem values of the reference levels. The responses show that the controlled
sysiem and the refcrence model outpuls are in a good agreement with each other. This leads to the
conclusion that wide band cancellation of the vibration has been acheved. To assess the performance
of (he conuoller it is useful o obwin Lhe power spectral densines of the beam respoases before and
after canccilation This is shown in Fig. 9 which indicates that the cancellation is significani over the
frequency range covering the first three modes. The attenuation 15 found to be 45.50 dB fer mode 1,
32.50 dB for mode 2 and 12.0 dB for mode 3 giving a net average over Lhe first threc modes of
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Figurz 9: Power deusilics belore and afier canceilation

Snch  an ollenuation  in  the level of vibration is reflected throughoul the beam as shown by (he
time~donuin and the corresponding frequency -domain (before and afier cancellation) descriptions of
the beam behavior in Figs 10 and 11 respecovely. These resulis demonstrate the capability of the
fuzsyv controller 1o suppress Lhe vibration along the flexible caniilever beam length. Consequenty. it
is clear that the reduciiou in the vibration levels al some poinis along the beatn is ool the same as that
oblained in 1he frec end since (he control action is based on the deflcction measwred m s locanon.
For achicving effecive global minimization i the vibrauon level. it is tecessary to invesligale the
periormance of Uie multu-control acuuwor situation. [t should be noted 1hat the kinks in Fig. 11 a1

distances 0.47f and (7% {romn the clamped end indicate the Yocanon of the third and second modal
nodes respectively,



Mansoura Engineering Journal, (MED), Vol. 23. No. 4, December 1998. E. 7
" SQ!. ——.I
f |
1 * _
Blore ¢ weimaos
T

-

I Cummpalar +

D

g

‘

mncr

My
B i ‘.}
Figure 11 Average power specaal densitics
before and after cancellation
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5. Design of fuzzy controler with multiple control actuators

The anaivsis prescnied above has demonsirated the design of a single-inpur control sysiem. that 1s
ope which uscs just one coatrol aciuator In this seccuon the analysis is exiended to embrace the muln-
control actuator situatton for the cantilever beam. To investigate the performance of such situation,
the beam svstem with two control sounces is considered. one locaied at the Iree end and the other ata
distance 0.63/ {rom the clamped end since tese locations are not at or aear a node of the most
donunant modes of the svsiem. The disinrbance force is assumed to be applied at .58/ from the
clamped end and there are two observaion points (upon which the control actton 1s based). onc
located 2t the free 2nd and the other at .63/ from the clamped end. The design of FLC walf also
employ the error and the error rale as for the case of single-mput control design. For present case.
since the sysiem has two eontrof aciuators {our inpuis are required. mvo from the cutput errors e and
2 and w0 {rom theerror rate Ael and Az2. in order 1o caiculate the incremens in the two control
sighats. namely. AC1 and AC2Y In rhis design. the svstem struciure is shown it Fig, 12 where the
design procedure Jollows the three main steps in fuzey controller design, that is. fuzzification. nule
evaluadon and defurzficaucn.
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Figure 12; Block diagram of a FLC usiug two controllers
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In he fozzification process. the error signal, emor mte and the controliers oulput increments are
fuzzilied foc both conireliers info five membership values as shown in Fig. 13. The constants LSS,
LE. ZS, SE. LOS, LOE, 50, and Z0 used in the definition of the membership functions wil} be fixed
alter being delermined in the simulation resuits. In this design. the fuzzy rules for the two controllers
are assumed (o be similar to thase shown in Table 1. Afier the conwol rules have been detecmined, the
final suage of the design is the dehnfication process where the fuzzy ouwrpul membership function is
comverted into its cnsp value. Then. the FLC ouiputs. or equivalendly, the control inpwl incremenis
ACH and AC2 are respectively added to 1he pervious controt inputs in order 10 obLain (he present
ancs Tor both controlless before being fed 10 1he cantilever sysiem.
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Figure 13: Fuzzy membership funcuons

5.1 Simulation results
In this sccrion, some simulation resulis are presenied using the FLC developed 1n Section 3 A
simulaion program was developed by applying the fuzzy design procedure presented above and the
scaling factors in Tables 2 and 3. The fuzzy inpul domains as presented in Table 2 are arbiwary
chosca but the fuzzy oulpul domains in Table 3 were obtained after seseral simulation \nals caried
out in the above condilions 5 that the desired overall control performances can be achinved.

For the FLC based ona muiti-input contmol design. the control performance is as showa in
Figure 14, This illustrates the ume-domain description along the lenpth of the beam. Alse i
demonstrates better performances over that obtained using single controller. This is because more
energy <an be transferred from the two control actuators (o the beam structare and aiso there {5 an
energy tansfer [rom one actuator 1o anomber which cause more damping in the vibranons of the beam.
This & funher evidenced in the comesponding [requency-domain [prescoied in the fomm of average
power spectral densiues) description in Fig. 15 where 3 clear indication about the effective giobat
reduction in Lhe vibration levels can be observed as compared with the reduction obtained using single
mpul contzol design.

Table 3: Scafing factors of fuzzy input function

- NL and PL NS wd PS e
seafing factor 88 Tt 5% St 7S
Ranges fior i 2.2 0.77 22 0.0 0.1}
Cortroller |
(em} 1 1.25 0.44 1.25 0.0 0.062
| 22 o7 22 0.0 0.088
w or
Controdler 2
(emy 22 1.25 .94 1.23 0.0 0432
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Table 3. Scaling factors for (uzzy output membership funcuons

NL and PL NS aml PS ZE
Furzy
P LOos LOE oS 0 E)
At 021 0.067 021 Q.0 .021
N
52 0.22 0475 0.22 0.0 0.015
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beam for single and owo control actuwiors

Having  successfully designed a fuzey  controller with two control actuators that can
effectively cancet globally the vibration throughout 1be beam length, it can be scen that. for exanple.
when the additional acwsator is physicallh removed from the beam. the system performance will be
sinular w0 that presented n Section 4. This leads. equivalently, 10 the conclusion that if 3 faukt
develops on 1he additional actuator the remedial action is to use the functional acaator that s tocated
ar the free end to correct the fauil condition to a similar situanon as that obiained when both actuators
WeTE In operaton,

6. Conclusions

The prime aim of this work is to achieve agtive vibration suppression on a [lexible cantilever sysiem
using fuzzy logic technique. The furzy contsolier has been tested on FD beam simulation. Resutts
kv demonstrated successful implementation of the control straiegy for canceling the vibration
throughout the beam length. It is observed that about 33.33 dB artenuation has been achieved over the
first three mode frequency range when the cxciation is aunit siep using single conirol actuator.
Although ig has been noted that when additional control actuator is deploved. the level of cancellarion
is improved  as well as having the ability to compensate for faults which may arise in any individual
acluator during operation. In this way the functionalin and performance of the sysiem can be
mantained as close as possibie to the siation for the un-fatled condition.

Morcover, a difficulty has been faced when obuaining the appropriate values of fuzn
membership functions where extensive sumutation trayls are needed to achieve the desired FLC control
performances. To improve the siluation. the usc of GAs techniques (0 automatically search these
functions may be proposed. and this will be discussed in a separate paper. Finally it can be concluded
that the fzay logic controller do offer a viable selution for vibration problems in (Iexible beamn
struciures,
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Appendix A: Beam data

Al

A2

Cantileyver beam parameters

The dma for the beam used in the research described 1n this thesis is as follows:
Beam matepal; Aluminum

Beam length, £ 0.8 m

Cross section area, 4: 2.1894x 107 nr°
Mass per unit length, 04 - 005933274 Al

Shear. &7+ 0.100105598 Ym°

- E-: bl
Beam constant, i = — © 1.687189872 m” sec

Cantilcver Beam Nodes and Aati-nodes

Tablgs A1, A 2 show 1the {ocanou of the cantilevar beam’s uodes and anui-nodes as measured fom the
clamped cnd.

Table A.1: Locanons of nodes along the cantilever beam
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Table A.2: Locations of anti-nedes aloag the canulever bemn

I dode ﬂi Anti-node distance ﬂ

E.11



