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VIBRATION CONTROL IN A WASHING MACHINE BY USING
MAGNETORHEOLOGICAL DAMPERS

Fabio Previdi and Cristiano Spelta
Universita degli Studi di Bergamo,Facolta di Ingega, 24044 Dalmine (BG), ITALY

Abstract - The aim of this work is the analysis and desiga obntrol system for vibration and noise reductioa washing

machine. The control system is implemented vianai-s&tive magnetorheological (MR) damper locatedtee suspension
that links the drum of the machine to the cabifiéie entire design procedure is outlined: first, sleeni-active actuator is
described and an experimental protocol is propasettested on an instrumented machine; two adaptm&ol strategies
then are proposed, designed and tested. The rdpesdelts show the effectiveness of the proposetraosystem.

Keyterms- Semi-active suspensions; magnetorheological damgentive control; non-linear system; washing maehi

1. INTRODUCTION AND PROBLEM STATEMENT

Among the many different types of electronicallyatrolled suspension systems (see e.g. [4, 9-1201%87-38]), semi-
active suspensions have recently received a laittehtion since they provide the best compromidesd®n cost (energy-
consumption and actuators/sensors hardware) afatp@nce. The concept of semi-active suspensiondeapplied over a
wide range of application domains: road-vehiclepsusions, cabin suspensions in trucks or track®al suspensions,
suspensions in trains, suspensions of appliancgswashing machines), architectural suspensionifd{bgs, bridges, etc.),
bio-mechanical structures (e.qg. artificial leg). ef{1, 7, 14, 22]).

This work focuses on the suspension of a washinghina, namely the suspension which links the dranthe machine
cabinet. In this kind of appliance the aim of thesgension is to damp the drum movements and tcceethe vibrations
transmitted to the chassis, which are strictlytegldo the perceived acoustic noise.

The research idea investigated in this work issfgace the passive dampers with devices charageteby an electronically-
controlled damping ratio, and to control them adoay to feedback control strategies. The contrg¢ative is to reduce the
vibrations measured on the cabinet panels.

The vibrations in washing machine are mainly dueht® unbalanced weight of the drum. This causesemewts of the
suspended mass which are transmitted to the bdagetahrough the suspension system.

The control techniques for vibration reduction iasking machines can be divided into two main fawsiliechniques based
on the control of the tub balance (see e.g. [2/}) #®chniques based on the control of the suspessstem (see e.g. [7]).

This work focuses on the latter class of techniques
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Fig.1. Left: apicture of the washing machine obje( this work: the Ariston Aqualtisnanufactured bindesit CompanyRight: damper location in th

washing machine.

The problem of seméctive control in applnces such as washing machines is still in ity wefancy; it has been recent
treated and discussedly in [7], where the cus is mainly of the tub dynamics &w spin, around te main drum resonan
frequency. This work instead mainly focuson the vibrations induced at h spin velocity.
The main contributions of this wodte the fllowing:
e the characterization of theashing machin with passive standard dampers and withgnetorheologic (MR)
devicesand an accurate analysis he dynamical behavior in caof different mounting sotions;

e the design, implementation and tng of two differer adaptivecontrol strategies able toisure aeduction of the
vibration level;

The outline of the works as follows. In Secon 2 the whole system is described, with particelaphasis on the se-active
MR devices and on the experimental setiogBection3 the vibrations of the washing machere m:asured and analyzed
many different mounting configurations ce passive and MR dampt In Section 4 the adaptivdamping strategies are
designed and analyzed. Section 5 endsvibr&k with some conclusive remarks.

2. SYSTEM DESCRIPTION

The washingmachine object of this worlks a prototype based on tlAriston Aqualtislaundry nmanufactured byndesit
Company It is characterized by a suspen tub which is linked to the machine cabinet tisattk¢ suspension system.
Fig.2 a simple scheme of the machindegpittec. Note that:

e the suspended mass is linked tc top and chassis panels two coil springs; ti is alsolinked to the base ar
chassis panel by two dampers;

e the suspended mass is constitute the drum, the motor, the -wheel,and by the clothesd water in the tub. Tt
rotary drum movements may be ckwise and count-clockwise, and the maximum spievel is 1400 rour-per-
minute.

Throughout this work, the-axis, they-axis and thez-axis indicate the horizontal, lateral,davertica direction respectively
the convention used for the “DX” and “SXides of the machine is displayed in Fig.2.
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Fig.2. Washing Machine scheme (left) and systeésreace (right)

As already remarked, the focus in this work istoarole played by the dampers on the vibrationamiistic performance of
the machine. Théqualtis laundry is equipped with two standard “passivedr(relectronically controlled) dampers, each
providing a nominal friction force of 100N. A sarapf these dampers is displayed in Fig.3.

iﬁ ieglicus —

Fig.3. Up: the standard damper of thiéston Aqualtis down: the controllabl&D-1097-01friction damper by ord .

The standard damper has been replaced with a sioptésl electronically-controlled device. This letMR Controllable
Friction DamperRD-1097-01developed and distributed kyord. This component can change continuously the dagnpin
force and it is specifically designed for this kioflapplications. The main feature of this devieghat the damping force is
obtained as friction between foam covering thegpistnd the external case of the component (thipdais also nicknamed
“sponge” damper). This foam is saturated with méanheological fluid. By applying a magnetic field the foam it is
possible to change its amount of friction forceeThagnetic field is generated by a current in & loailt in the damper
piston. The main nominal characteristics of theickeare the following:
¢ maximum and minimum length: 253mm (fully extendea)d 195mm (fully compressed) respectively; the body
diameter is 32mm;
¢ the delivered force does not depend on the straltecity but on the current command only (whereasdaal
hydraulic damper delivers a force proportional e stroke velocity - see e.g. [32, 39]); this mattés device a
“friction actuator”, which is typical of low costagnpers dedicated to washing machine applications;
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¢ the controllable current range is 0A-0.45A (currpebaks up to 0.6A are tolerated for a short timénduransients);
the corresponding force range is 10N-75N (with ¢fant peaks of 110N); see Fig.4 for the completeenit-force
map. Note that the controllability range is versgks, since the ratio between minimum and maximuroefds about
1:10. As is well known (see e.g. [34-36]) this higgntrollability ratio is a very important and ajpfieg feature for
semi-active control design purposes.

MRD Characteristic

Force (N)

current (A)

Fig.4. Characteristic of the MR Sponge damper.

|

A2 accelerometer (chassis)

: . Y
Fig. 5. Sensor positioning. Top panel (Al), chapsinel (A2), and drum (A3) accelerometers.

In order to measure and control the machine vitinati the washing machine has been equipped witlsia bet of sensors,
constituted by (Fig.5):
« two 3-axis MEMS accelerometers glued on the toepéabeled as Al) and on the chassis lateral pietetled as
A2), characterized by a +2g range and a bandwitiitBoHz;
* a 3-axis MEMS accelerometer linked to the drumedlad as A3), and characterized by a +6g range drahdwidth
of 130Hz.
These sensors are consistent with the measureteetan level and the frequency domain of the esystlynamics we
consider. The acceleration signals are measurdd avit6bit ADC module (9215) of the National Instents cRIO rapid
prototyping control unit, at the sampling frequenéyLKHz (Fig.6).



Fig.6. Left: NI cRIO control and acquisition systemght: the 9215 module used for data acquisition.

Under the assumption of a perfectly balanced sugzbmmass and symmetry, during a spin cycle the dnam rotary

movements only ([25]). In case of unbalanced Icathe lateral and vertical movements of the suspgknuess are induced
and transmitted to the cabinet panels through fhiengs and dampers. The unbalanced load hencesisntin cause of
vibrations, and the amount of energy transmittestristly related (in a direct proportional way)ttee rotational speed of the

drum.

Fig.7. Magnet placed inside the drum, to emulatardralanced load.

In order to explore the whole working range of th@chine, the following simple experimental protoeat been defined:
¢ the machine is tested for different spin velocitigem 100rpm to 1400rpm, with 100rpm steps; eguh sycle is
60s-long and it is done at constant speed;
e every set of spin cycles is done for several umzad weights. The tested unbalanced weights arg, 3@®g and
500g; for the sake of conciseness, in the resh@fwork only the results obtained with the 500gdi¢doe most
severe condition) are presented; this load is sterd with an intensive use of the laundry and iblitained with

magnets positioned into the drum (Fig.7).

3. VIBRATION MEASUREMENTSAND CHARACTERIZATION OF THE SYSTEM

The aim of this section is to analyze the behasfahe machine in different configurations: thenstard configuration, the
“no-dampers” configuration, and some MR-based cpméitions.
In order to understand the main features of theatitins which affect the external panels of theatlty at high-speed spin, in

Fig.8 the a,,,, and a,,, accelerations (measured on the drum and on thieeteop, as described in Fig.5) are displayed in

the time-domain and in the frequency-domain.
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Fig.8a. Left: time-domain behavior of the 3-axiselerations on the drum at 600rpm. Right: powecspen of the X-axis.
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Fig.8b. Left: time-domain behavior of the 3-axiselerations on the top panel at 600rpm. Right: papectrum of the X-axis.

From Fig.8 it is clear that the drum is subjectato oscillation which is an almost-pure three-din@mal sinusoid at the
fundamental rotation frequency, whereas the sgectrstent of the panel vibration is much richercsirit contains higher
harmonics. Moreover, notice that the drum and paifehtions occur along all the 3 axis of the maehiRegarding the
spatial movement of the drum during the spin, interesting to analyze the movement of the gedmeénter of the drum,
at different spin speeds. Fig.9 shows its trajgctorthe X-Z plane, reconstructed from accelerometeasurements. Notice
that at low speed (200rpm) the movement is ansdlipith a dominant vertical axis; by increasing #pén speed, the
direction of the movement tends to rotate towatus X-axis and the elliptical trajectory tends tdlaygse into a 1-
dimensional line; this occurs at 600rpm; by furtimereasing the speed, the trajectory becomes lgseelagain, but the
dominant axis is the horizontal. Interestingly eglouthe sense of rotation of the drum center clanggen crossing the
600rpm speed.

The measurements displayed in Fig.8 and Fig.9 stmauvthe complete characterization of the vibratb@havior of the
machine is a complex task, since the drum has gleormovement, and the propagation dynamics ofitwation from the
drum to the external cabinet are non trivial and-hoear; in this work hence we have adopted a Biifag approach (which

is consistent with our control-oriented perspegtivéhere the machine vibration is condensed inteetlvibration indices:



N N N
z atip (tY A) z aczhassis(t; A) z asrum(t; A)
‘]top (w) = ZA:x,y,z MT ’ ‘]chassis(w) = ZA:x,y,z MT ’ ‘]drum(w) = ZA:x,y,z HT . (1)

In (1) a,,(t; A) is the 3-Axis f=x,y,2 acceleration signal measured by the top acceletenfAl); similarly, a.,,.{t; A)

and a,,,,(t; A) are the chassis (A2) and drum (A3) accelerati@spectively. It is assumed that the indices (&)camputed
from an experimeni-samples long (in case of a 60s experiment with 2KEmpling frequencyh\l=60000), with the spin

speed kept constant at the value Notice thatJ,,,(¢), Junasid®), Jgum(c) Simply represent the estimated vibration energy

measured by the three sensors during a constantggle ([28, 31]).

X-Z plane trajectory of the drum center

Z [mm]

Fig.9. Movement of the drum center, in the x-z plaat different rotation speeds. The arrows inditaé sense of rotation of the trajectory.

The three indices measured on the machine equipftedhe standard passive dampers are illustratdelg.10 (the indices
are normalized for confidentiality reasons). Somements can be drawn:

* The drum movements increase with respect to threvagocity. Indeed the centrifuge force acting loa suspended

mass is proportional to the squared spin velocit? { and to the unbalanced loaa)( This quadratic dependence
on the spin speed is clear from behavior of thendindex J,,(&) .

e The drum dynamics show a low-frequency resonankis. i§ a well known structural resonance and dtus to the
elasticity of the spring and the suspended massantvary with respect to the total weight (tubtevaetc.) from
200rpm to 300rpm. In case of the testing condifienbalanced weight of 500g) the resonance appéaabaut
250Hz.

» The vibration registered on the top panel and an dhassis panel is significantly smaller than titeation
measured on the drum. This is obvious, since the gbthe suspension is to filter the propagatiérihe source
(drum) vibration at the target (top, chassis) posit

» The top panel and the chassis panel show a resbehatior at 1200rpm and 1400rpm, respectivelyidgdhat in
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correspondence to the resonances, the attenuatiorof the suspension (ratio between the vibratibthe cabinet
and the vibration of the drum) is comparatively Bma
e From an acoustic point of view, the 1200rpm vitmatand the 1400rpm vibration are the most annoginge they

have the highest vibration energy; at these resmsatie acoustic noise can be clearly perceived.

Normalized DRUM Normalized TOP Normalized CHASSIS
performance index g, (&) performance index,, () performance index

@)

chassis(

Drum resonance

100----" 700 1400 100 700 1400 100 700 1400
spin level (rpm) spin level (rpm) spin level (rpm)
Fig.10. J,,, (left), J,, (center) andd,.(right) for different values of spin velocity.

The three indices (1) can be further condensed ansingle performance index, sal, (&), which represents the total

amount of energy transmitted to the chassis angémels; it is strictly related to the perceivedustic noise due to frame

vibration of the body cabinet. It is simply the somJ,, («) and J,.{&) , namely:

top

N N
Z aTiP (t’ A) Z afhassis(t; A)
‘Jvib (C{)) = ‘Jtop (C{)) + ‘Jchassis(a)) = ZA:x,y,z t:]-T + ZA=x,y,Z MT . (2)

Using the condensed vibration index (2), the penéorce of five different damper configurations hheen explored:
» standard configuration: two passive dampers;
» dampers completely removed ( NO dampers);
* two MR dampers, driven by the fixed current whicbvides the minimum vibration level
» one MR dampers only, mounted on the left-side siSX position in Fig.2), driven by the fixed cent which
provides the minimum vibration level; right-sidenaiger removed;
* one MR dampers only, mounted on the right-sidetjpps{DX position in Fig.2), driven by the fixed ent which
provides the minimum vibration level; left-side deen removed.
The best fixed-current level for each MRD configioa has been achieved by direct search of theentiin the range OA-
0.45A which minimized ;, (&) . This optimization procedure is omitted for th&esaf conciseness. It is interesting to notice,
however, that every configuration and every spilocigy has its own “best” current; the best currestally is not in a trivial
position (OA or 0.45A).
The entire analysis is summarized in Fig.10, whieeeperformance index (2) is plotted as a functibthe spin velocitya ,

for all the configurations. The results are insightand some interesting considerations can bemira
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¢ The vibration phenomena are well visible in thens@locity range 1100rpm-1400rpm. As a matter of the drum
energy increases with respect to the square of rgp@& but only from 1100rpm it is strongly trarséel to the
panels. Therefore, for the rest of the work theatibn analysis will focus mainly on the high-velgaange.

Normalized vibration index

1 \ \ \ \ \ \ \ \ \
R e e REErs T
0.9 e el
I standard dampers S
s o
[ NO dampers e e
I >-MRD (best current) bR e
. -
I 1-MRD- SX (best current) e e
07 .. . -
[ 1-MRD- DX (best current) L |
coom |
o 1
.
06F——————f{|-—"—— """~~~ - - — oo B
o
o
o
v e
o5~~~ 4-~— 1 - - === 4 e
NO dampers — drum &‘Eﬁﬁﬁﬁﬁﬁ ﬁ ﬁﬁﬁ 4
resonancefrequency &xxxxxxx g
el
dF------—49--—-—t— - - - === it Sl o
B B8
iomes o | o
Voo B
O3F-----—f|-—"—~" "~~~ """~~~ -~ k- o
s o B
s o B
s o B
S
[ e 1 e e S
s o B
i e
P o
R T ——————————— . e o
’ i { i
- ; E
1 1 1 ! i e L LA
0 ‘ ‘ O 0 0 [1 -
100 200 300 400 500 600 700 800 900 1000  ExabdO0a 200 S

X LoARe kel B
spin level (rpm)

Z0O0OM

1-MRD DX
(best current;

,,,,,,, 1-MRD SX |_—
(best current;

Standard

dampers 2-MRD

(best
current)

NO
dampers

1100 1200 - 1300 1400

Fig.10. Performance indey, () for different dampers mounting configurations.

In case of no dampers, the drum dynamics are &emesf to the frame through the coil springs orlys interesting to
observe that this configuration provides — almegravhere — the best attenuation results. Howehisrdonfiguration
cannot be used since the 200rpm resonance is ngiath This causes large movements of the suspendss which
hits the top panel, with consequent vibration aadhages to the entire structure. This problem iarbfevisible in
Fig.10 by the energy “spike” at 200rpm for the N@stpers configuration.

The configurations with MR dampers always outperféhe configuration with passive dampers. This cecor every
value of spin, including the drum-resonance fregyen

The single MR damper configuration outperforms tieafiguration with two MR dampers. Interesting eglouthe
resonance at 200rpm is well damped also with desishgmper.

The performances obtained with a single MR damper reot symmetric: the right-side (DX) location wrihly
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guarantees best performance everywhere. This caadiy explained by the non symmetric featurethefmachine.
The results of the analysis condensed in Fig.18rlgleshow that the filtering performance of thenstard dampers can be
significantly improved by means of MR-dampers. Aneresting outcome of the analysis is that the ssipa-dampers
configuration can be successfully replaced by glsiMR-damper configuration, where the damper &@tl on the “DX”
side of the machine.

Normalized J‘Op(w)

T T T T T T —

0.6 i ——— — -

0.4+ =

0.2 -
1200rpm

0 1 l l 1 1 1 1 l
0 50 100 150 200 250 300 350 400 450
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0.6 === 5" ey periment

1300rpm

0.2

0 ! ! ! ! !
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0.4} -

o _
0.2 -——-._____..________-.-—
e ———l B RNy
‘ ‘ ‘ ‘ ‘ \_---T----_-_---
0
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Current (mA)

Fig.11. Performance inde)gmp(w) for the MR damper at the “DX” side, for differerdlues of current. Two repeated experiments.

The analysis above outlined seems to suggest desingy of optimizing the filtering performance tietlaundry suspension:
use a 1-MRD-DX configuration and schedule the MRDBrent as a function of the spin velocity. This solution is very
simple since the control logic is a pure open-ltmgk-up table of the MRD current as a functioncof However, two major
guestion arise:

1. Is the optimal current-speed mapping robust widpeet to system variations (such as load and waight in the
tub, damper wearing, temperature, unbalanced &tad, ), or a run-time adaptation strategy must (sgmed?

2. Is the fixed-current strategy (with our without anftime adaptation) the best way of using the sbedtally-
controlled MR-damper, or a better vibration filtegican be obtained by a more sophisticated modulatirategy
of the MRD current?

The first issue has a simple answer, which carais#éyeillustrated by inspecting the experimentalulées displayed in Fig.11,

where the performance inde,,(« i3 displayed as a function of the MRD current, floe three most interesting spin

speeds: 1200rpm, 1300rpm, 1400rpm. The resultsvofexperiments repeated in the same conditiongeperted. The

results clearly indicate that low repeatability 8f,(«). Notice that not only the curves of the two exmemts are not

overlapped, but the optimal current changes (sgetke case of 1200rpm, where the best currenDiBA5in the first
experiment, 350mA in the second experiment). Thépeatsion of the experimental results is due todbeplex path of

propagation of the vibration, the fact thaf,(« is)constituted by the sum of a large number ofrtuaics, and the change

of features of the MR-damper with respect to terapee and wearing.

Hence we can conclude that, in order to achieveaydwthe best filtering performance, ad adaptivehoektfor on-line
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estimation of the best MRD-current is required.sTwill be the topic of the next section.

4. ADAPTIVE-DAMPING CONTROL STRATEGIES

In this section the adaptive control of the MR damlpcated on the DX side of the laundry is diseds#\s already pointed

out at the end of the previous section, the fisitl objective is to find the best current (fixadilue in a constant-spin
working condition. It has been shown that the leestent value can significantly vary in differemfpeated experiments; a
run-time optimization hence is required.

The adaptation technique proposed herein is venplsi, but it is consistent with the specific featuof this application. It

can be summarized as follows:

¢ when a constant-spin condition starts, the traihgse is activate: the algorithm explores the witokrent range
with a comparatively slow ramp signal, possibly ape several times;

¢ during this training phase, the instantaneous titmdevel is measured, and a currenibration map is built;

» atthe end of the training phase, the current vatweesponding to the minimum vibration level isnputed, using a
smoothed version of the currenvibration map; this “optimal” current is then amali for the remaining phase of
the constant-spin condition.

The vibration index used in the above proceduthéssame used in (2), with the slight differencé&ihg an “instantaneous”

index (not averaged ovélsamples, i.eN=1), namely:
Jvin(@t, I yrp) = ZA:X’y’Zat%p(t; A lvirp) * ZA:X'yvzaghassis(t; Alvrp) - (3)
With a slight abuse of notation we use the sameendyy both for (2) and (3). Notice that in the optimina procedure

described above the instantaneous index (3) isnedjusince the system is forced to be time-varyikigo notice that in (3)

the dependence af,;, on the MRD current ,zp is emphasized.

0.6
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~

I
N}

MRD current [A]

|
|
|
0 | |
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
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Normalized vibration index J

o

L
|
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Fig.12. Example of optimization cycle (1400rpmgftitop: slowly-varied MRD current; left/bottom:tésntaneous vibration index; right: current-vibratio

map, and its 1D-approximation.

The literature of adaptive control is vast, andteof methods and techniques have been proposea(ge[5, 15-17, 23] and
references cited therein). The approach describedea however, is not a genuine adaptive-contrghot it can be better
classified as a batch optimization procedure peréat on-line, when required. The choice of this $ém@pproach is

motivated by some peculiar features of this appbca
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» the controlled signal is not a single one, but a-trivial combination of six acceleration signals;
» the relationship between the MRD current and thbragion index is non linear and not monotonically
increasing/decreasing (see Fig.11);
» the system is very noisy and the optimization/agakég procedure must be terminated in a short {iomy a few
seconds are allowed to complete this optimizatgrine).
An example of the current-optimization cycle isigtrated in Fig.12, for the 1400rpm condition. Nthtat the current range
0A-0.45A is explored with a double ramp, in 9sisltlear the dependence of the vibration indexhenMIRD current. The
current-vibration map is also displayed with iteeaged (smoothed) counterpart, which shows thad #®A current is — for
this experiment — the best choice.
An example of the training phase followed by thastant-current condition is illustrated in Fig.DBote that the training
phase has been shortened and lasts only 3s (tHig imaximum amount of time which can be acceptedptimization
purposes); also notice that the training phaseistituted by six consecutive current ramps. A loambersome analysis
(here not reported for the sake of conciseness)shawn that — given an amount of time for the tragnphase — it is
preferable to use many (fast) ramps, instead afigles(slow) current ramp. Note that after thernag phase the current is

fixed to the optimal value and kept constant ki# €nd of the spin cycle.

0.5

I I T I I
| | | | |
s R S i i A Nt S “Opfimal carfent” ~ ~ ~ T
S 03F-—-—F— — N\ — — [ A . "R e e i
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Normalized vibration index J Lib

o

Fig.13. Example of a complete training phase, fedid by the optimal-current working condition (140®). Top: MRD current; bottom vibration index.

At the end of the previous section, an issue has baised: is the above batch-optimized fixedentrstrategy the best one,
or a better vibration filtering can be obtainedabmore sophisticated modulation strategy of the MRBent?

Notice that, in this application, it is hard to egsto standard semi-active feedback control sgiesetypically used on
vehicles (see [2, 6, 8, 13, 18, 21, 26, 29, 40;4df)many reasons: first, the machine dynamicsftbe drum to the cabined
can hardly be approximated by a 1-dimensional rspssg-damper model; moreover, no direct measureroérthe
acceleration at the cabinet-side attachment ofléimper is available; finally, it is unclear if th@nimization of the vibration
at the cabinet-side attachment of the damper isighé control objective.

Even if the semi-active algorithms used on vehiadasnot be directly resorted to, they can suggegbssible way of
modulating the MRD current: it has been shown @&e [29, 34-36]) that, beyond the main system masoe, the best
filtering performance can be achieved by a sinwdoidodulation of the damping force, at the sameUescy of the
disturbance; moreover, the best results are tygieghieved by using the whole available modulatiange. The candidate
best control signal hence has the following expoess
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O45A it + d) + 0'425A , )

I'wro(t) =

where « is the spin angular speed (eq.= 2n[20rad/s if the spin velocity is 1200rpm), amil is the phase-shift of the
sinusoidal signal. Notice that in (4) the 0A-0.48drrent range is fully used.

A tricky functional optimization problem hence iscast into a simple single-parameter optimizatiowbiem, where the
parameter to be optimized @ .

This approach is concisely described in Fig.14,rertiee optimization procedure of the phase-shitthefsinusoidal current
signal is outlined, for the 1400rpm condition. Netithat the training phase is 20s-long; during phigse® is slowly varied
in the range 0°-360°, and a map which correlatespitase-shiftd with the vibration index is built. At the end dfi$
procedure the phase-shift providing the best asteow is selected and kept constant for the redteospin cycle. Notice that

this procedure works correctly, and the vibratiodex is minimized.
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Fig.14. Phase optimization procedure in tome doni&00rpm spin.

The two optimization (or parameter-adaptation) pthaes presented above can be summarized as follows
» optimization of the fixed-current;
» optimization of the phase-shift of a sinusoidalrent modulated at the frequency of the current speed.
The first procedure is the most simple and inteitithe second has been heuristically designednlbgriting the typical

behavior of a standard semi-active algorithm.
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Fig.15. Comparison of the fixed-current variatiteftj and the sinusoidal-current phase variatiaghf), at 1300rpm.

-13-



In Fig.15 a comparison of the two adaptation prooeslis outlined. The two optimization parametes aried in their
whole range, during 60s-long experiments; In Fighié& corresponding behavior of the vibration indexisplayed. Notice
that in this experiment (run at 1300rpm), chandimg simple (fixed) current has a negligible effentthe vibration index.
Instead, the sinusoidal modulation of the currériha spin frequency shows the high sensitivityhef vibration index with
respect to the phase-shift of the sinusoid. Ihisresting to observe that the more sophisticatedssidal modulation of the
current provides a performance improvement of atho&b.

The above experiment shows that the sinusoidal tatido strategy can further improve the performapeevided by a
simple optimization of the fixed current. Howeviistmore sophisticated control strategy has twarirrinsic problems:

» the first main problem is the duration of the tmagiphase: it has been shown that the optimizatiothe fixed
current can be reduced to 3s; the optimizatiorhefghase shift can hardly be reduced below 10s &malysis is
not reported here for the sake of concisenessyruumfately 10s devoted to the training phase aaeaeeptable;

» the second main problem is the sensitivity of fhiscedure to the rotation frequency: in order thiesae good
vibration-reduction results the current must be ulaigdd exactly at the spin frequency, with a toleeon the
frequency estimation of no more than 0.05%; unfately the standard system used in a washing madbirthe
control of the drum rotation speed has a toleraoice@bout 1%. A sophisticated algorithm for the time
estimation of the actual rotation frequency hencetrbe implemented (see e.g. [3, 30, 33]).

Overall, we can conclude that the simpler optinizastrategy of the fixed current probably guarestéhe best trade-off

between performance and complexity.

5. CONCLUSIONS

In this work the idea of using electronically-caited dampers for improving the vibration in a wiashmachine has been
developed. The actuator is a low-cost friction metgrheological damper. The idea is to adapt on-time damping

characteristics in order to reduce vibration lenfethe machine panels.

The system has been accurately analyzed and differeunting positions of the dampers have beeededthe design and
testing procedure of two different adaptive aldoris has been proposed. The control system hasilmpdemented on a
rapid prototyping ECU and tested on a washing nmechistrumented with three 3-axis MEMS acceleronsete

This work has proven the effectiveness of replading standard passive dampers with electronicalhtrolled ones.

Interestingly enough, it has been shown that aeiMR device ensures an adequate damping of the desonance and a
better vibration filtering at high-speed spin. Saies have highlighted the effectiveness of theppsed control strategies.
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