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Hur marks vibrationer?

Vibrationer i struk-
turer kan kédnnas
och kan hoéras indi-
rekt. Vibrationer
med stort utslag
kan ses. Om de &r
ldngsamma kan
man se en fram-och
atergdende rorelse.
Med hjdlp av mét-
instrument kan
man indirekt re-
gistrera vibrationer.
Ibland kan man se utmattningsskador pd ma-
skiner och byggnader som kan misstinkas
vara orsakade av vibrationer. ”Vita fingrar”
kan vara orsakade av vibrationer.

Skandinaviska Vibrationsforeningen erbju-
der 1 hdst tre olika symposier eller temada-
gar som belyser ndgra av ovanstéende aspek-
ter av vibrationer.

- Arbetsutskott 4, som ansvarar for vibration-
ers inverkan pa ménniskan, anordnar 27
oktober en temadag om “Hilsorisker fran
vibrationer i arbetsmiljén”. Detta dmne &r
synnerligen aktuellt med tanke p& de kom-
mande foreskrifterna om vibrationer fran Ar-
betsmiljoverket.

P& Vibrationsdagen 23 november &r temat
”Ljud ger vibrationer — vibrationer ger ljud”.

I anslutning till Vibrationsdagen anordnar
arbetsutskott 3, som ansvarar for informa-
tion om trafik- mark och byggnadsvibratio-
ner, 24 november en temadag om “Byggnads-
vibrationer”.

Innehéllet i temadagarna presenteras pa an-
nan plats i tidningen och p4 www.svib.se.

Jag hoppas att innehéllet lockar manga och
kommer att ge nyttig kunskap att bygga vi-
dare pa.H

Martin Almgren

Ordférande,
Skandinaviska Vibrationsforeningen,

e-post. martin.almgren@ingemansson.se

Forslag till foreskrifter om
Vibrationer samt alimanna rad
om tillampningen av
foreskrifterna

Arbetsmiljoverket har tagit fram forslag till
foreskrifter om vibrationer baserade pa Eu-
ropeiska unionens (EU:s) direktiv 2002/44/
EG om arbetstagares exponering for risker i
samband med vibrationer i arbetet.

Férslaget med konsekvensutredning finns att
tillgd pd verkets webbplats, www.av.se un-
der rubriken Regler. Dir finns dven forslag
pé foreskrifter om Buller.

Den intresserade kan ldmna synpunkter till
mig sd kan jag sammanstilla och skicka till
Arbetsmiljoverket. Det gar ocksa bra att 14m-
na synpunkter direkt till Arbetsmiljéverket
senast 4 oktober 2004.

Jag vill paminna om SVIBs temadag 27
oktober. Den kommer att behandla fire-
skrifterna.

Martin Almgren



SVIB styrelse

Ordférande

Martin Almgren, tekn dr
Ingemansson Technology AB
+4631 774 74 54

Vice ordforande
Ole Dgssing, civ ing
Rovsing A/S

+45 44 20 08 29

Sekreterare

Alf Olsson, ing

SVIB Normtjinst AB

+4670 717 29 15, tis-tors +468 444 14 10 (SEK)
Ovriga ledaméter

Thomas Abrahamsson, prof

Chalmers Tekniska Hogskola

+4631 772 15 06

Christian Madshus, Dr scient
Norges Geotekniske Institutt
+47 22 02 30 44

Ylva Vidhog, civ ing
Forsmarks Kraftgrupp
+46173 821 30

Arbetsutskott

AU 1 &2 Vibrationsmitning och -analys samt
fordons- och maskinvibrationer

Kjell Ahlin, tekn lic

Saven EduTech AB

+468 473 50 94

AU 3 Trafik-, mark- och Byggnadsvibrationer
Tomas Odebrant, civ ing

Ingemansson Technology AB

+468 744 57 80

AU 4 Vibrationers inverkan pi minniskan
Johan Granlund

Vigverket Konsult

+46 243 75388

AU 5 Forskning och utbildning inom
vibrationsomradet

Thomas Abrahamsson, prof

Chalmers Tekniska Hogskola

+4631 7721506

ISSN 0281-6830

_2-

Innehall:

Hur mirks vibrationer? - ' 1
Martin Almgren, Ordforande, SVIB

Olof Friberg, minnesord -

Study of crossbar tyres -
F Wullens, W Kropp

Nonlinear stochastic response of a shollow cable - 12
J.W. Larsen, S.R.K. Nielsen

Non-contact measurements of
toolvibrations in a milling machine -
M Rantatalo, P Norman, K Tatar

22

Hilsorisker vid vibrationer i arbetsmiljon,
temadag AU4 -
Johan Granlund

32

Vibrationsdagen 23 nov - 35

Martin Almgren

Temadag 24 nov, byggnadsvibrationer - 36

Increasing the stiffness - 38

L Kantola, P Soderstrom, M Sippola

Annonskostnad (inkl moms)
Mittuppslag

Dubbeluppslag

1 baksida + 3 helsidor

Hel insida

Halvsida

22 500:- /4 nr
20 000:- ~
15 000:-
11 250:-

6250:-

”»
”

2

Medlemsavgift 450:- / &r

SVIB NORMTJANST AB

Box 1288, 164 29 KISTA

Alf Olsson +4670 71729 15
Postgiro 405 36559
Bankgiro 59 57-5076

Kansli och redaktion:

SVIB Box 1288, 164 29 KISTA
Telefon 0533-91590
Telefax 0533-81602
E-post svib.ntab@swipnet.se
Hemsida www.svib.se

Ansvarig utgivare:
Alf Olsson
e-post: olsson@sekom.se




Behover din verktygslada fornyas!?

INSUL ir ett program for berikning av
ljudisolering hos:

¢ Enkelviaggar

* Dubbelviggar med ménga typer av
stommar

*  Bjdlklag med eller utan nedpendlade
undertak

e Tvaglasfonster

Berikningarna ir baserade pé analytiska
berakningar som bara behGver enkla
indata fér konstruktionen. Programmet
kan berikna reduktionstalet i tersband
samt det vdgda reduktionstalet, R, och
R, +Cso.5000 S2mt reduktionstalet mot
trafikbuller, Ra,.- Valfri tjocklek och typ
av isoleringsmaterial i kaviteten. Oppen
databas for inldggning av egna material.

Olika typer av stommar kan hanteras,

t ex tristommar, stalstommar, separerade
och saxade stommar samt stommar med
akustikregel eller vibrationsisolering.
Bjilklag med undertak med olika

typer av infistningar, t ex nedpendlade
punktinfistningar, kan beraknas. Valfri
glastyp hanteras.

ENC ir ett program i 7 moduler
uppbyggt av en méingd delprogram som
behandlar:

*  Nivaer och bedémningsgrunder

*  Ljudeffekter och ljudutbredning
utomhus

*  Rumsakustik och ljudabsorption

*  Ljudisolering, huvar och skirmar

*  Ljuddimpare, ljud i kanaler och
breakout ljud

*  Vibrationsisolering och dimpning

*  Omfattande semiempirisk databas for
uppskattning av ljudeffekter hos killor.

INSUL och ENC ir till stor hjilp fér
akustiker, produktutvecklare, arkitekter
och konstruktérer som snabbt vill ta fram
konstruktioner som uppfyller stillda
ljudkrav.

'WSP Akustik ingar i WSP Group med
ca 80 akustiker i koncernen. Det gér
akustikenheten inom WSP till en av
Europas stérsta aktérer i branschen.

| Sverige @r vi ett 40-tal medarbetare med
Gver 40 ars erfarenhet av specialisttjinster

inom omradena akustik, buller och
vibrationer. Vi har vilutrustade ljudlab och
programvaror som ticker de flesta behov
inom alla branscher.

'WSP Akustik har kontor i Stockholm,
Goteborg, Malmé, Helsingfors, Oslo,
Bergen, Kristiansand, Stavanger,
Tensberg, London, Birmingham och
Bristol.

Mer info pA www.wspgroup.se eller
INSUL:s hemsida www.insul.co.nz
ENC:s hemsida www.causalsystems.com
INSUL och ENC distribueras i
Skandinavien av WSP Akustik, Bengt
Johansson, Telefon 08-555 232 54
bengt.johansson@wspgroup.se

e Hor av dig fér demoversion!
'WSP Akustik, Lumaparksvagen 7
Box 92093, 120 07 Stockholm.

Telefon 08-555 232 00
Fax 08-555 232 50

BWSP

Kontakta Saven Hitech

L A T

ljudnivamatare

laddningsforstarkare
kalibratorer
impulshammare
FFT-analysatorer

matbandspelare

for rdd om lamplig utrustning for
mdtning och provning av
ljud och vibrationer

SR S X X

SAVEN HITECH

PC-baserade matsystem SAVEN HITECH AB
TEL 08-505 641 00

vibratorer E-MAIL info@savenhitech.se
www.savenhitech.se

vibrationskontrollsystem —
. TEL +358 9 725549 60
consulti ng E-MAIL info@saven.fi
support NORGE
TEL +47 33 05 66 88

service E-MAIL info@saven.no
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Olof Friberg

Olof Friberg, Goteborg, har hastigt avlidit
50 4r gammal. Nérmast anhoriga dr makan
Asa och barnen Gustaf, Kristina och Erik.

Olof, som var gote-
borgare, utbildade sig
efter studentexamen
till marinofficer i re-
serven. Han borjade
att studera skepps-
byggnadsteknik péd
Chalmers 1974, vilket
sedan ledde till civil-
ingenjors- och dok-
torsexamen. Han tjénstgjorde darefter vid In-
stitutionen for Byggnadsmekanik som fors-
kare och universitetslektor, samt fran 1998
som bitridande professor. Han utndmndes
2002 till professor i fordonsmekanik.

Olof var en internationellt erkdnd och fram-
stdende forskare inom omradet fordonsdyna-
mik, speciellt datorsimulering av fordonsvi-
brationer. “Fordonen” kan till exempel vara
personbilar, lastbilar, satelliter eller flygplan.
Olofs forskning utmérktes av att han bemés-
trade kombination av matematiska metoder,
data programmering och praktisk simulering
inom industrin.

Aven utanfér Chalmers hade Olof en omfat-
tande verksamhet. Han samarbetade med
forskare vid University of IOWA, USA, for
utveckling av simuleringsprogram, som i dag
anvinds i industriprojekt i manga ldnder.
Han fungerade sedan 1997 som akademisk
handledare for projektet Optimering av
komfort i bussar” vid Scania Buses &
Coaches i Katrineholm. Han har arbetat med
ett flertal industriprojekt vid Volvo AB.

Som lirare var Olof mycket skicklig, enga-
gerad och uppskattad. Han hade stor forma-
ga att for studenterna tala om vad som var
vasentligt,

och vad man forvintades ldra sig. Manga
examens arbetare kan vittna om hans positi-
va och engagerade sitt att handleda och ex-
aminera.

Vid sidan om jobbet hade Olof segling och
musik som stora hobbies. Alla vi vid Bygg-
nadsmekanik fick ta del av dessa da Olof
omtinksamt ordnade segelutflykter for per-
sonalen och skrev humoristiska hyllningsvi-
sor till oss vid jamna fodelsedagar. Han be-
hirskade ménga instrument och spelade
bland annat keybord i blues- och jazzgrup-
per. Vi minns Olof som en varm och om-
tinksam arbetskamrat som lamnat oss allt-
for tidigt.

MATS ANDER, PETER ERIKSSON
KENNETH RUNESSON, ALF SAMUELSSON
HARALD TAGNFORS, NILS-ERIK WIBERG

Vinner och arbetskamrater pa Chalmers
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Study of Crossbar Tyres in Rolling
Conditions

Frédéric Wullens, Wolfgang Kropp
Department of Applied Acoustics, Chalmers University of Technology, SE-41296
Goteborg, Sweden,
Email: frederic@ta.chalmers.se

Abstract

Prediction of tyre/road noise requires a good
understanding of the radiation properties of
a vibrating tyre, but necessitates first of all
an accurate prediction of the structural vi-
brations of a rolling tyre. In order to achie-
ve this, a three-dimensional contact model
was previously proposed and validated for
the case of a tyre having only circumferenti-
al grooves [1].

The question arising in this work is whether
the model is adequate for the prediction of
the structural vibrations of a crossbar tyre,
for which the tread pattern is made of regu-
larly spaced bars in the width direction.

Acceleration measurements were made on
crossbar tyres in rolling conditions in order
to understand the effect of the crossbar im-
pact on the vibration behaviour of the tyre.
The measured acceleration signals were then

compared to the ones calculated with the th-
ree-dimensional contact model and an ac-
ceptable agreement was found for the posi-
tion of the pitching frequencies resulting from
the periodicity of the crossbars on the tyre
and for the amplitude of the acceleration
signals in the normal direction to the tyre
structure.

Introduction

The study of crossbar tyres is a relevant one
in the sense that crossbar tyres represent an

extreme case of patterned tyres. In this work,
accelerations signals measured in the nor-
mal and tangential directions on crossbar ty-
res are studied in rolling conditions and are
compared with the acceleration signals cal-
culated with a 3D contact model, previously
validated for the case of an airplane tyre [1].
The model is good at predicting pitching fre-
quencies induced by the periodicity of the
crossbars. In terms of acceleration amplitu-
de, the agreement is reasonably good with
regard to the limited number of generation
mechanisms implemented in the model

Measurements of acceleration

Measurements on crossbar tyres in rolling
conditions were made in laboratory-control-
led conditions on a test drum located in a
semi-anechoic room. The measurements
were made in the frame of the EC research
project RATIN at Goodyear Technical Cen-
tre, Luxemburg. The measurement procedu-
re concerns the recording of acceleration
signals on the tyre structure in Till exempel
har geofonen kapacitet att berékna respons-
spektra i realtid enlig forslaget ISO/WD
18431-4 Mechanical vibration and shock —
Signal processing — Part 4: Shock response
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spectrum analysis the normal and in the tang-
ential direction while rolling. The crossbar
tyre used for the measurements has 64 bars
that are equally spaced. The tyre is fixed on
an axle and is loaded by a static force of 3000
N on the drum before the drum is rolled.

' radial accs

2

tang accs
Figure 1: Mounting of the accelerometers

In order to perform acceleration measure-
ments, accelerometers were glued on the tyre.
To measure normal acceleration, accelero-
meters are glued on the tyre structure inside
the grooves made by the bars, see Figure 1.
For the tangential acceleration, the accelero-
meters are glued on the bars, in the tangen-
tial direction, which means that they mostly
measure the tangential motion of the bars
due to tangential forces and some rotational
motion that can be due to the bending of the
tyre structure.

Calculations

The acceleration from the vibrating tyre
structure can be calculated in the normal di-
rection with the time-domain formulated con-
tact model developed by the authors [1]. The
contact model needs the tread profile (obtai-
ned by scanning), the road roughness (laser-
measured), the tyre structure response and
some material data as input in order to solve
the 3D contact problem for each time step.
As an example, Figure 2 shows a snapshot
of the tyre/road interaction at a certain time
step.

Analysis and comparison

Figure 3 shows a typical time acceleration
signal measured in the normal and tangenti-
al directions for the case of the tyre rolling
at 80 km/h on the ISO road. The figure shows
the time averaged acceleration over all tyre
loops completed during measurements and
the time period corresponds to a fully com-
pleted tyre loop. At 0 =t s, the accelerometer
is on the top of the tyre ( 0 = ¢ s) and moves
through the front part of the tyre, approach-
ing the leading edge ( 04 0. ¢ » s). From 04
0. ¢ » to 05 0. ¢ » s, the accelerometer travels
through the contact patch (region 2). After
05 0. ¢ » s, it travels through the back of the
tyre towards the top again.

_: tyre structure
deformation

tyre tread
profile

s

altitude [m]

width direction [m]
circumference direction [m]

Figure 2: Snapshot of the tyre/road interaction between
the crossbar tyre and the ISO road at 80 km/h
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Figure 3: Normal (left) and tangential (vight) accelera-
tion time signals recorded for
the tyre rolling at 80 km/h on ISO road

While completing an entire loop, the nor-
mal accelerometer records an acceleration
that is composed of three parts. The first part
is the acceleration in stationary conditions,
which is the shape of the acceleration signal
that would be obtained in the case of the
smooth tyre rolling on a smooth road (see
[2]). The second part is composed of the
waves produced ahead of the accelerometer
by the tyre/road contact, which propagate in
the opposite direction of the tyre rotation.
This signal is the compressed wave visible
in the part of the signal called region 1.

Finally the third part is composed of the
waves produced behind the accelerometer,
propagating in the same direction as the tyre
rotation. These waves have biggest amplitu-
de from the trailing up to the top of the tyre,
in the part of the signal called region 3.

Figure 4 shows the comparison between me-
asured and calculated power spectrum dens-
ity of the normal acceleration signals for se-
veral rolling speeds. At 60 km/h, a group of
two peaks, one at n, / fbelow 500 Hz and
one at n, u faround 700 Hz is visible. These
two peaks are representative for the pitching
frequency 7, p f'due to the periodicity of the

2000
1500

acceleration [m/s?]
g
o =]

8

A000 i

H H i i ; H i H
001 002 003 004 005 006 007 008
time [s]

-1500 0

crossbar tyre influenced by the Doppler ef-
fect as

Son

u

li-(—)
¢ p.n

where u is the rolling velocity and () n, p fc
is the wave group velocity. n, [ fis characte-
ristic for the wave propagating in region 3
whereas n , u frepresents the wave present
in region 1.

W) (s foun)=

The spectrum below 250 Hz is characteristic
for the acceleration in stationary conditions
and is therefore not influenced by the Dopp-
ler effect. For higher frequencies, the signal
is influenced by the higher harmonics of the
pitching frequency.

The agreement between measurements and
calculations is good at 60 km/h in terms of
shape and amplitude. At all speeds, the low
frequency region is well captured, meaning
that the contact time and length are well pre-
dicted. At 80 km/h, the model fails in pre-
dicting the acceleration peak at n, u f. A
reason for this can be that the measurement
peak is built of two peaks, the upper one of
the pitching frequency plus the lower one of
the first harmonic of the pitching frequency,
present at about the same frequency whereas
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the model predicts the peaks at different fre-
quencies. At 100 km/h, the agreement is glo-
bally better than 80 km/h.

Generally, as rolling velocity increases, the
acceleration peak corresponding to n , [ fre-
mains constant whereas the peak correspon-
ding to n, u f'decreases. This means that the
vibration amplitude at the leading edge dec-
reases. An explanation for the actual decrea-
se could be the importance of damping ef-
fects as the excitation frequency increases.
Additionally, the fact that this trend is both
observed in the measurements and predicted
by the model talks against the effect of tang-
ential forces on normal tyre structure vibra-

tions since tangential force excitation is not
implemented in the model.

The amplitude of the acceleration spectrum
measured in the tangential direction (not
shown here) decreases at n , u f for increa-
sing rolling speed as for the normal direc-
tion, whereas the peak at 7, / fincreases. At
this point of the study, it seems that the im-
plementation of normal structure vibrations
due to tangential excitation is not necessary
since the model captures the right trends with
normal force excitation only. A further step
is the validation of the model for commerci-
al tyres in order to verify this hypothesis.

[ - LW
[ g i 5wl
L t'.\“fy: £ \”\M \5 L ‘XWJ:‘\W,H«\
R Y N oL R ¢ ol W
§ - g Y g ‘
S ey ) T } e
XS A -

o 500 1000 1500 2500 )

frequency (Hz)

2000 500 1000

Figure 4: Comparison between the measured and cal-
culated normal accelerations
at 60 (left), 80 (middle) and 100 km/h (right)
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Nonlinear Stochastic Response of a
Shallow Cable

J.W. Larsen and S.R.K. Nielsen

Department of Civil Engineering, Aalborg University, Sohngaardsholmsvej 57, DK-9000
Aalborg, Denmark

The paper considers the stochastic response of geometrical nonlinear shallow cables. The
response of the cable is investigated for a reduced two-degree-of-freedom system with one
modal coordinate for the in-plane displacement and one for the out-of-plane displacement.
At first harmonic varying chord elongation at excitation frequencies close to the correspon-
ding eigenfrequencies of the cable is considered in order to identify stable modes of vibra-
tion. Dependent on the start conditions the system may enter one of two states of vibration
in the static equilibrium plane with the out-of-plane displacement equal to zero, or a whir-
ling state with the out-of-plane displacement different from zero. Possible solutions are
found both analytical and numerical. Next, the chord elongation is modelled as a narrow-
banded Gaussian stochastic process, and it is shown that all the indicated harmonic solu-
tions now become instable with probability one. Instead the cable jumps randomly forth and
back between the two in-plane and the whirling mode of vibration. A theory for determining
the probability of occupying either of these modes at a certain time is derived based on a
homogeneous, continues time three state Markov chain model. It is shown that the transi-
tional probability rates can be determined by first-passage crossing rates of the envelope
process of the chord wise component of the support point motion relative to a safe domain
determined from the harmonic analysis of the problem.

Introduction

Cables used as structural support elements
of masts, towers and cable-stayed bridges are
characterized by a sag-to-chord-length ratio
below 0.01, which means that natural fre-
quencies for the vertical and the horizontal
vibrations are pair-wise close. Typically the
supported structure is performing narrow-
banded random vibrations, with the impli-
cation that the cables will be subjected to
narrow-banded support-point motions. Espe-
cially the component of the relative support-
point motions along the chord is of impor-
tance for the cable dynamics. Primarily, the
said displacement component is exciting the
cable as an additive load term in the in-pla-
ne equation of motion. Additionally, the com-
ponent appears as parametric (multiplicati-

ve) load terms in both the in-plane and the
out-of-plane equations of motion. If the cen-
ter frequency of this excitation is close to a
pair of cable eigenfrequencies strong 1:1 in-
ternal resonance vibrations in the involved
modes take place. Since, the eigenfrequen-
cies of the symmetric in-plane modes is in-
creasing with the Irvine stiffness parameter,
similar internal resonance couplings invol-
ving the Ist symmetric in-plane mode, the
2nd antisymmetric in-plane and the 2nd anti-
symmetric out-of-plane modes may occur at
a somewhat higher sag-to-chord-length ra-
tio corresponding to the so called cross-over
eigenfrequency of the cable. At a still higher
sag-to-chord-length ratio nonlinear interac-
tions between the 1st symmetric mode and
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the 2nd symmetric out-of-plane modes may
occur. Similar interaction patterns exist for
the 2nd and higher order symmetric in-pla-
ne modes.

For shallow cables additional internal reso-
nances caused by non-linear or parametric
coupling terms occur, if the excitation fre-
quency is a multiple of the eigenfrequencies
of the considered pair of modes (superhar-
monic response), or a fraction of these fre-
quencies (subharmonic response). Normal-
ly, the subharmonic response is more pro-
nounced. Also coupled or uncoupled harmo-
nic response with the frequency fraction 2/3
(combinatorial harmonic response) may oc-
cur.

In this paper a Galerkin based reduction of
the nonlinear shallow cable equations to a
two-degrees-offreedom system using the fun-
damental in-plane and outof- plane linear
modal modes as a functional basis. At first
possible stable periodic motions are identi-
fied under 1:1 internal resonance due to har-
monically varying support points. These turn
out to be a whirling and two in-plane modes
of vibration. The in-plane modes are charac-
terized with large and small amplitudes, re-
spectively. Next, the support point motion is
changed to a narrow banded excitation with
center frequency W and envelope process
comparable to the frequency and amplitude
of the harmonic excitation. During the sto-
chastic excitation the modal coordinates per-
form stochastic vibrations around the iden-
tified stable periodic motions, which form a
kind of mean value responses. Although sto-
chastic, these motions are distinguishable by
qualitatively different levels of amplitudes
and phases, for which reason they will be
referred to as “’states”. During narrow ban-
ded stochastic excitation it turns out that the
motion in all states are unstable with proba-
bility 1 with the implication that jumps ta-
kes place to one of the two other possible
states. Correspondingly, the response of the

cable is modelled as a three state homoge-
neous continuous time Markov chain, [1].
The transitional probability rate for jumps
from state i to state j is denoted v, , where
the index values i = 1,2,3 denote the plane
mode with small amplitude, the plane mode
with large amplitude and the whirling mode,
respectively. Hence, v, represent the proba-
bility rate of jumping from the plane mode
with small amplitude to the whirling mode.

The mechanisms causing jumps between the
described states are identified. It is shown
that jumps are related to out-crossings of the
envelope of the nondimensional chord elong-
ation at barrier levels, which can be deter-
mined from the analytic solutions to the har-
monic excitation.

The vibrations of the cable is caused by elong-
ations of the chord due to forced motions of
the support point. Assuming a parabolic ap-
proximation to the equilibrium suspension,
and retaining up to cubic geometric nonlin-
ear terms, the equation of motion have been
derived in [2].

Harmonic Analysis

Fig. 1 shows a cable with the chord placed
along the horizontal x-axis and the static
equilibrium state y(x) in the (x,y)-plane. The
cable is supported by springs &, and k, mo-
delling the flexibility of the support point.
The material point of the initial cable confi-
guration with the coordinates (x,y,0) under-
goes the displacement vector [¢1(2),q(?)]” in
the coordinate directions at the midpoint of
the cable with ¢ (7) and g,(?) being the out-
of-plane and in-plane components, respecti-
vely. The cable is elastic with the elasticity
modulus £ and cross-sectional area 4. The
sag, the chord length, the total weight of the
cable and the horizontal cable force in the
equilibrium state are denoted as 1, W and
H, respectively.
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The data of the considered cable refers to the
longest stay in the cable-stayed bridge across
the @resund between Denmark and Sweden.
The supports are assumed fixed, correspon-
ding to k, = k, = x. The stiffness of the cable
is EA =2.17 -10° N, and the equilibrium for-
ce H=5.5-10° N. The chord length is 260 m,
and the cable mass per unit length is m =
81.05 kg/m, corresponding to a total weight
of W=2.038 - 10° N. The referential ampli-
tude of the chord elongation is A/, = 0.5m
corresponding to e, = 0.759.

First a deterministic harmonic excitation with
the circular frequency Q = ®, = @, is consi-
dered, which means that

e(f) = e, cosCt +a. )]

Fig. 2 shows possible solutions of the amp-
litudes Q, of g,(¢) as function of the excita-
tion frequency Q. Analytical solutions, which
are stable in 3D, i.e. where the out-of-plane
component ¢ (f) is free to move, have been
indicated by an unbroken bold line, whereas
stable analytical solutions in 2D, where the
out-of-plane component is suppressed so ¢, (?)
° (), are marked with a thin unbroken line.
Finally, unstable solutions are indicated by a
dashed signature. The quality of the analytic
solutions have been checked by numerical
integration of the equations of motion for the
stable branches, and have been indicated by
a (o) on the plot. In this case O, have been
obtained from rms values obtained as time
average over one period T'= 2 7/Q. The sta-
bility analysis of the various solutions have
been carried out by means of Floquet theory.

The branches indicated by p,, p, and p, indi-
cate the harmonic response in 2D. p, is sta-
ble up to a certain maximum excitation fre-
quency Q, where a fold instability takes pla-
ce. p, is stable in certain disjoint sub inter-
vals of the Q-axis.

1+a1

0z [m]

Figure 2: Q2 during harmonic excitation as a function
of excitation frequency €, e, = 0.759. Stable solutions in

3D (= ). Stable solutions in 2D (= ). Unstable solu-
tions (--- ). Numerical solutions (o).

In 3D the stable plane motion (i.e. ¢,(?) ... 0,
but is free to move) is indicated by r,, where-
as r, and r, signify corresponding unstable
solutions. 7! is formed by bifurcation from p,
at a critical frequency and remain stable up
to a certain maximum excitation frequency
Q, where a fold instability takes place. Att-
raction to r, takes place if the system is star-
ted with very small initial values g,(0) |0 or
'q,(0) | 0 along with relatively large values
of ¢,(0) and g,(0). If q,(0)="¢,0) ... 0 the
system is attracted to p . The amplitudes of
the mode of vibration p, and r, are compara-
ble, whereas the phases are completely dif-
ferent.

w, indicate a whirling motion. This motion
is also formed by bifurcation from », which
takes place at a slightly larger frequency than
the bifurcation into the branch p,. The whir-
ling motion remains stable up to a certain
maximum frequency.
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At the frequency in the vicinity of Q ~2 w,,
where p, is unstable, a stable branch s, exist.
In this mode ¢,(?) is harmonic with the fre-
quency Q =2 ® , whereas g () is a subhar-
monic of the order n = 2, resulting in an
eightshaped trajectory. s1 indicates the cor-
responding plane subharmonic in 2D. No
analytic solutions have been indicated for the
subharmonic responses.

Narrow-banded Excitation

AT il

t[s]

Figure 3: Narrow banded chord elongation process,
u=0.003, e,= 1.5, 2= 1.25 @, Underlying process e(t)
(---- ). Envelope process E(t) (- ---).

The stochastic model for the non-dimensio-
nal elongation of the chord-length e(?) is
obtained as a second order filtration of Gaus-
sian white noise

&) +2uQe(r) + QPe(t) = /2uDdegW (1), 2)
where L is a bandwidth parameter, Q is a
circular center frequency and #(f) is a unit
Gaussian white noise process. A realization
of e(t) and the related envelope process
E(t) are shown on Fig. 3. e, and e, represent
the minimum and maximum value of the
amplitude e, where a certain periodic mo-
tion may exist under harmonic excitation
with the circular frequency Q. As seen at
t=~32 s the upper envelope process performs
a first passage out of the interval [e,e,] at

the lower boundary e,. We shall later see that
such an out-crossing cause a transition from
one periodic motion to another.

Homogeneous Continues Time Markov
Chain

Let T, be the first passage time interval until
transition to state j takes place on condition
that the system starts in state i. Similarly 7,
denotes the first passage time

0 1000

2000

3000
t [s]

4000 5000 6000

Figure 4: Monte Carlo simulation of distribution func-
tion for the time interval in a given state, 2= 1.25 ®,
u=0.0003, e, = 1.5. Low-amplitude in-plane mode

p3 (). High-amplitude in-plane mode r, (= ).

Whirling mode ®, (= ).

interval of occupancy in state 7 until transi-
tion to any of the other states.

It is assumed that the transition from one sta-
te to another may be described by a three state
homogeneous continuous time Markov
chain.

Let j, and j, denote the possible transitions
states from state i. Then the distribution func-
tion of 7i follows from

P(L>1t)=P(Ly; >tATy >t) = ©)
exp(fv,‘j]t) CXp(—V,'jZI =
FT, t = | —exp( V12+V13 l‘)
Fr,(t)= IéeXp( (Va1 + va3)t
FT3t —l—exp( (V31 + va2)t
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The transition rates is then found from

1

Vij = m,

4)

where E [T,-,] denotes the expected first pas-
sage time interval until transition. The re-
sults (3) have been verified by Monte Carlo
simulation using the following procedure.

At first the system (??) is integrated with an
equivalent harmonic excitation until statio-
narity is achieved in state i. Next the excita-
tion is changed to a stochastic excitation by
integrating (2) with initial values e(0) and
’e(0) determined by the terminal values of
the harmonic excitation. In the numerical
procedure the unit white noise process is re-
placed by an equivalent broad banded Gaus-
sian process (broken-line process). Fig. 4
shows plots of the resulting histograms ba-
sed on 2500 sample values. In (1-F,(#))should
map into a straight line as a function of time
for an exponentially distributed random va-
riable.

Trigging Mechanisms for Transition
Between States

Fig. 2 shows the harmonic amplitude respon-
se in the resonance area as a function of the
excitation frequency Q at a fixed amplitude
e,=0.759. On Fig. 5 the corresponding amp-
litude plots of Q2 have been shown, when
the amplitude €0 is varied, and the frequen-
cy Qis fixed at Q = 1.25 w,.

The response branch 7, (state i = 2) only ex-
ists for excitation amplitudes e in the inter-
val [e, ,e,.]. As e, is decreased towards the
limit e, the maximum point (fold instability
point) on Fig. 2 is achieved at smaller and
smaller frequencies. For e, = e, the maxi-
mum value take place at a frequency equal
to the excitation frequency €. If ¢  is decrea-

sed below e, the branch 7 cannot be achie-

ved at all at harmonic excitation with the fre-
quency €, for which reason a jump to an-
other state must take place, which is to the
state p, (i=1) as shown on the figures. In the
same way, as e, is increasing towards the li-
mit e,, the bifurcation of the branch 71 from
p, will take place at increasingly larger fre-
quencies. For e, = e,, the bifurcation takes
place at the excitation frequency Q. If e is
increased above e,, no bifurcation to , takes
place at harmonic excitation with the fre-
quency €, which means that , does not ex-
ist at the frequency Q for e) > e,.. Instead a
jump to another state takes place, which in
the present case is to the whirling mode w,

@@=3).
As seen the whirling mode w, ceases to exist
at suf ficient large values of e, where the
curve is continued into p,. The limit point,
noticeable as a bend on the w, - p, curve, re-
presents the highest value of e, where bifur-
cation of wl from p, is possible. Due to the
continues extension of the branches w1 and
p, we shall consider the combination of w,
and p, as a single branch, which exists for e
in the interval [e32,X[. As e, is decreased
towards e,, the instability point of w  (the
right-most point on Fig. 2) is achieved at
smaller and smaller frequencies. For ¢ =e,,
the instability point is achieved at a frequen-
cy equal to the excitation frequency Q. Con-
sequently, if e is decreased below e,, the
branch w1 cannot be achieved at all under
harmonic excitation with the frequency €,
for which reason a jump to another state ta-
kes place, which happens to the state r, at
the amplitude e,,.

Similarly, The branch p, exists for excita-
tion amplitudes e, in the interval [0,e,]. As
e, is increased towards the limit e, the insta-
bility point of p, (the leftmost point with a
vertical tangent on Fig. 2) is achieved at lar-
ger and larger frequencies. For ¢ =e, the in-
stability point is achieved at the excitation
frequency. Consequently, if e, is increased
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above e, the branch p, cannot be achieved at
all under harmonic excitation with the fre-
quency €, for which reason a jump to an-
other state takes place. In the present case
the jump takes place to w, with e, =e,. Ase,
is increased the bifurcation point between p,
and the subharmonic solution s1 moves
towards the left on Fig. 2.

Under the assumption of narrow banded ex-
citation, the results show that the main trig-
ging mechanism of transition from one state
to another is the outcrossing of the envelope
process of the non-dimensional chord elong-
ations. If broad banded excitation is consi-
dered other trigging mechanisms may arise.
One is the phase lag between the excitation
and the response which also may trig jumps
between vibration modes.

Numerical Example

In this example the mean first passage time
E[T, ] until transition to state j, given the
process starts in states i is evaluated by two
methods. In one case the transition is defi-
ned to take place, when the envelope makes
a first-passage at the barrier e . In the other
case transition is determined from the quali-
tative behavior of the responses g,(?) and
q,(f). Because the transition of states is only
visible in the responses after rather long
transition intervals the latter method will
predict larger mean values than the former.
In the numerical simulation based on the re-
sponse the following procedure for identifi-
cation of state transitions were used. A trans-
ition

Oz [m]

0 05 1 16 25 3 35 4

2
el
Figure 5: Q, during harmonic excitation as a function
of amplitude e, Q=125 @l.

from wl to p3 is registered when 0, and O,
is decreased below O, < 1.0 and Q,<2.2 for
Q=110

A transition from wl to 7, is registered, either
when 0, < 1.0 and E(f) < 1.8 for Q = 1.25
o, or O, < 1.0and E(f) <2.5for Q=14 o,
The reason for using the envelope levels in
the criteria is to exclude transitions from ®,
to p, in the sample, since these states are

grouped as explained above. Corresponding-
ly, a transition from 7, to p, is registered when

< 2.2 and a transition from r, to w, is
registered when Q1 > 1.0.

Finally, a transition from p, to w, is registe-

red when Q, > 3.5. In all cases at least 500

sample values are used in the estimate of

E[T . Based on this estimate v, is next de-
Lk L

termined from (4).

The transition rates are listed in Table 1. The
results of the two numerical methods agree
qualitatively, but the transitions rates deter-
mined from the response are 100%-300%
smaller than those determined from the ex-
pected first passage time of the envelope pro-
cess of the non-dimensional chord elonga-
tion. The reason for this discrepancy is the
difficulty in observing the state transition
from the response due to the long transition
interval. Since it has been demonstrated that
the trigging mechanism unambiguously is re-
lated to the crossing of the envelope process,
it is concluded that state observations based
on the response may be erroneous.
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Analytical Solutions Simulation
eo= 1.5, u=0.0003

Q=125
Vi2 0 0
Vi3 0.000495 0.000491
Va1 0.00298 0.00189
Vo3 0.00408 0.00134
V31 0 0
V32 0.00235 0.00121

Table 1: Transition rates found from the envelope pro-
cess of the chord elongation and from the response using
Monte Carlo simulation.

Concluding Remarks

In order to analyze nonlinear resonance phe-
nomena in the lowest modes of vibration of
a shallow cable a reduced two-degree-of-free-
dom model has been formulated involving a
mode representing motion in the static equi-
librium plane, and a mode representing out-
of-plane motion. Due to the shallowness of
the cable the retained modes have closely se-
parated eigenfrequencies. At first possible
periodic solutions to the reduced equations
of motion under harmonically varying sup-
port point motion has been identified based
on truncated Fourier series, and the stability
has been checked by Floquet theory.

It is shown that up to three stable periodic
motions may co-exist: An in-plane low amp-
litude motion, an in-plane large amplitude
motion and a whirling motion involving the
in-plane and out-of-plane modal coordina-
tes.

Above a certain frequency the in-plane arge
amplitude motion has a slightly different
amplitude and a completely different phase
from the corresponding motion with the out-
of-plane component suppressed, which turns
out to be unstable.

Next, the excitation is changed to narrow-
banded Gaussian process with center fre-

quency and mean envelope equal to the fre-
quency and amplitude of the harmonic exci-
tation. It turns out that vibrations in any of

the three state sooner or later becomes uns-
table, followed by a jump to another state.
Based on Monte Carlo simulations it is de-
monstrated that the transition between the
states may be described by a homogeneous,

continues time three state Markov chain. Ad-
ditionally, it is demonstrated that the jump
is related to critical values of the envelope
process of the non-dimensional chord elong-
ation, which represent limit values for exci-
tation of the harmonic motions at the fre-
quency Q. A unique correspondence between
out-crossings of the envelope process and the
initiation of state transitions. Hence, the
transitional probability rates of the Markov
chain may be calculated from the mean first-
passage times of the envelope process relati-
ve to the indicated limit values. Finally, due
to very long transition time intervals between
the states, it is demonstrated that estimates
of the transitional probability rates from the
response may lead to significant errors.
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Abstract

Empirical knowledge of the machining pro-
cess is now being complemented by more sci-
entific methods to determine machine tool
vibration properties that are associated with
stable machining. Current methods used to
predict the behaviour of a milling process
(e.g. “impact-test’) use measurements made
on non-rotating systems. However, such me-
asurements do not detect the effects of gyro-
scopic and centrifugal forces present ina
rotating system. To be able to fully investi-
gate the behaviour of a high speed rotating
system one need to use non-contact measu-
rement methods e.g. the Laser Doppler Vi-
brometry (LDV) method, which is becoming
common for vibration measurements; alt-
hough the method is not without its problems
when applied to rotating objects. The work
presented here consists of an investigation
into the use of LDV and inductive position
sensors with magnetic excitation to measure
vibrations of a tool in a milling machine. The
ability to perform non intrusive measure-
ments should make it possible to analyse
changes in machine tool dynamics during the
cutting process and in the long term find ways
to stable machining.

1 Introduction

Manufacturers of modern machine tools are
increasingly implementing advanced process
monitoring and supervisory process control
[1] to complement the basic functionality of
the machine tool control system. At their
simplest, process monitoring systems are
used to help prevent or limit the effects of
catastrophic events such as tool breakage [2]
or spindle failure. Such events can be detec-
ted by monitoring the current drawn by axis
drives and spindle motor [3], or by more ad-
vanced techniques such as cutting force mo-
nitoring or measurements of vibrations using
accelerometers or acoustic emission using
sensitive transducers and signal conditioning
software[4-8]. By setting safe limits for the
monitored parameter(s) based on experience
or trials, unusual or unexpected events which
may indicate a catastrophic failure can be
used as a trigger to stop the machine. To be
able to fully investigate the behaviour of a
high-speed rotating system, such as a mach-
ine tool spindle, it is necessary to use non-
contact measurement methods. Several ap-
proaches to the non-contact measurement of
rotating objects have been developed. These
include optical techniques such as Pulsed
Laser TV-Holography [9] and Laser Dopp-
ler Vibrometer techniques (LDV) [10] which
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all have their difficulties when applied to
rotating objects. [11] Another way of mea-
suring vibrations is with the use of inductive
position sensors which is commonly used for
displacement measurement. E.g. in SKF’s
(www.skf.se) magnetic bearing product; po-
sition sensors are used in order to keep track
of the axel position while it is being control-
led by magnets keeping it hovering inside
the bearing free of mechanical contact. This
paper describes an investigation in the pos-
sibilities of measuring vibrations and Fre-
quency Response Functions (FRF) of a tool
in a milling machine using LDV or inducti-
ve position sensors. The two methods have
been tested separately and no comparison
between the two has been made.

2 LDV measurements of a polished
dummy tool

A dummy tool with a radius of 10 mm and a
length of 100 mm was manufactured from a
solid stainless steel tool blank. The shaft was
mounted in a lathe and polished using eme-
ry paper, diamond paste with particles rang-
ing from 9 pm to 0.25 pm and with a chemi-
cal polishing fluid. In the actual experiment
a spray which is normally used for crack de-
tection was used to create a removable diffu-
se (optically rough) surface on the polished
dummy tool. Both the polished tool surface
and the sprayed surface were measured by
the optical profiler, and a representative area
of the tool (of 304 x 199 um) was sampled in
steps of 414 nm. The measurements showed
anormally distributed surface structure with
Ra = 11,29 nm, implying that the polished
surface was optically smooth compared to the
laser wavelength of 633 nm. The sprayed
surface showed substantially higher values,
Ra = 21.02um, giving an optically raw sur-
face.

For the vibration measurements, a PSV 300
LDV system from Polytec GmbH

(www.polytec.com) including a displacement
decoder was used. The LDV scanning head
was mounted on a sturdy tripod and placed
approximately 2 m from the tip of the dum-
my tool on a soft damped material to reduce
the influence of structural floor vibrations.
The maximum detectable frequency was set
to 16 kHz.

The LDV was used to measure the vibrations
at the tip of the polished dummy tool in the
radial direction at a spindle speed of 6000
rpm. After this the same measurement was
carried out on the tool after being sprayed to
give an optically raw finish.

3 FRF measurements using inductive
sensors and magnetc excitation

FRF measurements using inductive sensors
and magnetic excitation were carried out by
the use of a standard magnetic bearing ma-
nufactured by SKF Revolve and a specially
made dummy tool with magnetic properties.
(The inductive sensors in the bearing have
1% linearity, a sensitivity of S0um/V, a range
of 1.5 mm, a resolution of 30 nm and are
immune to shifts in temperature). The bea-
ring was mounted in a milling machine on
the machine table with its W axis along the
y direction of the machine (Figure 1). A mo-
dal test of the mounted bearing was perfor-
med which revealed no significant modal
properties in the frequency band of interest,
implying that the FRF measurements of the
spindle could be performed without unwan-
ted influences from the mounted bearing
structure. A dummy tool with magnetic pro-
perties was mounted in the machine spindle
and lowered down into the bearing. The FRF
of the mounted dummy tool was then calcu-
lated by measuring the response from the
inductive position sensors while exciting the
structure with the magnets. The magnetic
bearing control software MBscope was set
up to perform an analysis of the system in
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som du vill 16sa, 4r det bara att ringa
och prata med oss.
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LMS Pimento
The Noise &t Vibration Analyzer With Portable Power

Looking for a solution for multichannel testing and signal
processing, noise and vibration measurements, acoustic testing,
rotating machinery and structural analysis,...? A portable solution
with the power of a bigger lab system? A solution that fits-in 20
years of LMS application experience? You’ve just found it ...

LMS Pimento combines a complete noise and vibration
tool box with unrivaled hardware performance:

4 to 24 channels in real-time o Test, analyze and report
24-bit ADC and DAC for on one system

— :
L M S P I m e n to maximum dynamic range e Rotating machinery testing
I 5 o 40kHz real-time bandwidth i

e Multi-channel spectrum analyzer
on all channels e High speed throughput

¢ Microphone and ICP signal acquisition and processing
| conditioning e Acoustic analyzer with ANSI
| e AC/DC/battery powered real-time 1/3 octaves

e Ultra portable - only 4 kg e Structural testing, ODS,

e Compact and rugged design and modal analysis
) e Ultra silent - no fan e Advanced post-processing

Want to see if for yourself? Visit www.Imsintl.com for
more information on LMS Pimento
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the interval 50-1000 Hz with 600 points/de-
cade and 30 s/decade using a sine sweep with
an amplitude of 1A. Measurements were
made while exciting the structure in the W13
direction for 21 different spindle speeds from
0 to 7000 rpm in steps of 350 rpm. The me-
asurements started with 0 rpm and with a
machine structure temperature of approxima-
tely 18° C.

Velocity FFT, 6000 rpm

4 Results

4.1LDV

The results from the LDV measurements at
6000 rpm are presented in a velocity spec-
trum chart were the polished and rough dum-
my tool measurements are displayed together
Figure 2. The spectrum of the rough surface
has been flipped down to the negative side
in the chart to simplify comparison of the
two spectra. In the charts it can be seen that
the spectrum of the rough dummy tool, in
opposite to the polished one contains peaks
at £ * n Hz where f is the rotational speed of
100 Hz (6000 rpm) and n =1, 2, 3... These
peaks are expected due to the presence of a
speckle noise repeated for each dummy tool
revolution in the sampled data.

Figure 1 Milling machine with a
magnetic bearing mounted on
the machine table for spindle
FRF measurements. The bea-
ring W direction is along the
normal y direction for the mil-
ling machine.

3 T T T T T

Figure 2 Spectra of the po-

lished and the sprayed sur-
face at a spindle speed of
6000 rpm. The spectrum of
the rough dummy tool has
been mirrored along the
frequency axis down to the
negative side to simplify

comparison between the
two. Multiple harmonics of
n*100 Hz where n=
1,2,3... can be seen in the
spectrum of the sprayed
surface.
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4.2 Inductive sensors

The results from the FRF measurements with
the magnetic bearing are presented in Figu-
re 3 and Figure 4. Figure 3 displays the mag-
nitude response and the phase response for a
non rotating spindle. Figure 4 shows the me-
asured magnitude response functions for all
spindle speeds where the response functions
are displayed along the x axis from 50-1000

Hz. (High response values are represented
by bright pixels in the image). A resonance
frequency can be seen at 500 Hz in Figure 3
and Figure 4 for the non rotating case. The
difference between the FRF of the non rota-
ting spindle and the rotating ones is obvious
especially regarding the resonance frequen-
cy at 500 Hz. On the upper left hand side in
Figure 4 the spindle speed can be seen as a
disturbance in the measurement.

Spindle speed 0 rpm
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| | 1 | | 1
T sof- I R S " SN N . S
S | T
2 30f----- s e e B e
5 | | I | | 1 1 |
o | | 1 | | 1 |
w 20F----- R s sl | s swns (PR | R Al i i Lo
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0 ] L I i I I i L }
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Frequency Hz
200 T T T T T T T T T
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I I 1 1 I
g  Of---—-- o ot . e e R B
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Figure 3 Frequency response function for 0 rpm.
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W 13 Magnitude Position Response [um/A]

7000F 2 T
5600 1
M1
s200f | J||
|
|

2800

Spindle speed [rpm]

1400 1-

T T

50 91 166

302 1000

Frequency [Hz]

Figure 4 Plot of the frequency response functions in [im
per ampere in to the magnets [tm/A] with the spindle
speeds along the y axis and the frequency between 50-
1000Hz on the x axis (log scale).

5 Discussion and concluding remarks

By polishing the tool to a level where the
surface could be considered as optically
smooth; the speckles noise is removed and
the measurements of axial vibrations can be
performed. If this method is to be used for
vibration measurements of a rotating tool
when it is cutting, several other difficulties
must be tackled. The laser beam must have a
clear path to the tool with no interfering metal
chip, oil or cooling fluid from the cutting pro-
cess. The polished part of the tool surface,
where the measurement will be conducted,
has to be free of particles such as dust or pro-

cess fluids. Any disturbances on the surface
will cause speckle noise and unwanted peaks
in the spectrum. The test with the magnetic
bearing showed that it is possible to measure
the FRF during different spindle speeds with
a magnetic bearing, and therefore making it
possible to detect e.g. speed dependent com-
ponents in the FRE. The difference detected
in the measurements of the non rotating
spindle and the rotating ones can have its
origin in temperature or speed dependent
components in the spindle structure. More
tests will be conducted with other test sign-
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als and during other machine conditions. The
influence of the unknown excitation force
from the machine itself must also be consi-
dered in future measurements. Comparisons
between LDV and inductive position sensors
will also be carried out.

6 Acknowledgements

The financial and technical support for this
work was provided by the Swedish Agency
of Innovation Systems (Vinnova) and SKF
Nova, respectively. The LDV system and
auxiliary equipment have been financed by
the Kempe Foundations.




LAt oss visa vagen
till ratt testutrustning

Den ratta och trygga vagen gar till de ledande tillverkarnas produkter.
Dessa har ar efter ar kopts av krdvande svenska féretag, av dina kollegor,
sedan de gjort professionella bedémningar av alla aspekter.

Darfor vet du att vi visar vagen till rétt testutrustning.

Elektrodynamiska vibratorer: LDS

LDS har urvalet, resurserna och det oskattbara kunnandet.
Fran 8,9 N till 289 kN. Combobaser och glidbord. Forstérkare.
Fixturer. Vagen till ratt vibrationstest.

Klimatkammare: Votsch
(generalagent ar Axeb AB)

Kyla, varme och fukt. "Walk-in".
Vagen till réatt klimattest.
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Kombinationer

Kombinera klimattest med vibrationstest.
Vagen till ratt, heltdckande test, om det ar vad du behdver.
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To= Styrsystem: Dactron

== Enastéende bra, lattlart anvandargranssnitt. Valj mellan

=m®a Sinus (S), Resonance search track och dwell, Random (R),
SoR, RoR, SoRoR, classical shock, SRS, TTH. Road simulation.
Vagen till ratt styrning av vibrationstest.

:

==\ Datainsamling: Dactron, MSL

=} Dactron: Portabla FFT-analysatorer, 2 - 32 kanaler.
m®s J Analys av vibration, ljud, roterande maskiner. Modal analys.
MSL: Distribuerad datainsamling. Web-baserad 6vervakning.

Vagen till ratt datainsamling.

Kontakta oss for en diskussion, eller begar mer information!
Siddis AB ¢ Box 182 ¢ 184 22 Akersberga
tel 08-544 019 56  fax 08-540 212 65 © info@siddis.se ° www.siddis.se
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Nyheter fran Acoutronic

Ljud & Vibrationsanalysatorer fran OROS
OR3x-serien, Mindre, Littare, Kraftfullare...

Specifikationer:

2-32 kanaler

40 kHz bandbredd/kanal
24 bitars ADC

Inspelning till harddisk
Parallell 1/n-oktavanalys,
FFT & ORDER-Tracking
ICP- & LEMO-ingangar
Trigg- & Tachoingangar
Signalgenerator, medger
dven lyssning pa mitdata

e Nitverksanslutning
e Portabelt
Programvara: OR35, vikt 2.8 kg
° ODS batteridrivet
° Modalanalys
e Ljudeffekt
* Ljudintensitet
° Ljudkvalitet
° Balansering OR38 & OR36,
vikt 8 resp. 5 kg
Box 1180 acoutronic(@acoutronic.se
SE-181 23 LIDINGO http://www.acoutronic.se

Stockholm: Tel: 08-765 02 80 . Goteborg: Tel: 031-744 34 50

A/OROS |

NOISE AND VIBRATION ANALYZERS =

www.oros-signal.com

OR34, vikt 1.4 kg
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Halsorisker med vibrationer i

arbetsmiljon

Temadag om Vibrationsdirektivet arrangerad av SVIB AU 4

pa Arbetsmiljéverket 27 oktober

Programmet och anmdlningsformuldret for AU 4s Temadag har funnits pd SVIBs Hemsida
sen i Juni. Ett del anmdilningar har kommit in men det finns fortfarande plats for er som dr
intresserade. Det forslag som jag horde Van der Wenne tala om i borjan av 90-talet har nu
lingt efter hans frdnfille blivit direktiv och lag. Men hur skall lagen tolkas och tilldmpas?
Férfattaren och ndgra av de nirmast berérda deltar i Temadagen. Ldt dom forklara och

svara pa frdgor.

Alf Olsson

Om Temadagen

Hoga intensiteter och stora doser vibration
och stét forekommer i arbetsmiljon.

Ett stort antal arbetstagare drabbas av olycks-
hindelser och langvarig ohélsa till foljd av
vibrationsexponering pa jobbet, till exempel
inom transportindustrin. Effekten av péver-
kan #r ibland uppenbar och kan avlisas di-
rekt exempelvis genom brott, skador och
svullnader.

Den kan ocksa ske gradvis eller varierande
over langre tid och blir d4 mindre uppenbar,
sérskilt som effekten av denna paverkan kan
vara forknippad med tidsfordréjning (latens),
troskelnivaer, tillvinjning eller eftereffekter.
Som om denna komplexitet inte vore nog.

Till och med icke-vibrationsexponerade mén-
niskors prestationsforméga, och ddrmed

sikerhet for ménniskor i omgivningen, kan
forsdmras av att ndgon i central position re-
agerar pa relativrorelser/vibrationer som han
uppfattar i omgivningen.

Under Temadagen kommer bade hand-arm
vibration och helkroppsvibration att behand-
las.

Foreldsarna dr mycket kompetenta, och pro-
grammet spanner over ett brett falt:

° Kklinisk forskning,

e uppmitta vibrations- och stét nivéer i
olika arbetsmiljoer,

e ny internationell- och nationell

lagstiftning,

e forskning och utveckling av ldg-
vibrerande maskiner.

Dessa redovisningar 4tf6ljs av ett antal tyd-
liga exempel p& handfasta dtgirder for att
effektivt forbittra arbetsplatser, verktyg, for-
don eller jirnvigsspar m m samt de sétt som
arbetsmomenten utfors pé.

Forhandsintresset har visat att Temadagen
kommer att locka deltagare med skilda in-
tressen,

bakgrund och profession. En bidragande fak-
tor till detta 4r de nationella foreskrifter om
vibrationsgrinser i arbetsmiljéon som nu in-
fors genom lagstiftning.
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Utover att sprida véirdefull information kom-
mer Temadagen att bidra till nya kontakter
och férhoppningsvis fruktsamma méten mel-
lan nyckelpersoner inom skandinaviskt na-
ringsliv, forskning och utbildningsvisende

samt myndigheter med flera.

Hjértligt vilkomna till Temadagen!

Johan Granlund, ordférande SVIB AU4

Huller om Buller?

UNNECESSARY
NOISE

PROHIBITED
o 3

WSP Akustik ingar i WSP Group med ca 80 akustiker i koncernen.

Det gor akustikenheten inom WSP till en av Europas stérsta aktdrer
i branschen. | Sverige ar vi ett 40-tal medarbetare med &ver 40 ars
erfarenhet av specialisttjanster inom omradena akustik, buller och
vibrationer. Vi har vilutrustade ljudlab och programvaror som ticker
de flesta behov inom alla branscher.

WSP Akustik har kontor i Stockholm, Géteborg, Malms,
Helsingfors, Oslo, Bergen, Kristiansand, Stavanger, Tensberg,
London, Birmingham och Bristol.

Vi dr ackrediterade av Swedac att utféra métningar inom akustik-
och vibrationsomradet. Vi tillhandahaller kundanpassad utbildning
och ar ocksa aktiva inom standardiseringsorgan for att bistd med var
expertis och for att vara med och styra utvecklingen at ritt hall.

Vilkommen att kontakta oss!

Stockholm: 08-555 233 00, Géteborg 031-72 72 634, Malmé 040-699 63 33

WWW.WSspgroup.se

WSP Akustik

BsWSP




LMS Test.Lab
The Revolution for the Integrated Test Laboratory

How do you handle the increasing volume and
diversity of test work? How do you deliver
reliable test results and better insights with fewer
prototypes? Above all, how can Test make the virtual
development process work?

LMS Test.Lab is the answer.

LMS Test.Lab is a complete and integrated

solution for test-based noise and vibration, durability
and environmental engineering. It builds upon

the blistering performance of the LMS SCADAS

II front-end and incorporates over 20 years

of experience.

Test.Lab makes testing easier and more productive
— without compromising data confidence. It gives
better insights through measurement and analysis
innovation. Insights that drive the complete
development process, from target setting, to making
virtual simulation work.

Visit www.lmsintl.com to request a free

LMS Test.Lab CD.

Empowering Engineering Innovation
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Vibrationsdagen 23 november 2004 i
Stockholm

"Vibrationer ger ljud och ljud ger vibrationer”

Temat denna gdng dr mitt favoritimne sdger Martin Almgren i ett mail han skrev i mitten av juli.
Sannolikt regnade det den dagen eftersom han kunde se sd ljust pa ndgot som kommer att ske i slutet
av november. SVIB har haft som tradition att ldtta pd sinnesstimningen i denna ruggiga drstid med
de vanligtvis mycket uppskattade Vibrationsdagarna. Efter att ha varit pd turné i Képenhamn, Gote-
borg och Oslo de tre senaste dren kommer vi under 2 dagar, Vibrationsdagen den 23 och AU3s
Temadag den 24 november, att dtervinda till Rotundan och Operaldllaren i Stockholm. Programmen
som foljer dr i det ndrmaste klara vid det hdr laget. Sd forbered er pd en faktaspdckad men angendim
ljuspunkt i november.

Alf Olsson

”Jag vill ha manga olika aspekter pa detta &mne och hoppas pa ett stimulerande utbyte av
erfarenheter, metoder och 16sningar” séger Martin vidare innan han redovisar vilka fore-

dragshéllare och titlar som é&r klara eller néstan klara:

Erik Jansson & Anders Askenfelt, KTH -
The physics of the violin

Sten Ljunggren KTH -

Models for structural vibrations coupling
with sound in fluids with applications for
gypsum boards

Ole Dossing Rovsing Dynamics -
Sound and vibration t s v

Sven Tyrland, Ingemansson -
Loudspeaker vibrations and sound
radiation

Claes Fredo Ingemansson -
Acoustic vibration excitation of mechani-
cal systems — practical solutions

Torben Licht B&K -

Acoustic sensitivity and other influences
from environmental parameters of
accelerometers

Olav Skille, Norge -
Low frequency sound and vibration
massage

Wolfgang Kropp, CTH -
Sound radiation from vibrations in car
tyres

Urban Emborg, A2 Acoustics -

Propeller noise excitation of fuselage
vibrations

Dirtill hoppades han fa nigra foredrag kla-
ra innan programmet spikas, trycks och dist-
ribueras i mitten av oktober.

”Shockwave excitation of ground waves and
building vibrations”

”Vibrations and sound radiation in wind po-
wer turbines”

Det finns plats for nigra till. Vilkommen
med forslag avslutar han med:

Martin Almgren

E-post: martin.almgren@ingemansson.se
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Temadag den 24 november
Byggnadsvibrationer

SVIB AU 3 inbjuder i samband med Vibrationsdagen till en temadag den 24 november
med nagra aktuella foredrag fran trafik- mark och byggnadsvibrationsomrédet. Tidigare
AU3-dagar har haft tyngdpunkten pa trafikvibrationer. Denna géng dgnar vi 0ss at
springning och annan verksamhet och den paverkan det kan ha pa byggnader, utrustning
och minniskor. Hjértligt vélkomna!

Tomas Odebrant

Ordfirande AU 3

A.

Vibrationer frin springning och annan byggverksamhet

Nya mdijligheter att dvervaka och styra springningar i vibrationskinsliga miljoer
Mikael Creiitz, Golder Associates, Stockholm

Bergschakt vid Sédra Linken Nyndsvigen, Stockholm. Planering, utforande och kontroll
av komplicerad pallspringning
Kjell- Arne Fredin, K-A Fredin Bergkonsult, Stockholm

Skadeorsakande resonanser i betongbjilklag i villa
Ingvar Bogdanoff , WSP Samhillsbyggnad, Geo, Goteborg

Vibrations- och stomljudsmiitningar med GSM-stod
Sven-Erik Johansson, NitroConsult, Stockholm

B.

Vibrationskinslig verksamhet

Ingvar Bogdanoff , WSP Samhillsbyggnad, Geo, Goteborg héller tvéd foredrag dels om
Skaderisk pd datorer och kringutrustning dels

Skadeorsakande resonanser i betongbjilklag i villa.

Ingmar Holmstrém, Husdoktorn, talar om
Hur och varfor det uppstar skador p4 fastigheter och gor jimforelser mellan gamla
och nya konstruktioner.

Jon Nyberg, Lansforsdkringar, redovisar
Juridiska aspekter vid skadereglering

Jorgen Svensson, Ingemanson Technology AB, Goteborg beskriver
Forskarhuset, Chalmers, Goteborg. ”Vibrationsfritt” bjilklag.
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Sen foljer

Comfort and vibrations on floors due to walking loads
Svend Ole Hansen Aps, Kébenhavn. Bernt Suikkanen, COWI A/S, Arhus. Frederic Sebastien
Collette,] COWI A/S, Kongens Lyngby.

Building dynamics - vibration isolation of a two-storey laboratory
Kjell Végfelt, Ingemansson Technology AB, Géteborg

C.

Miit- och analysteknik

Antligen en standardiserad metod att beskriva vibrationsmiljon for kdnslig utrustning!
Kjell Ahlin, Blekinge Tekniska Hogskola, Karlskrona

Vibrations- och stomljudsmitningar med GSM-stod
Sven-Erik Johansson, NitroConsult, Stockholm

Nytt digitalt métsystem for vibrationer, buller, stotvag, PH m.m.
Christer Svensson, Sigicom

TVilRa givare behover Ni?

=3

Piezoelektriska Piezoresistiva Kapacitiva
Accelerometrar 1-ax, 3 ax Tryckgivare Accelerometrar
Kraftgivare 1-ax, 3-ax

Tryckgivare Total Customer Satisfaction Guarantee!

e m mgrmiagms A m e Ring 08-444 38 70
SLANUINAVIA AB  E-post: info@pcbscandinavia.se
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Increasing the Stiffness of a Light
Weight Laminate Structure Utilising
Shape Memory Alloy Actuators

Lauri Kantola*, Patrik Soderstrém** and Merja Sippola
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* University of Oulu, Department of Mechanical Engineering, Mechatronics and Machine Diagnostic
Laboratory, P.0.BOX 4200, FiN-90074 University of Oulu, Finland. ** Lelsinki University of Technology, Laboratory of
Lightwejght Structures, RO.Box 4300, FIN-020 15 HUT, Finland. *** VTT Technical Research Centre of Finlanad, Industrial
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Abstract

This paper describes the results of the active
shape and stiffness control tests of a light-
weight laminate structure which utilises sha-
pe memory alloy (SMA) wires. The objecti-
ve of the study was to actively change the
shape and stiffness of the structure. The struc-
ture was a simply-supported laminate beam,
which - at two separately controllable points
— is actively

co-supported by a truss-like active structure
consisting of vertical laminate supports and
diagonal SMA wires. Four SMA wires were
attached to the structure so that one pair of
wires would affect one vertical support. The
force generated by the wires was guided to
the beam. The current for heating each pair
of wires was controlled independently. To
measure the strains of the structure four strain
gauges were bonded to the beam.

An eccentric rotational mass-motor system
was placed to the mid-point of the beam. To
monitor the rotational speed of the motor,
an optical incremental encoder was used
whereas a function generator controlled the
motor speed. The range of frequency was set
from 0 to 25 Hz. The motor speed varied in
accordance with a slow triangular wave. The

signals of the strain gauges were measured
and analysed.

The results clearly show how the shape of
the beam changes when the wires are hea
sted. The stiffness of the structure also chan-
ges, and by heating the wires, natural fre-
quencies change considerably. The conclu-
sion is that SMA wires can be used to active-
ly control the shape and stiffness of light
weight structures. However, the original
(non-deformed) shape of the structure should
be designed properly. Learning how to opti-
mise the design process of smart structures
is also a future challenge.

Keywords: Shape memory alloy (SMA),
laminate structure, stiffness, shape, vibration.

1. Shape memory alloy actuated smart
structures

Smart material refers to a material that can
sense changes in its surroundings and then
react in a useful way. Therefore, smart mate-
rials are responsive. Smart structure refers
to a structure that has actuation, sensing,
processing and communication capabilities.
Smart structures often utilise smart materi-
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als and have the capability of actively respon-
ding to a changing external or internal envi-
ronment [1]. More advanced smart structu-
res may also have a self-monitoring or even
self-repair capability [2]. Smart structures
usually consist of a lightweight mechanical
structure and they utilise embedded or exter-
nal sensors and smart material actuators. The
control system may also be embedded in the
structure. The functionality of the structure
can either be related to quasi-static shape
management or vibration control. The dyna-
mical properties strongly depend on the ac-
tuator technology used [3]. Shape memory
alloy (SMA) actuated smart structures can
have a high power-to-weight ratio. The oth-
er advantages SMA offers are silence, clean-
liness, low drive voltage, and the solid state
nature of the actuator [4].

Hoes for the wires

Venical Supparts

End Polts for the Wires

Figure 1. Mechanical structure of the beam without and
with the actuators.
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2. Lightweight laminate structure and
actuation mechanism

The lightweight mechanical structure used
in the shape and stiffness control tests was a
simply-supported laminate beam actively co-
supported at two separately controllable
points by a truss-like active structure consis-
ting of vertical laminate supports and diago-
nal SMA wires (see figure 1). The span of
the beam was 500 mm, width 70 mm and
thickness 3 mm.

Actuators were 0,4 mm NiTi shape memory
alloy wires from Memory-Metalle GmbH.
Structure was designed for bending loads,
and wires act in pairs on each vertical sup-
port. Figure 2 shows the principle of the ac-
tuation mechanism. The shape memory ac-
tuation effect (SME) is caused by thermoe-
lastic martensitic transformation of the al-

loy [5].

Figure 2. Basic principle of shape memory effect (SME).
When the material is in the high temperature austenitic
(parent) phase and it is cooled down, the twinned mar-
tensitic structure appears. Loading the material cau-
ses twinned structure to change into detwinned mar-
tensite that can be reverted to the parent phase by hea-
ting the material. This cycle can be repeated and used
as an actuator.
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3. Testing the single SMA wire

As the SMA wires are not fully standardised
products and the properties vary between bat-
ches the thermoelastic behaviour of the wi-
res under cyclic heating and cooling was tes-
ted experimentally. Tests were done by using
the materials testing machine (Instron).
Stress vs. strain curves for different phases
of the material were measured together with
the heat-induced force and displacement. The

temperature of the wire was monitored by
using a single thermocouple. The tempera-
ture sensor was made of thin sheet metal,
and it could be bent so that the sensor tightly
spiralled round the actuator. The sensor IC
amplified signal and a continuous voltage of
10 mV/C®° were measured. Figure 3 shows
the stress vs. strain curves for martensitic and
austenitic (parent) phases. Temperature cur-
ves are also shown.

SMA Martansitic phase

s % g 56 8 8 8F

I

BB & B88 3BS8

‘SMA Austenitc phase ( T100 Caislus )

Tempersture of the wire durlng the heating and coollng
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Figure 3. Stress vs. strain curves for the martensitic and
austenitic (parent) phases. Also, the temperature curves
during the resistive heating and free cooling are shown.

The force generated by the wire was measu-
red using the load cell of the testing machi-
ne. A SMA sample was attached between the
two plastic clamps. Clamps were installed
in the testing machine which was program-
med to stretch the wire by 5 % and then hold
the position. The wire was then resistively
heated. The electrical resistance of the wire
was measured to be 5,3 . Heating current was
supplied in 100 mA steps. The force between
the clamps was measured. Figure 4 shows

the force curves when the wire was being
stretched and heated for the first, the second
and the subsequent times. According to the
figure, it takes quite a high force (45 N) to
stretch the cold wire. Due the heating, the
force level raises when the temperature reach-
es 70°C. When the wire is cooled down the
force level drops below the starting level. The
remanent force is now ca. 10 N. If the wire
is heated and cooled again, the force curve
looks different. The starting and final levels
stay at 10 N while the maximum is at 90 N.
Slight hysteresis is also seen in the force cur-
ve.

Farce generated by the SHA wire (First time)

8
8

e 8688 388
B8 E B8 dBEB

—_

Farce generated by the SHA vire

Figure 4. Actuator is stretched
and heated for the first and the
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Similar results are achieved when the wire
is used to generate motion. Also in this case
the wire was attached to the testing machi-
ne. The machine was programmed to load
the wire with a constant force of 50 N. The
wire was then resistively heated, and clamp
displacement was measured. Figure 5 shows
how the clamp distance changes when the
wire is heated for the first time and for the
subsequent times. It is seen that when the

wire is martensitic and loaded with 50 N force
it stretches almost by 10 %. Due to heating
the shape recovery starts when the tempera-
ture reaches 60°C. When the wire is cooled
down it tends to stretch more than at the first
time. If the wire is heated and cooled again
the displacement curve shows hysteretic be-
haviour. However, the starting point and the
final point of the motion curve stay fairly un-
changed.
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Figure 5. Actuator is loaded and heated for the first time
and for the subsequent times to generate motion.

4. Controlling the shape of the
structure

Shape control tests of the structure were car-
ried out by applying a 20 N load to five points
on the beam. Load-induced bending was then
compensated by actively heating the wires.
The aim was to compensate local bending
by heating the actuator pairs independently.
Bending was measured by four strain gau-
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ges, which were bonded on the beam surfa-
ce. For active heating, the algorithm used
strain gauges as sensors. Figure 6 shows the
signals from strain gauges when a 20 N load
was being applied to the centre point of the
beam and wires were being gradually heated
(active heating was not ON in this case). Ac-
cording to the figure bending can be fully
compensated by heating the wires.
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0.4 4
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20 N applied onto the centre point of the beam

Figure 6. 20 N load applied to the
centre point of the beam. Wires hea-
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The effect of active heating is seen in Figure
7.A 20 N load was applied to the centre point
of the beam and wires were actively heated.
The aim was to drive the strain gauge sign-
als to the zero-strain condition so that the
bending of the beam is locally and globally
compensated. The figure shows how the hea-
ting current reaches the maximum level when

load is being applied. Seventy seconds later
the beam reaches a stable condition up to a
point where the loading condition suddenly
changes at 320 seconds. The load now mo-
ves to the point that is located near the right
hand vertical support. It is seen that the hea-
ting current for wire pair 2 rises while that
for the others drops. The zero-strain condi-
tion is well achieved.

Strain (mStrain]

Controjalgorithm compensates beam bending

e e e

Time [s]

Heating current for pair 2
Heating currant for pair 1
Strain geuge aignal
——Strain gauge signal
——sitrain gauge aignat
Strain gsuge signst

Figure 7. 20 N load applied to the beam. Wires heated automatically. Heating currents show how the active heating
algorithm responds to loading conditions. The aim is to drive the strain gauge signals to the zero-strain condition so
that the bending of the beam is locally and globally compensated.

5. Controlling the stiffness of the
structure

The aim of the stiffness control tests was to
change the stiffness of the structure by hea-
ting the wires. Tests were done by using the
materials testing machine which was pro-
grammed to apply load to the centre point of
the beam. The corresponding displacement
was then measured. Figure 8 shows the test

results. It can be clearly seen how the stiff-
ness of the structure changes due to heating.
The spring constant of the “heated” structu-
re is more than doubled (3,7 ® 8,0) compa-
red to that of a non-heated one. The structu-
re can now be assumed to be a spring whose
properties can be changed by heating the ac-
tuator wires.

Stiffness of the structure

Force [N]
nN
5]

o

Figure 8. Curves above
show how the stiffness of
the structure changes
due to heating. Stiffness
change is significant and
the spring constant
changes from 3,7 to 8,0.
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6. The structure as a motor bed

Based on the results gained from the stiff-
ness control tests the structure was used as a
motor bed. Figure 9 shows the motor bed test
arrangement. The main components are the
controlled smart structure, four channel
strain gauge amplifiers, PCbased controller
and the motor control circuitry. SMA con-
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Figure 9. Test arrangement and the motor speed.

Figure 10 shows the vibration output of the
structure when actuators were in fully mar-
tensitic and austenitic phases, respectively.
For the light vibration input, the natural fre-
quency of the former is around 8,8 Hz while
that of the latter is to be seen around 12,0

Funetion Crencrator

trol electronics consist of voltage-control-
led amplifiers and load resistances. A DAQ-
card was used to collect the data, and the
shaker was driven by a DC-motor. Two ro-
tational masses were attached to the motor
axle. There was a belt drive between the
incremental encoder and the motor. Rota-
tional speed dependency on the control vol-
tage is shown in the figure.

Motor RPS vs. drive voltage

RPS [Hz]
&

05 07 09 11 1.3 15 1.7 1.9 21 23 25 27 29 31 33 35

Drive voltage [V]

Hz. For the heavy vibration input, the fre-
quencies are 6,5 Hz and 9,5 Hz, respective-
ly. If the change in natural frequency is trans-
formed to a change in spring stiffness, the
result indicates that the stiffness of the hea-
ted” structure more than doubles as compa-
red to the non-heated one. This is consistent
with the results gained from the stiffness con-
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Figure 10. Vibration outputs of the structure. SMA actu-
ators are used to change the stiffness of the structure. In
both cases natural frequencies have changed. The
change in shape is also visible.

7. Discussion

Test results show that the developed SMA-
actuated smart structure is capable of chang-
ing both its shape and stiffness. The changes
are well controllable. These characteristics
can be exploited in many ways. Therefore,
the Technical Research Centre of Finland has
patent pending on the structure. As actua-
tors the shape memory alloys have proper-
ties that make them suitable for the quasi-
static property control of lightweight struc-
tures. Resistive heating of actuator wires is
possible in a certain thickness range. Dyna-
mical properties of the structure are limited
due to the slow cooling process of the wires.
Naturally, forced cooling raises the operation

frequencies.

Simulation of structural behaviour requires
finite element models of both the structure
itself and the actuator material. Advanced
control algorithms require simple and mat-
hematically efficient models which take both
hysteresis and environmental changes into
account. Several models of the actuator ma-
terial are proposed in the literature. The form
of amodel structure used depends on the case
and the accuracy specifications.

The future work consists of investigating the
shape memory material models. The aim is
to find the models that suit well the control-
ler design. Distributed fiber optic sensors and
plate structures are also under investigation.
More complex systems will require more si-
mulated data to ensure operation in chang-
ing environments.
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