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Halla i héstmorkret!

Vad morkt det blir nidr vi gar over till
vintertid! Jag forsokte tdcka over baten i
dag, men Overraskades av att det blev
mycket morkt mycket fort. Nu far vi
hoppas pé ett fint vitt sndtdcke snart sé att
det blir ljust igen.

Arets AU 1-symposium pa Lokeberg
samlade inte fullt s4 ménga deltagare som
vi hoppats, Sverige gér for fullt, och det
kan vara svért for manga att kunna avsta
arbetstid. Vi som kom bjods dock pa ett
mycket bra symposium med foredrags-
héllare frén inte mindre &n &tta olika l4n-
der. Den sociala delen var som vanligt
mycket bra, och den vackra omgivningen
lockade till hérliga promenader i fint
vider.

Nu vintar vi med spénning pd vad det
nyvéckta AU 2 ska hitta pé till sitt sympo-
sium i vér, och d&ven AU 5 kommer att ha
ett nytt format pé vibrationsforskningsda-
gen, som blir vibrationsforskningsdagarna
négon géng i maj. Plats:KTH.

Annars ser vi nidrmast fram mot vibra-
tionsdagen den 22 november. Ett huvud-
tema kommer att bli vibrationsévervak-
ning med en hel del foredrag. Vi lever
upp till det skandinaviska i foreningen
med flera foredrag fran Norge och Dan-
mark, medan Dave Richards frén England
fdr vara var mest exotiske gist denna

gang.

Sekreterare Alf har ocks& borjat hacka
flitigt pa hemsidan, och vi hoppas att den
nu dntligen ska kunna héllas aktuell.

I veckan deltog jag i det férsta motet i tva
nystartade arbetsgrupper inom ISO TC
108, som ska forsoka standardisera analys
av vibrationer. Det 4r verkligen p4 tiden!
Forsta deluppgiften blir att standardisera
fonster for frekvensanalys. Synnerligen
behovligt, MATLAB t ex har tre olika
hanningfonster, varav bara ett &r vettigt!
Sjélv ska jag svara for bl a stétspektrum,
och jag har redan skaffat mig en inoffici-
ell referensgrupp med folk som har asik-
ter, bland andra Allan Piersol. Jag ska
dessutom se till att vi blir s& kompatibla
som mojligt med skrivningarna i prov-
ningsstandarden frén IEC.

Vi ses pa Operan den 22 november!!

Kjell Ahlin
ordforande SVIB
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Laser Doppler Vibrometer

Vibrationsmitning utan

accelero-
metrar!

Polytec’s MSV-300 Micro Scanning Vibrometer f6r
berdéringsfri vibrationsmétning av mycket smé objekt
sasom MEMS utrustningar, optiska kontakter etc.

e Skannar av ytor fran 1,75x1,75 mm ner till 70x70um

e For forskning och utveckling av strukturer, som &r fér
sma for standardsystemet PSV-300

® ODS vid tva olika frekvenser

Befintliga skannande laserdopplersystem kan enkelt
uppgraderas till en MSV.

Vill Du veta mer? \
Kontakta Alvetec. Vi kan mitteknik alvetec
och skickar Dig gdrna var kundtidning
Mitrologen med senaste nytt Alvetec AB
inom mitteknik. Box 5001, 141 05 Huddinge
Tel: 08-680 68 50. Fax: 08-630 03 90

E-mail: measure@alvetec.se




Likeberg-symposiet

"To the speakers at the SVIB symposium.
Thank you all for your contributions to
one of the best symposiums ever !

Kjell Ahlin, chairman of SVIB"

Herr Ordforande far ursékta att jag citerar
mailet han sénde till foredragshéllarna pa
Lokeberg-symposiet den 17 - 19 oktober,
men hans korta budskap kéndes sa rétt.

Det blev nu inte fler &n ett 70-tal personer
som fick tillfille att tillgodogora sig de
intressanta foredragen, den nyhetsspécka-
de utstdllningen med den aldrig sinande
baren samt njuta av den goda maten.

Food wonderful food

De som var dir fick desto mer av det
goda. Viadrets makter var dartill ytterst
vilvilliga. Vi hade befarat regn och rusk
och hade till fsrméan for Lokebergs for-
nimliga kok valt att avsta fran en strapats-
rik utflykt med en ldng promenad upp till
Karlstens fdstning for att dir eventuellt
motas av en stum kanon i vilken krutet
var for fuktigt for att d4stadkomma en dyr
och priktig salut for SVIB utover havet.
Nu hinde det sig emellertid att var vistel-
se skedde i det basta véadret i mannamin-
ne. Jag tror 4ndé inte att nagon angrade
valet eftersom kockarna pa Lokeberg
lyckades overtriffa varje forvantning.
S#ffleOperans eminenta sangsolister och
instrumentalensemble bidrog dartill med
en forstklassig underhallning.

Den for tillfillet skapade bluegrassduon
Kalle Bickstrom och Derrick "BIG" Wal-
ker levererade inledningsvis ett parlband
av blues- och countrylatar pa gitarr och
munspel.

Magnus Karlberg och Elmore James kom
till middagen pa torsdag i sillskap med
ackompanjatoren Jan Barck och framfor-
de blan annat ett par av HUCKs och JIMs
duetter fran den nu aktuella SéffleOpera-
musikalen Big River med musik av Roger
Miller.

Detta och manga andra anledningar bi-
drog till att gora dven detta AU 1-sym-
posium till en lyckad SVIB-begivenhet.

Vil aterbordad till kammaren med min-
nena och uppdraget att skriva négot hinde
det sig att ett kérlekskrankt virus vaknade
i min dator och vips hade alla JPG-filer




DATATRANSLATION

T A B PO R BB N L R
T S S000

Signalkonditionering, datainsamling, styrning, analys och rapportering.

Digital multimeter, PCI, 6 ¥ siffror
Med kraftfull mjukvara

USB revolution, DT9800 serie AD, DA, I/0 DATAX signalkonditionering
med USB datainsamling

Alligator filterkort till PC .
Fri datainsamlings mjukvara till hardvaran!

Vi bygger kompletta testsystem enligt specifikation.

Mjukvara : VEE Pro med DT VPI 6.0 och MATLAB
VEE OneLab med DTVPI 6.0 och MATLAB

”Aktiv X” kontroll
att kontrollera fran Word, Excel och Access osv.
och programmering C/C++ och Visual Basic

ACOUTRONIC-AB

Stockholm 08 — 7650280 Gateborg 031 — 21 50 77
WWww. acoutronic.se acoutronic@acoutronic.se



forvandlats till scriptfiler som inneholl ett
budskap fran Colombia dér nagon kénde
sig manad att pé detta satt ge eftertryck at
sitt missndje med de lokala forhallandena.
Lagom till publiceringen av SVIB-Nytt
forsvann manga av bilderna frén Loke-
berg. Négra har dock med viss moda gatt
att aterskapa.

2 av 3 — Elisabet Blom, AF, - Carole
Reece, AWE, UK

2:a bank

I utstillningen fanns 7 foretag med till-
sammans 13 representanter tillhands for
att tillgodose deltagarnas nyfikenhet. Det
var dir man samlades pa kafferasterna
och for att ta en drink fore maten eller en
ol efterat.

Foljande foretag var representerade pé
utstillningen:
Acoutronic AB, Lidingd, Torbjorn
Kloow

Alvetec AB, Huddinge, Karl Fonad,
Magnus Carlsson och Leif Norman

Briiel & Kjer Sverige AB, Huddinge,
Daniel Lindmark

COMSOL AB, Stockholm, Anders Has-
selkvist och Peo Persson

Ingemansson Automotive AB, Gote-
borg, Lars Gabrielsson, och Asa Collet
Proxitron AB, Motala, Thomas Eriksson
och Rickard EIf

Saven Test & Mit AB, Téby, Fredrik
Welander och Mattias Wenner.

T Kloow vs B Gates

Det sedvanliga utstéllarracet genomfordes
under stor dramatik. Juryn mutades oppet
och helt reglementsenligt. Beloningen,
EU till 4ra kvalitetssdkrad och beskattad,
vintade vinnaren. Torbjérm Kloow,
Acoutronic AB, tog hem priset trots ett
allvarligt hot att bli helt tillintetgjord av
Microsofts talamodsprovande uppstart-
ningsrutiner. D4 tog Lars Gabrielsson pa
Ingemansson Automotive AB tillfallet i
akt och riddade sin kollega med en stres-
sad presentation av LMS produktsorti-




UTBILDNING KONSULTTJANSTER PROGRAMVAROR }

Vi ar Nordens ledande leverantor av utbildning, konsulttjénster och
programvaror inom ljud- och vibrationsomradet.

SAVEN

Saven EduTech AB

Box 504, 183 25 Taby

TEL 08-473 50 00

, FAX 08-473 59 00

3 ST e® E-POST kurs@saven.se
www.saven-edutech.se

Se Vart utbud pa W\N\N,saven—
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akt och raddade sin kollega med en stres-
sad presentation av LMS produktsorti-
ment pa the OnionMountain. Han forbe-
redde juryn med att forse dem med var sin

‘ kramgo’ bil.

Lars Gabrielsson, LMS

Ole Dassing, Rovsing Dynamics A/S, &r
en aterkommande och alltid lika vilkom-
men foredragshéllare pd SVIBs Vibra-
tionsdagar och symposier. Ole 4r numera
ledamot i styrelsen dér han energiskt och
framgangsrikt verkar for att SVIB gor
skil for namnet Skandinaviska Vibra-

tionsfoéreningen.

T o
N 00 Heady: sg5

o

Ole Dossing

Aven om det inte hor direkt till Lokeberg
s3 kan det anda vara lampligt att ndmna
{l att Christian Madshus, NGI, gor en minst

fe shapes are

Steen Johansen fran DELTA Akustik
&Vibration, Aarhus

FEEIURALE

Geoff Murphy fran England fick tillfdlle
att presentera sig och Data Physics pro-
dukter

lika god insats i styrelsen for de norska
intressena. Det framgér bland annat av
programmet for VIBRATIONSDAGE
7000. Nu aterstar att se vad vara vanner i
Finland kan ta sig till infor det forestaen
de arsmotet pa Operakillaren den 2

november.

Darmed har jag i mina tankar kommil
langt fran Lokeberg. I tiden lag detta A
1-symposium ovanligt néra Vibrationsda
gen, men driften att se framat har fort mi
till den punkt dar det ar dags att sdga tac
till AU 1 for dess solidariska uppstallnin
en stor del av dess medlemmar aterf:
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bland  foredragshallarna.  Foreningen
SVIB, dess medlemmar men framfor allt
kansliet och dess trotjdnare kdnner att vi
kan se framtiden an med tillforsikt.

Alf H Olsson
sekreterare

ING

ARV

Asa Collet, Ingemansson Automotive

Ett urval av foredragen fran Lokeberg
kommer att publiceras i SVIB-Nytt och
néagra kommer att finnas under sektionen
"SVIB Nytt och négra kommer att finnas
under sektionen ”SVIB-Nytt”.

Kjell Ahlin, Ulla Nordin och Anders
Brandt

YHET!

Vill Du veta mer?
Kontakta Alvetec. Vi kan mitteknik

och skickar Dig girna var kundtidning

Mitrologen med senaste nytt
inom mitteknik.

Liten och snabb

e Shock resistant enclosure

for noise and vibration testing

2 to 4 inputs ¢ 1 output

120 MHz DSP ¢ 21 kHz rate

32-bit floating point DSP

32-bit applications

18-bit inputs ¢ 24-bit output * 110 dBfs
ICP sensor power

USB interface for hot plug & play
Windows 98/ME/2000 interface tailored

Under 7 ounces (0.2 kg)

Inputs e Tachometer ¢ Applications

alvetec

Alvetec AB
Box 5001, 141 05 Huddinge
Tel: 08-680 68 50. Fax: 08-680 03 90

E-mail: measure@alvetec.se




Modal testing of rotating wind turbine rotor

using torque input

S. Johansen

DELTA Acoustics & Vibration, Kongsvang Allé 33, DK-8000 Aarhus C, Denmark

e-mail: sti@delta.dk

Abstract

A method for modal test of rotating wind
turbine rotors using torque input is pre-
sented. A hydraulic continuously rotating
shaker is used for excitation of the rotor
and the input torque is measured and used
as the reference signal. Accelerometers
are mounted on the wind turbine wings
and used as response signals.

The rotor diameter is 52 m. Different
types of excitation were considered in
order to maximise the signal to noise ratio
without spending too much time on the
testing. If too much time were spent on
testing the ambient conditions would
change and cause different kinds of prob-
lems with consistency of data. The ambi-
ent conditions were measured and logged
carefully during the testing.

Problems with the non-symmetric fre-
quency response matrix, non-linearity
introduced by different wind loading of
the rotor and other effects caused by the
ambient conditions are discussed briefly.

The wind turbine was changed consider-
ably in order to make the measurements
possible. These changes have also been
simulated using a finite element model.
Later the test results will be used for up-
dating of this model.

web site: www.delta.dk

1. Introduction

st

—

] 3

Figure 1: State of the art 1 MW wind
turbine. Typical source strength, Lwa =
100 dB(A).

The sound powef emitted from modern
600 kW wind turbines is approximately
98 dB(A). This is less than the sound
power emitted from typical 100 kW wind
turbines from 1987. This dramatic im-
provement is very much caused by the
good results obtained by reducing aero-
dynamic noise. Consequently, transmis-
sion noise is again becoming an important
factor in wind turbine noise reduction.




Visualisering ay vibrationstillstandet
hos ett membran i MATLAB.

.....
Fraety ot

Spektralskattning med korttidsfourier-
transform i MATLAB och Simulink.

Ingenjdrer och forskare
virlden 6ver anvénder
MATLAB for tekniska
berdkningar, visualisering
och programmering. Med
over 400 000 anvandare &r
MATLAB ett viletablerat
verktyg som blivit standard
inom bade universitet och
industri.

MATLAB utgér en platt-
form for allt fran dataanalys
till programutveckling.
Tilldimpningar aterfinns bl.a.
inom bilindustrin, telekom,
flygindustrin, elkraftindus-
trin och utbildning.

MATLAB ger dig
e en interaktiv och kraftfull

milj6 for tekniska berdk-
ningar

Bestill gratis MATLAB info-paket nu!

Ring oss
08-412 95 00

eller besdk
www.comsol.se/info

COMSOL AB
Tegnérgatan 23
111 40 Stockholm

Vi
A

COMSOL

MATLAB’ - allt du kan 6nska
for tekniska berdkningar

Tel: 08-412 95 00 = Fax: 08-412 95 10
E-mail: inffo@comsol.se ¢ Web: www.comsol.se

* lattillgénglig grafik i 2D
och 3D
* en miljo for program-
utveckling med matematiskt
hognivasprak
- debugger
- profileringsverktyg
- verktyg for att bygga
grafiska anvindargrians-
snitt
* och mycket mer...

Data Acquisition Toolbox

Data Acquisition Toolbox
gor det mojligt att koppla

samman MATLAB med I/0- |

kort f6r datainsamling.
Diarmed ges du tillgang till
data fran givare, sensorer och
andra méatinstrument direkt i
MATLAB. En unik miljé for
analys och datainsamling.

och Real-Time Workshop 4r registrerade varumarken

rumérke hos Computer Solutions Europe AB.
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The tonal nature of the transmission noise
can be very annoying for the closest ne-
ighbours. This is taken into account by
current legislation in most countries.

Planetary gears are used in the low speed
stage in gearboxes for modern wind turbi-
nes. The torque is split into three pinions
and the bearing reaction forces cancel
each other out. See figure 2. This reduces
transmission of vibrations to the nacelle
and tower. In order to reduce the trans-
mission of vibrations even further the
gearbox is resiliently mounted to the
nacelle. Measurements of noise emitted
from a typical modern wind turbine show
evident harmonics of the tooth meshing
frequency of the low speed stage in the
gearbox. The harmonics are emitted from
the wings. There are several transmission
paths from the gearbox to the wings. The
main one was believed to be torsional
vibration in the shaft system coupled with
bending vibration in the wings. Noise
emission is reduced when resonances at
the tooth meshing frequency harmonics
are avoided. It was decided to make a
detailed coupled torsional/bending vi-
bration analysis of the wind turbine.

Figure 2: Planetary gear used as input
stage in wind turbine gearboxes

-14 -

This model will be used to study different
wing to gearbox pairings. In order to
develop, verify and update the model a
series of tests were carried out in the lab,
on a stopped wind turbine and on an op-
erating wind turbine.

This paper describes the experiments
carried out in order to verify and update
the model. Figure 3 shows the wind tur-
bine nacelle.

The investigation is part of a project in
co-operation with BONUS Energy A/S
and partly sponsored by The Danish
Energy Agency.

2. Computational model

The frequency range of interest is 50 Hz —
450 Hz. In this range one or two harmo-
nics of the planetary gear meshing fre-
quency will typically be visible in the
noise spectrum.

2.1 Torsional vibration model

It was not possible to find a commercially
available computer program for torsional
vibration calculation able to model resil-
iently mounted planetary gears. Therefore
a program was written combining a tradi-
tional torsional vibration lumped pa-
rameter model with a planetary gear
model. The planetary gear model was
developed using Lagrange’s equations of
motion [1].




1. Spinner 2. Rotor hub

3. Blade 4. Pitch bearing
5. Pitch gearbox 6.Main bearing
7. Main shaft 8. Top controller
9. Gearbox 10. Brake disc

11. Brake caliper
13. Generator

12. Coupling
14. M. sensors

15. Yaw ring 16. Yaw bearing
17. Yaw gearbox  18. Bedplate
19. Canopy 20. Fan

Figure 3: Wind turbine nacelle

2.2

The wings are shells in glassfibre rein-
forced polyester with shear panels in
foam. The wings are modelled as simple
beams. Focus is on the global modes as
the dominating transmission path. Some
energy will probably also be transmitted
through the multitude of local modes
present in the wing shells but this problem
is not addressed here. The purpose of the
model is to calculate the natural frequen-
cies and mode shapes of the global mo-
des.

Wing vibration model

2.3  Optimization

Optimization routines were included in

the program for two purposes:

e To minimize the response for a given
set of gear harmonics and a given

wing type by tuning the genera-
tor/coupling/gear/shaft system.

e To find the best choice of gears for a
given wing type.

3. Experimental verification

3.1 Torsional model

The best modal data for the complete
system would be obtained in a test with
the wind turbine in normal operation in a
low load situation. A torque is used as
input to the operating rotor at a con-
venient point. The torque is measured as
well as the acceleration at the wings, the
angular deflection or the rotational speed
in the generator, shaft and gear system.
Frequency response functions are mea-
sured and a modal analysis is carried out.
This would give a single column of the
FRF matrix which is normally sufficient
for a modal analysis. In this case, how-
ever, the system is rotating and the FRF
matrix is not symmetric. It is not feasible
to take measurements with a rotational
shaker at a large number of measurement
points. The rotational speed is low, ap-
proximately 22 rpm so the effect may not
be of any real importance. So it was de-
cided to use the single input approach and
investigate the errors made. The easiest
way to check the importance of the ro-
tation is by finite element analysis.

The best place to put the exciter is be-
tween rotor and gear. This is closest to the
rotor and all problems with backlash in
the gear are avoided.

A good position for an exciter with smal-
ler torque capabilities is between the ge-
nerator and gear in the place where the
flexible coupling is.
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This type of modal test requires a very
special exciter: the continuously rotating
torque exciter.

A lot of time was spent looking at the
market for a device suited for this job. It
is simply difficult to generate the torque
needed at the optimum shaker position in
the frequency range between 50 Hz — 450
Hz. Leading suppliers of piezoelectric and
magnetostrictive actuators failed to offer a
reasonable solution.

Finally a single supplier, Xcite Systems
Corporation, found an acceptable hydrau-
lic solution. The Xcite 1100T-9 continu-
ously rotating torsional exciter system
generates 113 Nm in most of the frequen-
Cy range.

Two compromises had to be made:

e The exciter had to be moved to the
high speed side of the gearbox

e The exciter shaft being too small to
carry the static generator torque,
some modifications of the wind tur-
bine were necessary in order to place
the exciter.

3.2 Non rotating wing model

Experimental modal testing was made on
a wing mounted on a standard hub fixed
to a large concrete foundation.

In a pre-test good positions for the two
Briiel & Kjer 4808 electrodynamic sha-
kers were found at 12 m and 16.5 m from
the cantilever support. The wing was
excited in the two bending planes. Several
excitation types were tested for compari-
son of frequency response functions and
coherence. Burst random gave better re-

-17 -

sults than random, periodic random and
chirp. Burst length 70 % and uniform
window were used. Modal tests were
carried out in two frequency ranges:

e 0.5Hz—- 60 Hz, 4096 frequency lines
e 50 Hz—450 Hz, 8192 frequency lines

93 active points of measurement were
located on the centreline and 312 on se-
lected cords. The spacing between points
was 25 cm. The cords were not evenly
distributed but placed in clusters in order
to get a good detailed description of the
local behaviour in selected parts of the
wing. If the points had been spaced
evenly over the wing with the same spa-
cing the test time would have been ex-
cessive. More than 1600 DOF’s would
have been necessary. The centreline
DOF’s were measured in the two bending
directions using triaxial accelerometers.
The cord DOF’s were measured perpen-
dicular to the skin only.

Typical frequency response function and
coherence are shown in figure 4 — 7 for
the upper frequency range. In figure 4 it is
difficult to see the difference between the
measured data and the estimated data.
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Figure 4: FRF’s, driving point [m/s’],
estimated
measured
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Figure 6: Multiple Coherence, wing tip
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Figure 7: FRF’s, wing tip, two directions

The natural frequencies plotted as func-
tion of the mode count are shown in fig-
ure 8. Results are shown from the esti-
mated modes and from two finite element
calculations using two node beam el-
ements. 49 elements were used in the first
calculation and 200 in the second without
any significant change in result. The mesh
was mainly refined near the tip where it
was most necessary.

s
]

~— —FEM Beam 50
] 50 100 150

300

£ 200

\

100

- - FEM Beam 200

Mode count

Figure 8: Natural frequencies of wing as
function of mode count, measured and
calculated using beam finite elements.

Typical modeshapes are shown in figure
8-13.
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Figure 9: Wing mode shape 101 Hz

]

Figure 10: Wing mode shape 103 Hz
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Figure 11: Wing mode shape 105 Hz




-21-

from the modal analysis. It is clear that
for each frequency the computational
model has fewer nodes than the experi-

mental model. In general terms the mass
-',—&* in the model should be increased or the

Y

Figure 12: Wing mode shape 204 Hz

£ e
e

stiffness lowered.
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Figure 13: Wing mode shape 204 Hz i LW \Wi \\ R
(edge direction) g

: L.

Figure 14: Wing mode shape 399 Hz

The number of modes found using beam
finite elements are less than the modes -
estimated in the experimental modal piten

analysis. As explained earlier this was
expected because of the skin bending

s i
modes unaccounted for in the finite el- ey NN NIV
ement calculation. Below 400 Hz the R WP R \\_/ (WY,
number of calculated beam modes was 47 ¢y

beam. 128 modes were found experimen-
tally. The local skinmodes are not con-
sidered as important as the beam modes.
It is of course important that the beam
model modes correspond to the real L
modes. Four of the calculated modes are

shown in figure 15 - 18. The natural fre-
quencies are close to the modes shown

Figure 16: Finite element result, 131 Hz
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Figure 18: Finite element result, 418 Hz

3.3 Operating wing model

Two parameters are influencing the modal

properties of the operating wings:

e The wind loading and the resulting
bending (prestress).

e The centrifugal forces and the re-
sulting elongation of the wings, (pre-
stress).

3.3.1 Wind loading

The bending load results in tip deflections
exceeding 1 m when the wind speed is 10
m/s. The prestress causes some natural
frequencies below 25 Hz to increase ap-
proximately 10 % - 20 % but seems
unimportant at higher frequencies. The
results are calculated using beam finite
elements.

3.3.2 Centrifugal loading

The rotational speed of the rotor is 27 rpm
and is not without importance, but the
effect of the centrifugal loading is of
course not as dominant as in a teetered
rotor [2]. The increase in natural frequen-
cy is smaller than the effect caused by
bending prestress. The results are calcu-
lated using beam finite elements.

3.3.3 Combined loading

The wind loading and the centrifugal
loading tend to cancel each other out.
Other wings may be more sensitive in this
respect. This is calculated using beam
finite elements.

A quick way of getting an idea of the

importance of the two prestiffening ef-

fects is to look at the natural frequencies

as function of the mode count. The rotor

frequencies have been modelled using

simple beam elements. Figure 19 shows

the natural frequencies in four situations:

e  No preload

e Bending preload due to wind forces

e  Centrifugal preload

e Combined bending and centrifugal
preload



At low frequencies the bending prestress
stiffening effect is obvious while at higher
frequencies it is hard to see any effect at
all. The centrifugal stiffening effect is
negligible. The combination of bending
and centrifugal prestress seems to cancel

the bending stiffening effect.
P i\"
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1000
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~~~~~ Cen & bend Hz
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Figure 19: Influence of preload on natural
frequencies.

3.3.4 Modal test on operating wind
turbine

It was decided to use excitation signals
stored on tape. It was not practical t

o use a Unix workstation in the wind
turbine nacelle. Space is limited and the
access difficult. Excitation signals stored
on tape prohibit the use of signals peri-
odic in the time window. Because the
wind turbine is operating there will be
natural excitation from the gearbox. It is
therefore important to get a high input
torque to the system in order not to let the
natural excitation be dominant. Three
excitation types were considered:

e Chirp
Sinusoid with fast changing fre-
quency. A version of the chirp was

e Stepped sine

e Sine sweep

o Sine sweep is a compromise be- |

used where the frequency increases
from the lower frequency bound and
then decreases again before repeti-
tion. This is most advantageous for
the exciter control system. Chirp is
the fastest method.

Stepped sine results in the best signal |
to noise ratio but is also the slowest |
excitation type. |

A sinusoid is used where the fre- |
quency increases from the lower fre- |
quency bound and then decreases |
again before repetition. This is most |
advantageous for the exciter control
system.

tween chirp and stepped sine and;
was considered to be the first choice
of excitation. The input signal and
the response signals are stored on
digital tape and later analysed in the
laboratory. Autopowers and cross-
powers are computed from the time
histories with many small incre-
ments between each Fourier trans-
formation. Frequency  response
functions were calculated and the
values corresponding to the current
excitation frequency were copied
into the resulting frequency response
functions. A small programme had
to be written for this task. ‘

The test stand used for tests of these pros
cedures is shown in figure 20.
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Figure 20: Testing procedures for tor-
sional modal analysis using Xcite
1100T-9 exciter

3.3.5 Modal test, ambient excitations

Some methods for modal extraction using
ambient excitation were tried. Problems
were encountered with data from the
operating wind turbine in the frequency
areas where natural frequencies were
found close to the gear meshing harmo-
nics. Unfortunately these are exactly the
frequency areas of most interest. The
problem is that a lot of singular values are
found at the excitation frequencies. The
excitation is not sinusoidal but very nar-
row band random. Ambient excitations
are still an interesting tool for modal test
on stopped wind turbines.

4. Conclusion

A model combining torsional vibrations
in the shaft system to bending vibrations
in the wings has been developed. The

model incorporates a flexible mounted
planetary gear.

The non-rotating wing model has been
compared to a modal test. The next step is
to update the model.

A method for torsional excitation of an
operating wind turbine has been devel-
oped using the Xcite continuously rota-
ting torsional exciter. Excitation signals
stored on tape are used in the testing.

The importance of different types of pre-
load has been investigated. The bending
and centrifugal effects seem to cancel
each other out in the frequency range of
interest.

Modal tests using ambient excitation
technique looks promising on the non-
operating wind turbines but not on the
operating wind turbine.
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Phase response of accelerometers and conditioning

amplifiers
Héikan Andersson

SP Sveriges Provnings- och Forskningsinstitut

Introduction

The character of a vibration measuring
chain is normally described by the mag-
nitude of its sensitivity and frequency
response. However, in some cases, for
example in multi channel response
measurements and transient vibration
measurements, also the phase response is
vital.

The phase response of a number of ac-
celerometers and amplifiers of some types
has been measured to investigate any
individual spread and individual spread
and differences between types.

Summary

Phase shift in a vibration measuring chain
is caused by both electrical and mechani-
cal properties. For a piezoelectric acceler-
ometer is the phase shift given by the
lower limiting frequency of the charge
amplifier. At high frequencies is the phase
response given by the accelerometer’s
resonance frequency and/or any low-pass
filtering.

The individual spread between acceler-
ometers and amplifiers of the same type is
small. However, difference in phase shift
close to the lower limiting frequency of
charge amplifiers of different types is
significant.

Piezoelectric accelerometer
The phase shift of a piezoelectric acceler-
ometer with its charge amplifier is an

effect of two mechanisms, the mass-
spring system in the accelerometer and
RC filtering in the accelerometer-cable-
amplifier system.

At low frequencies the mass-spring sys-
tem is infinity stiff and no mechanical
phase shift is produced. An equivalent
electrical circuit for an accelerometer-
cable-amplifier system is shown in Fig. 1.

Fig.] Equivalent electrical circuit for an
accelerometer with cable and input stage
of charge amplifier

O, = charge generated by the acceler-
ometer

C, = sum of capacitance from acceler-
ometer, cable and preamplifier input

R, =resistance of accelerometer, cable
and preamplifier input in parallel

A = gain of operational amplifier

The output of the circuit is

Vo=-1—7 1Qa 1 1
o e )
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Assuming that 4 is very large the formula
reduces to

Oa

j CORf Cf

The phase shift then becomes

1
o= arctan(wa C)

That means that the theoretical phase shift
at low frequencies is only dependent on
the feedback resistance and capacitance of
the input stage of the charge amplifier.

B&K 4367

At high frequencies, close to the acceler-
ometer resonance frequency, the piezo-
electric element is no longer infinity stiff
and we get a phase shift between the
mechanical input and the electrical output.
At the resonance frequency, the phase
shift is 90°. Also the amplitude response
is distorted close to the resonance fre-
quency.

If a low-pass filter is used with a cut-off
frequency below the accelerometer reso-
nance frequency, the phase shift from the
filter has to be taken into consideration.

Practical phase response measurements of
three different types accelerometers are
shown below.
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Fig 2a Phase shift of B&K 4367 without charge amplifier
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Fig 2b Phase shift of B&K 4370/81 without charge amplifier
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Fig 2c Phase shift of B&K 4393 without charge amplifier

The measurements indicates that the The phase shifts of the same accelerome-
phase shift of the accelerometer itself is ters together with a charge amplifier, band
very small within the operating range. limited to 3-30000 Hz, are shown below.

Also the individual spread is small. How-
ever, mounting resonances and internal
resonances can produce narrow-banded
phase shifts as seen in Fig 2b.
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Fig 3.1 Phase shift of 3 indicidual B&K 4367 connected to the same charge amplifier
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Fig 3.2 Phase shift of 3 individual B&k 43 70/81 connected to the same charge amplifier

The measurements verifies that the main
contributor to the phase shift is, as previ-
ously mentioned, the charge amplifier and
its band-limiting filters.

Charge amplifiers

The phase shift of a number of individuals
of four types of charge amplifiers is
shown below. The band-limiting filters
were set as similar as possible.
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Fig 4 Phase shift of charge amplifiers

The settings of the band-limiting filters
were:

B&K 2650: 3 -30000 Hz (-3 dB)

B&K 2626: 3 -30000 Hz (-3 dB)

B&K 2692: 1-30000 Hz (-10 % ?)
B&K 2635: 2 -30000 Hz (-10 %)

2,5k |
5k

The measurements shows that the indi-
vidual spread between amplifiers of the
same type is small, but different types of
amplifiers have different phase response,
even if the band-limiting filters have the
same settings.
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”ICP” accelerometer
An ”ICP” accelerometer is a piezoelectric

Accelerometer

5

accelerometer
amplifier.

Power supply

Fig5 “ICP” accelerometer with power supply shown schematicallhy

As can be seen in fig 5 the low frequency
response is limited by two effects, the RC
link within the accelerometer and the AC
coupling capacitance in the power supply
together with the input resistance of the
analysing instrument.

At high frequencies, the ”ICP” acceler-
ometer has the same behaviour as the
piezoelectric accelerometer: a phase shift

is introduced by its mechanical resonance
frequency.

Practical phase measurements are at the
time of writing this paper not finished.
However, measurements on 5 "ICP” ac-
celerometers of the same type indicates
that the spread between individuals is
small, see fig 6.
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Fig 6 Phase shift of 5 Endevco 7251A-100 with individual power supplies.

with a built-in unity gain



Phase response calibration

A normal calibration of the sensitivity
magnitude is made by the comparison
method: the accelerometer is mounted on
top of a reference standard accelerometer
and the sensitivity is obtained by com-
paring the outputs from the two acceler-
ometers when they are excited by a
shaker. A phase calibration is made in the
same manner. However, the calibration of
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Vibrationsniva intill springimnen vid tunneldrivning

Vibration level in the near-field to explosives at tunneling

Ingvar Bogdanoff
Geo Flex AB

Sammanfattning

Skadezonen i kvarvarande berg ir ofta
foremal for diskussioner d& skonsam
sprangning behover utforas. En indirekt
metod att berdkna skadezonen har varit
att relatera den till svingningshastighet
PPV (Peak Particle Velocity) som hér
anges som V;. Sedan slutet pd 1970-talet
har det antagits att skador i form av synli-
ga sprickor uppstér i berget vid v; = 0,7-
1,0 m/s. Utférda undersokningar i detta
projekt visar att v, blir 2,5 m/s i skade-
zons-omradet. Efter att de nya métningar-
na hade firdigstillts visade samtidigt
Blair & Minchinton (1996) att &ven den
teoretiska bakgrunden som ldg till grund
for det lagre virdet och som anvénts un-
der lang tid var behiftad med allvarliga
fel.

Konceptuell modell

Vid bergspringning vill man bevara om-
givande berg s& intakt som mdojligt for att
minska bergforstiarkningsinsatser, skydda
utford injektering och minska utfall av
berg. Det dr vanligt att bestdllaren for ett
underjordsbergarbete foreskriver en till-
laten teoretisk skadezon utanfér berg-
konturen. Denna skadezon antas teoretiskt
vara kopplad till laddningskoncentration i
de anvinda sprangdmnena. Skadezonen
anges i svensk litteratur till det omréde
dir synliga sprickor uppstér i berget och
baseras p& antagandet att vibrationshas-
tigheten blir 0,7-1,0 m/s.

Undersokningar av  skadezonen frén
spraingmedel och forsok att forstd upp-
komsten av skadeforloppet 4r ett angela-
get problem for forskare varlden over. I
slutet pa 70-talet lanserades internationellt
en teori av Holmberg och Persson (1979)
att synliga skador i berget uppstdr nédr
vibrationernas svingningshastighet v, =
0,7-1,0 m/s. Holmberg-Persson antog att
spanningsuppbyggnaden foljer ett enkelt
och vilkint samband baserat pd Hooke’s
lag

e&x=W/Cp
Ekv (1)

v, = svingningshastighet (PPV)
¢, = kompressionsvagens hastighet
&, = dynamiska tojningen for en plan véag

Man antog vidare att svingningshastig-
heten utanfor ett spranghal kan berdknas
genom att uppdela en lang laddning i
korta laddningar som var och en bidrar till
svingningshastigheten i en punkt utanfor
springhalet vi+ v+ vs ..... = v Se figur
1.

Hela laddningen H delas upp i segment
med lingden dx som sedan integreras
enligt ekv (2) for att kunna berdkna vib-
rationen vid observationspunkten A som
befinner sig pa avstandet R, fran spréng-
halet.




Figur 1. Metod enligt Holmberg-Persson
(1979) for att berdkna svingningshastig-
het i ndromradet utanfor ett sprdinghdl

Ekv (2) i figur 1 &r en modifierad form av
empiriska skalningsformler for att berék-
na vibrationer intill byggnader da avstand
och laddningar &r kénda. I sddana fall kan
man forutsétta att hela laddningsléngden
H bidrar momentant till v, eftersom av-
standen &r ldnga. Se ekv (3).

vi=k Q*/R"
Ekv (3)

Q 4r laddningen i kg och R avstandet i m.
k; o; B =700; 0,7; 1,5 ar konstanter som
varierar fran plats till plats. Den empiri
som ligger till grund for konstanterna &r
baserat pd Lundborg (1978) som sam-
manstéllde ett stort antal vibrationsmét-
ningar. De konstanter som hade den bésta
anpassningen till ekv (3) hérror fran Bu-
rea of Mines med avstind mellan 30-
300m samt fran Brinnland med avstand
mellan 20-150m. Trots de langa avstén-
den som lag till grund for konstanterna
anammades de dven for ndromrédet.

Holmberg-Persson berdknade med formel
2 och 3 diagram som anger skadezonen
som en funktion av laddningskoncentra-
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dx

(R,* + (R,tand — x)2]#/2=

H
v=kI®| [
0

Ekv (2)

tionen relativt ANFO. I allt vésentligt
bygger dagens skadezonstabeller, t.ex.
AMA98, pé dessa berdkningar.

Grunddata for antagandet att skador upp-
star vid 0,7-1,0 m/s verkar ha uppstatt
fran ett fatal forsok varav det viktigaste
utfordes i Aitikgruvan i 250 mm hal.
Genom provtagning av borrkémor indike-
rades skadezonen till 23m dér den berék-
nade svingningshastigheten var . 800
mm/s. Den skadezonsbestdmning som
utfordes i kdrnborrhél har en stor osdker-
het i sig. Och forfarandet skulle inte vinna
tilltro idag, med den kunskap som finns
av svdrigheterna att bestimma skadezo-
nen. Holmberg (1978) skrev ockséa
»Sprickfrekvensjimforelsen mellan  kdir-
norna visade att vid 23m dr sannolikheten
50% for att vi har skador orsakade av
spréngningen och vi har 5% sannolikhet
att skadorna stricker sig ldngre bak dn
32m”. Det framgér av denna mening att
man inte kunde bestimma var sprickor
fran spriangningarna upphorde och att
kalkylen ger mojligheter for stora glid-
ningar for skadezonen.

Hustrulid (1992) konstaterade att Holm-
berg&Persson, ekv (2). inte tog hénsyn till
tidsfaktorn och presenterade en variant
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vari ingdr kompressionsvagens hastighet
(cp) liksom springémnets utbrednings-
hastighet (VOD). I figur 2 visas Hustru-
lids analys av forsoken i Aitik. Fractured
zone &r hér 10m och influenced zone &r
22,5m. Fractured zone &r den zon som nu
kallas for skadezon. Influenced zone #r
orsakad av bakétbrytning av berg. Det
verkar vara s& att Holmberg i sin analys
av skadeomradet (influenced zone) ovan
relaterade till skador bakom salvan som
uppstod av hévning eller bakétbrytning.
Detta &r en effekt som alltid uppstér vid
pallsprangning. Men skador av denna
effekt ar inte detsamma som avses med
skadezon fran olika springimnen. Bakét-
brytning 4r mer en skada som beror av
bergets sprickstruktur och intréngning av
sprianggaser ddr gaserna lyfter berget. Icke
desto mindre kom Holmbergs utredning
att bilda underlag for kommande utred-
ningar.
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Figure 25. Velocity-Distance Curves for Aitik
(250mm Holes) With Damage Limits Added

Figur 2. Svingningshastighet med
skadezoner  fran  Aitik  enligt
Hustrulid (1992). Vid ’fractured
zone” dr v, = 2,5 m/s. Triangel-
formade  markeringar dr  av

Holmberg uppmiditta vérden.

-43 -

Flera andra arbeten med att bestimma
skadezonen har utforts genom arens lopp.
Det finns en gemensam néamnare for dessa
— man har okritiskt utgatt frén sving-
ningshastigheten v; = 0,7-1,0m/s som
indikator for skadezonen.

Internationell kritik mot Holmberg-
Persson modellen

Blair & Minchinton (1996) har utforligt
analyserat den teoretiska bakgrunden
ytterligare och anvint analytiska och
DFEM teknik (Dynamic Finite Element
Model) for att undersoka hur vibrationer
och tdjningar ser ut i nidromradet till en
laddning. De riktar en stark kritik mot
Holmberg-Persson modellen som de me-
nar har allvarliga fel. I korthet &r deras
kritik mot formel 1 f6ljande:

e  Sambandet mellan sviangningshastig-
het och tojning giller endast for en
plan kompressionsvag i ett homogent
endimensionellt elastiskt medium och
ar darfor ett specialfall som giller for
en stang. Inte ens vid ldnga avstdnd

blir vagfronten plan.

Spénningen o, 4r inte endast beroen-
de av & utan dven tojningen i rikt-
ningarna g, och ¢, (tvarkontraktion).

Fria ytor intill sprénghalet liksom
langa cylindriska laddningar &r en
forutsattning  for  bergspringning.
DFEM och analytiska berikningar
utesluter alla enkla antaganden om
proportionalitet mellan tojning och
svéngningshastighet.

Vibrationsmétningar vid bokmagasin
for Kungliga Biblioteket

Nir man byggde bergrummen for bokma-
gasin under Kungliga Biblioteket 1992-




1994 fick forfattaren genom institutionen
for geoteknik vid CTH mojlighet utfora
mitningar intill tunnelkonturer vid de
avstind som tidigare arbeten hade be-
kriftats vara skadezon 0,2-1,0 m. Bogda-
noff (1996).

Mituppstillning

Vid varje mituppstillning borrades 3-4
mithal utanfoér tunnelkonturen. I dessa
g6ts mitsonder med accelerometrar. Se
figur 3.

Figur 4 visar en typritning pd méatsonden.
Sonden gots fast med expanderbruk for att
erhalla en siker kontakt mot berget.

Det antogs dven att berget har sin lagsta
frihetsgrad vinkelrdtt mot bergytan och
vidare att detonationsfrontens domineran-
de riktning &r vinkelrit spranghalet. Aven
med komposanter i andra riktingar sd
bedomdes att felet skulle blir rimligt.
Dirfor beslutades att istédllet prioritera
mitning i flera punkter hellre &n i flera
riktningar i en punkt. Genom att mita i
flera punkter borde man kunna fa béttre
underlag for bedomning av signalernas
kvalitet. Risken att forlora givare beddm-
des ocksa vara stor. Med flera sonder
okade mojligheten att f& métvérden dven
om man forlorade sonder i en salva.

’f%

Figur 3. Accelerometrarna placerades i
mdthdl  utanfor  tunnelkonturen.  Vid
sprangning skyddades kablaget av grova
polyetenrér som drogs fram till fronten. I
grinsomradet berg polyetenror anvdndes
tunna stalror. Den évre bilden till vanster
visar tunnelsektion fore sprdngning och
den hogra bilden efter sprangning.

T—Acceleromsler
-.

Probs parts pressed
Ne(her

Screw thread

cement
Thin plastic pipe

Figur 4. Mdtsond med accelerometern
riktad mot tunnelkonturen. Den bakre
delen av sonden med accelerometern
kunde atervinnas.

Meitningar i flera punkter samtidigt gjorde
det mojligt att identifiera resonanser och
lagfrekventa eller nollforskjutningar i
signalerna som sedan kunde tas bort med
digitala filter.

Vibrationer fran konturhal laddade
med Detocord 80g/m

I figur 5 visas résignalen frén det nér-
maste konturhilet vid en spréngning.
Genom att jimfora signalen fran tre olika
mitpunkter kan man fa en uppfattning om
signalens kvalitet t.ex. resonanser i son-
derna. Signalerna frén de tre méatpunkter-
na pos 1-3 4r relativt likformiga. Ungefar
mitt i signalen kommer ytterligare en vag
och som antas vara en skjuvvag.




Vibrationsmiditning
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Figur 5. Rasignaler fran 0,25m; 055 och
0,65m frén laddning. Signalens varaktig-
het dr ca 1 ms. Tidskalan dr Ims mellan
varje siffervdrde.

I figur 6 har signalen integrerats till
svingningshastighet. Vid avsténdet 0,25m
ar v=2,5m/s. Vid avstandet 0,65m i posi-
tion 3 4r v&=1,7m/s. Det finns en tydlig
eftersvingning med frekvensen 1,8kHz.
Den har tolkats som bergets egenfrekvens.
Det klingfasta ljud man hor nér man
skrotar berget med ett spett.
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Figur 6. Svidngningshastighet fran kon-
turhdl. I position 1 vid avstandet 0,25m dr
vi= 25m/s. Vid avstdndet 0,65m frdn
laddningen dr v, fortfarande 1.7m/s. Ska-
dezonens randomrdde i tabeller brukar
anges till 0,3m. Utbredningshastigheten
hos sprdngdamnet dr 6000-6500m/s. Det
dr ungefdr samma som i berget.

Mitvirden frén fem salvor har samman-
stillts i figur 7 som funktion av svdng-
ningshastigheten v, och avstand mellan
observationspunkt och spranghél i kontur
och konturhjélpare. Liksom alltid vid
mitning av peakvérden fran spriangning &dr
spridningen mycket stor.
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Figur 7. Sammanstdllning av métvirden v, som funktion av avstind.

Diskussion och slutsatser

Effekter av den fria bergytan framfor
sprianghalet &r med all sékerhet en bety-
delsefull parameter for PPV. Det &r ute-
slutet att inverkan av den fria bergytan har
observerats vid de métningar som i tidiga-
re forsok utforts relativt 1angt frén berg-
ytan och som ligger till grund for det
olyckliga antagandet v, = 0,7-1,0 m/s och
som under lang tid anvénts och fortfaran-
de anvinds i Sverige som indikator for
skadezonen vid bergsprangning.

Vid mitningama vid Kungliga Biblioteket
mittes endast en komposant. Det dr moj-
ligt att den resulterande vibrationen vid
observationspunkterna kan bli storre &n

den radiella som mitts nu. Det hélls dock
just nu som mindre sannolikt att ndgon
annan komposant dominerar Over den
vinkelrdta bergytan. Orsaken till det 4r att
berget har en mindre frihetsgrad i den
riktningen och att detonationsfronten &r
riktad vinkelrét bergytan nér den passerar
observationspunkten.

Vibrationsforloppet bestar av flera sving-
ningar inom den huvudsakliga varaktig-
hetstiden vid dominerande niva. Av mit-
resultatet framgér att kraftiga interferens-
fenomen forekommer med utslidckning
och forstarkning av signalerna.
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Mitvirdena visar tydligt att vibrationen v,
vid observationspunkten inte bestar av
vibrationer som anldnt vid exakt samma
tid. Dessutom finns minst tvd végtyper
och som anlidnder med olika hastighet.
Den léngsammare och som ibland domi-
nerar kan vara den skjuvvag som uppstar
nér detonationen pressar ut berget vid sin
vig ut genom hélet. Detta beaktas inte i
berikningsmodellen frén 1979. Det be-
aktas inte heller av Hustrulids formel som
forutsitter att dominerande vibration
uppstar fran kompressionsvégen.(c;). Den
andra vagen ir en skjuvvég vars utbred-
ningshastighet &r ungefir halva kompres-
sionsvagens. Jfr ekv 1. Alla forsok att
relatera skadan till kompressionsvigens
hastighet och samtidigt méita v; som kan
hérrora frén skjuvvagen blir i grunden fel
enbart av den anledningen.

Motivet for att mita peakvidrden frén
vibrationer intill sprangdmnen har funnits
eftersom det har funnits en mojlighet att
tojning, spdnning och svéngningshastig-
hetens peakvérde hade ett samband ge-
nom ekv (1). Efter den massiva kritiken
frin 1996 mot detta samband torde det
numera inte finnas skil att arbeta enbart
med vibrationernas peakvérden som indi-
kator pa skadezonen. Det gar inte heller
att hivda att det finns ett stort antal mét-
virden som motiverar fortsatt métning av
peakvérden. Ytterst fi métningar har
utforts i skadezonsomradet. Att man i
ménga arbeten valt att anvénda vibratio-
ner som indikator for skador i berg beror
pa att det har varit bekvamt att méta vib-
rationers peakvérden pé langa avstédnd och
sedan extrapolera till niromradet. Vid
mitning i ndromrddet till laddningar i
allménhet och i synnerhet i tunnlar &r
svarigheterna emellertid mycket stora.
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Leif Frideen

Viannen Leif Frideen har gétt ur tiden.
Leif var ordforande i SVIB AU 2 och den
som drev fram AU 2-symposierna i Riks-
gransen. Vad vi inte visste, sedan han
avsagt sig ordforandeskapet, var att han
drabbats av cancer, ndgot som han i likhet
med mégna andra inte gérna ville tala om.
Budskapet om hans alltfor tidiga bortgéng
kom dérfor som en chock for oss.

Utover sitt engagemang i SVIB och sin
tjanst pa Atlas Copco var Leif framfor allt
en entusiastisk skidékare. Jag lyckades
forma en av hans skidkamrater att dela
med sig av sina sista ord till Leif.

For mig forblir Leif personen som ifrdga-
satte riktigheten i att i ekonomiska redo-
visningar ange intdkter som minusposter.
Han lirde mig ocksd innebdrden av
Ctr/Alt/Del. Jag onskade att han inte till-
lampat det sa personligt.

Alf
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Var vinskap startade i den franska orten
Avoriaz och kom att utveckla sig till na-
got som inte bara handlade om skidék-
ning. Det gemensamma intresset for snon
och bergen fanns som en rod trdd, men
véra samtal kretsade kring sa mycket mer.

Leif var en analytiker som vred och vénde
pa saker och tidnkte ett steg ldngre &n de
allra flesta. Han var inte den som stack ut
i diskussioner, men néir han vél gjorde
sina inldgg - pé sitt lite forsiktiga och
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trevande sétt - s& var det noga genom-
tdnkt. Han besatt helt enkelt en stor por-
tion klokskap. P& samma ldgmaélda sétt sa
inspirerade han till att soka alternativa
losningar eller nya végar.

En vin och kamrat har gatt bort och lam-
nat ett tomrum efter sig. Leif var en per-
son som borde ha fatt vara med oss lang-
re. Det var sorgsamt att se hur hans kraf-
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fortfarande. Han ville komma upp ur
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Trots detta s& hoppades han kunna kom-
ma till Bydalen nista &r, men sa blev det
alltsa inte. Fast han kommer att finnas dér
anda.

Tack for den tid som vi kint varandra,
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Abstract

Whole-body vibration is a problem in
off-road vehicles which can cause both
injuries and discomfort. Comfort de-
pends on several environmental factors
of which the vibration level is one factor.
This study focuses on ”vibration com-
fort” and is restricted to transient vibra-
tions.

ISO 2631 primarily addresses long-term
effects due to continuous, whole-body
vibrations. Guidelines about comfort are
provided, however information regarding
transient motions is limited. New criteria
for measurements of vibration comfort
are therefore of considerable value in the
understanding of how to improve vi-
bration comfort in vehicles. The aim of
this study is to find a relationship be-
tween assessments of vibration comfort
and measured vibration levels. A de-
signed experiment based on the variables
of vehicle speed, obstacle height and a
load condition were carried out on a
forklift truck. Response variables were
discomfort assessments and measured
accelerations in 4 degrees of freedom in
the seat/driver and seat/cabin interface.
Data from the subjective assessment of
11 professional drivers was collected. A
questionnaire was used to control for

background variables of importance such
as driver’s weight, age, experience and
vibration-sensitivity. In case of individ-
ual results, the correlation coefficient
between RMS-values in the z-direction
and comfort-assessments was 0.54.
Based on averages for each test condi-
tion, the correlation coefficient was 0.93.
Further studies of the rotational degree of
freedom improved the prediction of dis-
comfort. In case of individual results the
correlation coefficient was 0.62 and in
case of averages for each test condition
0.97.

Introduction

Whole-body vibration is a problem in
off-road vehicles and is often the cause
of injury and/or discomfort. Comfort is
dependent on a number of environmental
factors of which vibration levels are one
factor. This study focuses on “vibration
comfort” and is further limited to the
effects of transient vibrations. Knowl-
edge concerning transient vibrations is of
considerable interest, particularly since
ISO 2631 [2] provides limited guidance
on transient vibrations. The subject area
of whole body vibrations is extensively
described by Griffin [1].




Studies were performed by Wikstroem,
Kjellberg and Dallner [3] that compared
different technical methods for assessing
the effect of mechanical shocks on dis-
comfort. Wikstroem, Kjellberg and Dall-
ner’s [3] study showed that a dose value
based on an RMS or RMQ calculation in
z-direction provides the best prediction
of discomfort from shocks. It has been
shown earlier by Holmlund, P. [4] in a
field study in a vehicle that the results
from single-axis studies can probably not
be directly transferred to a multi-axis
environment. Holmlund pointed out that
there is a great need of further research
in the area of multi-axis vibration.

Field Multichannel
Measurement

Vibration Comfort
Assessment

-52.

In engineering and design there is grow-
ing interest in modelling the dynamic
behaviour of vehicles as a means to
identify design solutions that reduce
vibrations and consequently improve
vibration comfort. Acquisition of rel-
evant vibration comfort data through
dynamic computer simulations requires a
strong correlation between objective
vibration measurements and subjective
vibration comfort assessments. A strat-
egy that uses a multivariate field of at-
tack is an approach that can provide this
type of correlation. The strategy is de-
picted in Figure 1; the circles represent
methods used and the arrows the infor-

mation flows.

Computerized
Dynamic Simulation
and Visualization

Motion
Simulator

Figure 1. The strategy shown uses four methyods to acquire information. The arrows
connecting methods depict information flows.

A model that describes the relationship
between objective vibration measure-
ments and subjective comfort assess-
ments is potentially useful in a range of
design and engineering applications. As
depicted by the dotted arrow in Figure 1,
state-of-the-art modeling of that relation-

ship using a dynamic computer simul-
ation is imprecise. The ultimate goal of
the research described in this paper is the
collection of data and associated analyses
that will permit the development of a
computer-based model of the relation-
ship.
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There are two objectives in this study.
The first is to find the most important
and significant effects of driving condi-
tions on individual perception of vi-
bration and measured vibrations. The
second objective is to calculate the cor-
relation between measured vibrations
and subject assessment.

Methods and procedures

The experiments were performed using
multichannel measurements and subjec-
tive assessments of vibration comfort on
a forklift truck (KALMAR-DCD80®)
manufactured by Kalmar Industries AB
(Ljungby, Sweden).

Experimental design

The experiment was conducted as a fac-
torial design [6] with three variables such
as vehicle speed, obstacle height and
load condition. Obstacle height and load
condition contained two levels and ve-
hicle speed contained three levels. The
levels of the experimental variables
were: Load: no: Okg, yes: 3000kg; Ob-
stacle: low: 30mm, high: 50mm; Speed:
Skm/h, 12km/h, and 20km/h. A factorial
design allows all the data from the ex-
periment to be used to study both main
and interaction effect.m The experiment
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included 11 drivers and 12 different tests
carried out in random order. The drivers
in the study were professional drivers.

Table 1. The experimental design matrix

Test Load Obstacle Speed,
number km/h
1 no low 5
2 yes low 5
3 no high 5
4 yes high 5
5 no low 12
6 yes low 12
7 no high 12
8 yes high 12
9 no low 20
10 yes low 20
11 no high 20
12 yes high 20

The experiment used a clearly laid out
test road (see Figure 2). Immediately
prior to each test the drivers were pro-
vided with information about the ex-
perimental procedure. The information
provided was on which speed, obstacle
and load would be used.

The vibrations were measured through-
out each test and immediately after each
test drivers were asked to assess vi-
bration comfort. The general assessment

> P
Subjective \ tChhalngl‘?g of
assessment and > € loal
new instruction
Obstacle Camera
\’ D
<} P

Figure 2. Layout of the test road

| ]

question was: "How do you assess shak-
ings, bumps and motions when you drive




over the obstacle?" (translated from
Swedish). Drivers assessed vibration
comfort on a scale from 1 to 5 (where 1
is very uncomfortable, 2 is uncomfort-
able, 3 is neither uncomfortable nor com-
fortable, 4 is comfortable and 5 is very
comfortable). Drivers marked their as

:

sessment on the scale with a cross. The
scale was reversed for the calculations.
Each driver was also asked to assess
over-all shaking, up and down motion,
and backward/forward motion. Figures 3
through 6 depict the scales used in the
driver assessments.

Very Uncomfortable Neither Comfortable Very
Uncomfortable Uncomfortable Comfortable
nor
Comfortable

Figure 3. The subjective assessment scale.

m SHAKING m

Very £trong VeryI Weak
Figure 4. The scale of over-all shaking.
1 BUMPS 1
i I
Very Strong Very Weak
Figure 5. The scale of bumping up and down.
BACKWARD/FORWARD
= > I
Very Strong Very Weak

Figure 6. The scale of backward/forward motion.

The postures of the drivers were video
taped. This was to control for possible
differences in subjective assessment and
vibration measurements due to extreme
differences in the postures of the drivers.

Statistical calculations were carried out
using the software Statgraphics [5] and
uses the methodology described by
Box/Hunter/Hunter [6].



Measurement set-up

An 8-channel Sony DAT recorder and a
charge amplifier (Briiel & Kjeer 5974)
were used for recording all vibration
measurements. Two three-axis piezo-
electric accelerometers (B&K 4321) and
two single-axis piezo-electric acceler-
ometers (B&K 4366) and (B&K 4371)
were used. In order to measure accelera-
tions in 4 degrees of freedom in the
seat/driver and seat/cabin interface, see
Figure 7, one of the three-axis acceler-
ometers was placed on the seat used by
the drivers. The second was placed be-
low the rear edge of the seat and on the
floor. One of the single-axis acceler-
ometers was used to measure the z-
direction and placed below the front edge
of the seat on the floor. The second was
used to measure the x-direction and
placed on the top of the seat backrest.
The DAT recorder was placed on the
right side of the driver for ease of access
and operation. Fixed screws under the
accelerator limited the speeds.

5

—0

Figure 7. A principal picture on the
tested foorklift truck.

Results and discussion

In vehicles such as forklift trucks, there
are three common degrees of freedom in
the motions. These are mainly acceler-
ation in x-, z-directions and rotation
around y-axis (pitch). The present study
focuses on the RMS-value in z-direction
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of the seat and is compared to the driver's
vibration comfort assessment. The effect
of other variables such as pitch and indi-
vidual background variables are only
discussed briefly. The RMS-values are in
all cases determined with a time interval
of 5 seconds, denoted as RMSs. The
RMSs-values were not frequency
weighted since the main part of vibration
energy falls within the frequency range 3
to 8 Hz.

The vibration measurements in the seat
in z-direction differed significantly be-
tween tests, see Figure 8. The highest
acceleration levels were observed in T7,
T11 and T12. T7 had no load, a high
obstacle and a speed of 12 km/h. The
high vibration level in test 7 is related to
a positive interaction between the excita-
tion forces of the front and rear wheel.
The lowest acceleration level was ob-
served in T2, which had a load, a low
obstacle and the lowest speed.

27
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TT T2 T3 T4 15 16 T7 T8 T9 TIOTIITIZ
Test no.
Figure 8. The mean values and 95%

confidence intervals of the RMSs-values
Jor each test.

The determined effects regarding RMSs-
values and subjective assessments are
shown in Figures 9 and 11. The length of
each bar in Figures 9 and 11 are propor-
tional to the absolute value of its associ-
ated determined effect. The bars are in
the order of the size of the effects, with
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the largest effects on top, which permits
visual identification of the most impor-
tant effects. Of the three studied vari-
ables, speed was found to produce the
greatest effect on both RMSs-values and
vibration comfort levels.

- 58 -

Cpesd | R R
B:obstacle _

A:load -

BC| N

AC\IH

AB |1

0 0.2 0.4 0.6 0.8
Effect, m/s2

Figure 9. The figure shows the main and
interaction effects for the RMSs-value, all
three main effects are significant.

The analysis of the subjective assess-
ments, as shown in Figure 10, gave al-
most the same mean and median values.
This suggests a normal distribution
among the assessments. The following
analyses are therefore based on para-
metric statistics. The mean values and
corresponding 95% confidence intervals
in Figure 10, show small differences,
only 1.4 between minimum and maxi-
mum values. The reasons for this may
possibly be twofold. The first is that
drivers who participatéed in the experi-
ment are very experienced and accus-
tomed to large differences in perceived
vibration comfort (e.g., knowing there
will be a jar). The second reason is that
the forklift truck used is above average in
vibration comfort. Some of the drivers
gave comments like, " this was a very
good forklift truck". The differences
between drivers were however, consider-
able. The reason for this may be found
among presently unidentified back-

ground variables or posture. This ques-
tion is yet to be analyzed.
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Figure 10. The mean values and 95%
confidence intervals of subjective as-
sessments for each test.
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A:load
AB
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Figure 11. Main and interaction effects
associated with subjective assessments.
The effect of load and interaction effects
is not significant.

The experimental methods used were
designed to obtain a high correlation
between measured vibrations and subject
assessment in a vehicle with few degrees
of freedoms. In case of individual results,
the correlation coefficient between
RMS;-values in the z-direction and com-
fort assessments was 0.54. The varia-
bility among driver RMSs-values of
acceleration in the z-direction indicates a
dependence on other variables. Further
studies show that measurements of the
rotational degree of freedom improve the
prediction of discomfort (r=0.59). The
summed results from the shaking, bumps
and backward/forward scales as an indi-



cator of discomfort improved the model
(r=0.62). Including two background
variables (injuries and accumulated
working time) in the model gave an even
better description of the individual as-
sessments of discomfort (r=0.70).

-Based on averages for each test condition

the correlation coefficient between the
overall comfort assessment scale and
acceleration in z-direction was 0.93. The
best model (1=0.97), describes the
summed results of the shaking, bump and
backward/forward scales as a function of
z-axis acceleration and pitch.

Summary

This study is based on a designed expe-
riment, including the three design vari-
ables, vehicle speed, obstacle height and
load case. Of the three, speed was found
to produce the greatest effect on both
RMS;-values and vibration comfort
levels. The observed variability among
driver RMSs-values of acceleration in the
z-direction indicates a dependence on
other variables. One variable of impor-
tance might be the posture of the drivers
(controlled by video monitoring). This
variable was not addressed in this analy-
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sis; analysis is now in progress. The
vibration based on RMSs-values gave a
good prediction of discomfort from tran-
sient vibrations, which is consistent with
the studies by Wikstroem, Kjellberg and
Dallner [3]. The model was, however,
improved when pitch data was included.
In the case of individual results, the cor-
relation coefficient between RMSs-
values in the z-direction and comfort
assessments was 0.54 (r=0.59 when pitch
was included). Using the summed results
from the shaking, bumps and back-
ward/forward scales as an indicator of
discomfort gives an even better model
(r=0.62). Based on averages for each test
condition, the correlation coefficient
between the summed results of the shak-
ing, bump and backward/forward scales
and a combination of z-axis acceleration
and pitch, was 0.97.
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