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VIBRATION CONTROL IN A WASHING MACHINE BY USING 

MAGNETORHEOLOGICAL DAMPERS 

Fabio Previdi and Cristiano Spelta  

Università degli Studi di Bergamo,Facoltà di Ingegneria,  24044 Dalmine (BG), ITALY 

Abstract  - The aim of this work is the analysis and design of a control system for vibration and noise reduction in a washing 

machine. The control system is implemented via a semi-active magnetorheological (MR) damper  located on the suspension 

that links the drum of the machine to the cabinet. The entire design procedure is outlined: first, the semi-active actuator is 

described and an experimental protocol is proposed and tested on an instrumented machine; two adaptive control strategies  

then are proposed, designed and tested. The reported results show the effectiveness of the proposed control system. 

Keyterms - Semi-active suspensions; magnetorheological damper; adaptive control; non-linear system; washing machine. 

 

1. INTRODUCTION AND PROBLEM STATEMENT 

Among the many different types of electronically-controlled suspension systems (see e.g. [4, 9-12, 19-20, 37-38]), semi-

active suspensions have recently received a lot of attention since they provide the best compromise between cost (energy-

consumption and actuators/sensors hardware) and performance. The concept of semi-active suspensions can be applied over a 

wide range of application domains: road-vehicle suspensions, cabin suspensions in trucks or tractors, seat suspensions, 

suspensions in trains, suspensions of appliances (e.g. washing machines), architectural suspensions (buildings, bridges, etc.), 

bio-mechanical structures (e.g. artificial legs) etc.  ([1, 7, 14, 22]). 

This work focuses on the suspension of a washing machine, namely the suspension which links the drum to the machine 

cabinet. In this kind of appliance the aim of the suspension is to damp the drum movements and to reduce the vibrations 

transmitted to the chassis, which are strictly related to the perceived acoustic noise. 

The research idea investigated in this work is to replace the passive dampers with devices characterized by an electronically-

controlled damping ratio, and to control them according to feedback control strategies. The control objective is to reduce the 

vibrations measured on the cabinet panels. 

The vibrations in washing machine are mainly due to the unbalanced weight of the drum. This causes movements of the 

suspended mass which are transmitted to the body cabinet through the suspension system.  

The control techniques for vibration reduction in washing machines can be divided into two main families: techniques based 

on the control of the tub balance (see e.g. [27]) and techniques based on the control of the suspension system (see e.g. [7]). 

This work focuses on the latter class of techniques.  
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Fig.2.  Washing Machine scheme (left) and system reference (right) 

 

As already remarked, the focus in this work is on the role played by the dampers on the vibration and acoustic performance of 

the machine. The Aqualtis laundry is equipped with two standard “passive” (non electronically controlled) dampers, each 

providing a nominal friction force of 100N. A sample of these dampers is displayed in Fig.3.  

 

 

 

 
Fig.3. Up: the standard damper of the Ariston Aqualtis; down: the controllable RD-1097-01 friction damper by Lord . 

 

The standard damper has been replaced with a sophisticated electronically-controlled device. This is the MR Controllable 

Friction Damper RD-1097-01 developed and distributed by Lord. This component can change continuously the damping 

force and it is specifically designed for this kind of applications. The main feature of this device is that the damping force is 

obtained as friction between foam covering the piston and the external case of the component (this damper is also nicknamed 

“sponge” damper). This foam is saturated with magnetorheological fluid. By applying a magnetic field to the foam it is 

possible to change its amount of friction force. The magnetic field is generated by a current in a coil built in the damper 

piston. The main nominal characteristics of the device are the following: 

•  maximum and minimum length: 253mm (fully extended) and 195mm (fully compressed) respectively; the body 

diameter is 32mm;  

•  the delivered force does not depend on the stroke velocity but on the current command only (whereas an ideal 

hydraulic damper delivers a force proportional to the stroke velocity - see e.g. [32, 39]); this makes this device a 

“friction actuator”, which is typical of low cost dampers dedicated to washing machine applications; 
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•  the controllable current range is 0A-0.45A (current peaks up to 0.6A are tolerated for a short time during transients); 

the corresponding force range is 10N-75N (with transient peaks of 110N); see Fig.4 for the complete current-force 

map. Note that the controllability range is very large, since the ratio between minimum and maximum force is about 

1:10. As is well known (see e.g. [34-36]) this high controllability ratio is a very important and appealing feature for 

semi-active control design purposes.  
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Fig.4. Characteristic of the MR Sponge damper. 

 

A1 accelerometer (top) 

 

A2 accelerometer (chassis) 

  

A3 accelerometer (drum) 

 
Fig. 5. Sensor positioning. Top panel  (A1), chassis panel  (A2), and drum (A3) accelerometers. 

 

In order to measure and control the machine vibrations, the washing machine has been equipped with a basic set of sensors, 

constituted by (Fig.5): 

•  two 3-axis MEMS accelerometers glued on the top panel (labeled as A1) and on the chassis lateral panel (labeled as 

A2), characterized by a ±2g range and a bandwidth of 130Hz; 

•  a 3-axis MEMS accelerometer linked to the drum (labeled as A3), and characterized by a ±6g range and a bandwidth 

of 130Hz. 

These sensors are consistent with the measured acceleration level and the frequency domain of the system dynamics we 

consider. The acceleration signals are measured with a 16bit ADC module (9215) of the National Instruments cRIO rapid 

prototyping control unit, at the sampling frequency of 1KHz (Fig.6). 
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Fig.6. Left: NI cRIO control and acquisition system; right: the 9215 module used for data acquisition. 

 

Under the assumption of a perfectly balanced suspended mass and symmetry, during a spin cycle the drum has rotary 

movements only ([25]). In case of unbalanced load, some lateral and vertical movements of the suspended mass are induced 

and transmitted to the cabinet panels through the springs and dampers. The unbalanced load hence is the main cause of 

vibrations, and the amount of energy transmitted is strictly related (in a direct proportional way) to the rotational speed of the 

drum.  

 
Fig.7. Magnet placed inside the drum, to emulate an unbalanced load. 

 

In order to explore the whole working range of the machine, the following simple experimental protocol has been defined: 

•  the machine is tested for different spin velocities, from 100rpm to 1400rpm, with 100rpm steps; each spin cycle is 

60s-long and it is done at constant speed; 

•  every set of spin cycles is done for several unbalanced weights. The tested unbalanced weights are 300g, 400g and 

500g; for the sake of conciseness, in the rest of the work only the results obtained with the 500g load (the most 

severe condition) are presented; this load is consistent with an intensive use of the laundry and it is obtained with 

magnets positioned into the drum (Fig.7). 

 

3. VIBRATION MEASUREMENTS AND CHARACTERIZATION OF THE SYSTEM 

The aim of this section is to analyze the behavior of the machine in different configurations: the standard configuration, the 

“no-dampers” configuration, and some MR-based configurations. 

In order to understand the main features of the vibrations which affect the external panels of the laundry at high-speed spin, in 

Fig.8 the druma  and topa  accelerations (measured on the drum and on the cabinet top, as described in Fig.5) are displayed in 

the time-domain and in the frequency-domain. 



 - 6 -

       
0 10 20 30 40 50 60

Frequency [Hz]

Normalized Power Spectrum (600rpm - drum  - X axis)

 

Fundamental frequency 
(600rpm – 10Hz) 

 
Fig.8a. Left: time-domain behavior of the 3-axis accelerations on the drum at 600rpm. Right: power spectrum of the X-axis.  
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Fig.8b. Left: time-domain behavior of the 3-axis accelerations on the top panel at 600rpm. Right: power spectrum of the X-axis.  

 

From Fig.8 it is clear that the drum is subject to an oscillation which is an almost-pure three-dimensional sinusoid at the 

fundamental rotation frequency, whereas the spectral content of the panel vibration is much richer since it contains higher 

harmonics. Moreover, notice that the drum and panel vibrations occur along all the 3 axis of the machine. Regarding the 

spatial movement of the drum during the spin, it is interesting to analyze the movement of the geometric center of the drum, 

at different spin speeds. Fig.9 shows its trajectory in the X-Z plane, reconstructed from accelerometer measurements. Notice 

that at low speed (200rpm) the movement is an ellipse with a dominant vertical axis; by increasing the spin speed, the 

direction of the movement tends to rotate towards the X-axis and the elliptical trajectory tends to collapse into a 1-

dimensional line; this occurs at 600rpm; by further increasing the speed, the trajectory becomes an ellipse again, but the 

dominant axis is the horizontal. Interestingly enough, the sense of rotation of the drum center changes when crossing the 

600rpm speed.  

The measurements displayed in Fig.8 and Fig.9 show that the complete characterization of the vibration behavior of the 

machine is a complex task, since the drum has a complex movement, and the propagation dynamics of the vibration from the 

drum to the external cabinet are non trivial and non-linear; in this work hence we have adopted a simplified approach (which 

is consistent with our control-oriented perspective), where the machine vibration is condensed into three vibration indices: 
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In (1) );( Atatop  is the 3-Axis (A=x,y,z) acceleration signal measured by the top accelerometer (A1); similarly, );( Atachassis  

and );( Atadrum  are the chassis (A2) and drum (A3) accelerations, respectively. It is assumed that the indices (1) are computed 

from an experiment N-samples long (in case of a 60s experiment with 1KHz sampling frequency, N=60000), with the spin 

speed kept constant at the value ω . Notice that )(),(),( ωωω drumchassistop JJJ  simply represent the estimated vibration energy 

measured by the three sensors during a constant-spin cycle ([28, 31]). 
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Fig.9. Movement of the drum center, in the x-z plane, at different rotation speeds. The arrows indicate the sense of rotation of the trajectory. 

 

The three indices measured on the machine equipped with the standard passive dampers are illustrated in Fig.10 (the indices 

are normalized for confidentiality reasons). Some comments can be drawn: 

•  The drum movements increase with respect to the spin velocity. Indeed the centrifuge force acting on the suspended 

mass is proportional to the squared spin velocity (2ω ) and to the unbalanced load (m). This quadratic dependence 

on the spin speed is clear from behavior of the drum index )(ωdrumJ . 

•  The drum dynamics show a low-frequency resonance. This is a well known structural resonance and it is due to the 

elasticity of the spring and the suspended mass. It can vary with respect to the total weight (tub, water, etc.) from 

200rpm to 300rpm. In case of the testing condition (unbalanced weight of 500g) the resonance appears at about 

250Hz. 

•  The vibration registered on the top panel and on the chassis panel is significantly smaller than the vibration 

measured on the drum. This is obvious, since the role of the suspension is to filter the propagation of the source 

(drum) vibration at the target (top, chassis) position. 

•  The top panel and the chassis panel show a resonant behavior at 1200rpm and 1400rpm, respectively. Notice that in 
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correspondence to the resonances, the attenuation ratio of the suspension (ratio between the vibration of the cabinet 

and the vibration of the drum) is comparatively small. 

•  From an acoustic point of view, the 1200rpm vibration and the 1400rpm vibration are the most annoying since they 

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

100 700 1400
spin level (rpm)

Drum resonance 

Normalized DRUM 
performance index )(ωdrumJ  

100 700 1400
spin level (rpm)

Normalized TOP 
performance index )(ωtopJ  

TOP resonance 

100 700 1400
spin level (rpm)

Normalized CHASSIS 
performance index )(ωchassisJ  

Chassis resonance 

 

Fig.10. drumJ  (left), topJ  (center) and chassisJ (right) for different values of spin velocity. 

The three indices (1) can be further condensed into a single performance index, say )(ωvibJ , which represents the total 

amount of energy transmitted to the chassis and top panels; it is strictly related to the perceived acoustic noise due to frame 

vibration of the body cabinet. It is simply the sum of )(ωtopJ  and )(ωchassisJ , namely: 
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Using the condensed vibration index (2), the performance of five different damper configurations have been explored: 

•  standard configuration: two passive dampers; 

•  dampers completely removed ( NO dampers); 

•  two MR dampers, driven by the fixed current which provides the minimum vibration level 

•  one MR dampers only, mounted on the left-side position (SX position in Fig.2), driven by the fixed current which 

provides the minimum vibration level; right-side damper removed; 

•  one MR dampers only, mounted on the right-side position (DX position in Fig.2), driven by the fixed current which 

provides the minimum vibration level; left-side damper removed. 

The best fixed-current level for each MRD configuration has been achieved by direct search of the current in the range 0A-

0.45A which minimizes )(ωvibJ . This optimization procedure is omitted for the sake of conciseness. It is interesting to notice, 

however, that every configuration and every spin velocity has its own “best” current; the best current usually is not in a trivial 

position (0A or 0.45A). 

The entire analysis is summarized in Fig.10, where the performance index (2) is plotted as a function of the spin velocity ω , 

for all the configurations. The results are insightful, and some interesting considerations can be drawn. 
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•  The vibration phenomena are well visible in the spin velocity range 1100rpm-1400rpm. As a matter of fact the drum 

energy increases with respect to the square of spin rate, but only from 1100rpm it is strongly transferred to the 

panels. Therefore, for the rest of the work the vibration analysis will focus mainly on the high-velocity range. 
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Fig.10. Performance index )(ωvibJ  for different dampers mounting configurations. 

•  In case of no dampers, the drum dynamics are transferred to the frame through the coil springs only. It is interesting to 

observe that this configuration provides – almost everywhere – the best attenuation results. However this configuration 

cannot be used since the 200rpm resonance is not damped. This causes large movements of the suspended mass which 

hits the top panel, with consequent vibration and damages to the entire structure. This problem is clearly visible in 

Fig.10 by the energy “spike” at 200rpm for the NO-dampers configuration. 

•  The configurations with MR dampers always outperform the configuration with passive dampers. This occurs for every 

value of spin, including the drum-resonance frequency. 

•  The single MR damper configuration outperforms the configuration with two MR dampers. Interesting enough, the 

resonance at 200rpm is well damped also with a single damper. 

•  The performances obtained with a single MR damper are not symmetric: the right-side (DX) location uniformly 
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guarantees best performance everywhere. This can be easily explained by the non symmetric features of the machine.  

The results of the analysis condensed in Fig.10 clearly show that the filtering performance of the standard dampers can be 

significantly improved by means of MR-dampers. An interesting outcome of the analysis is that the 2-passive-dampers 

configuration can be successfully replaced by a single-MR-damper configuration, where the damper is placed on the “DX” 

side of the machine. 

 
Fig.11. Performance index  )(ωtopJ for the MR damper at the “DX” side, for different values of current. Two repeated experiments. 

The analysis above outlined seems to suggest a simple way of optimizing the filtering performance of the laundry suspension: 

use a 1-MRD-DX configuration and schedule the MRD current as a function of the spin velocity ω . This solution is very 

simple since the control logic is a pure open-loop look-up table of the MRD current as a function of ω . However, two major 

question arise: 

1. Is the optimal current-speed mapping robust with respect to system variations (such as load and water weight in the 

tub, damper wearing, temperature, unbalanced load, etc…), or a run-time adaptation strategy must be designed? 

2. Is the fixed-current strategy (with our without a run-time adaptation) the best way of using the electronically-

controlled MR-damper, or a better vibration filtering can be obtained by a more sophisticated modulation strategy 

of the MRD current? 

The first issue has a simple answer, which can be easily illustrated by inspecting the experimental results displayed in Fig.11, 

where the performance index )(ωtopJ  is displayed as a function of the MRD current, for the three most interesting spin 

speeds: 1200rpm, 1300rpm, 1400rpm. The results of two experiments repeated in the same conditions are reported. The 

results clearly indicate that low repeatability of )(ωtopJ . Notice that not only the curves of the two experiments are not 

overlapped, but the optimal current changes (see e.g. the case of 1200rpm, where the best current is 50mA in the first 

experiment, 350mA in the second experiment). This dispersion of the experimental results is due to the complex path of 

propagation of the vibration, the fact that )(ωtopJ  is constituted by the sum of a large number of harmonics, and the change 

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

Hence we can conclude that, in order to achieve always the best filtering performance, ad adaptive method for on-line 
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estimation of the best MRD-current is required. This will be the topic of the next section.  

 

4. ADAPTIVE-DAMPING CONTROL STRATEGIES 

In this section the adaptive control of the MR damper located on the DX side of the laundry is discussed. As already pointed 

out at the end of the previous section, the first control objective is to find the best current (fixed) value in a constant-spin 

working condition. It has been shown that the best current value can significantly vary in different repeated experiments; a 

run-time optimization hence is required. 

The adaptation technique proposed herein is very simple, but it is consistent with the specific features of this application. It 

can be summarized as follows: 

•  when a constant-spin condition starts, the training phase is activate: the algorithm explores the whole current range 

with a comparatively slow ramp signal, possibly repeated several times; 

•  during this training phase, the instantaneous vibration level is measured, and a current→vibration map is built; 

•  at the end of the training phase, the current value corresponding to the minimum vibration level is computed, using a 

smoothed version of the current→vibration map; this “optimal” current is then applied for the remaining phase of 

the constant-spin condition. 

The vibration index used in the above procedure is the same used in (2), with the slight difference of being an “instantaneous” 

index (not averaged over N samples, i.e. N=1), namely: 

∑∑ == +=
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With a slight abuse of notation we use the same name vibJ  both for (2) and (3).  Notice that in the optimization procedure 

described above the instantaneous index (3) is required, since the system is forced to be time-varying. Also notice that in (3) 

the dependence of vibJ  on the MRD current MRDI  is emphasized. 
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Fig.12. Example of  optimization cycle (1400rpm). Left/top: slowly-varied MRD current; left/bottom: istantaneous vibration index; right: current-vibration 

map, and its 1D-approximation.       
 

The literature of adaptive control is vast, and a lot of methods and techniques have been proposed (see e.g. [5, 15-17, 23] and 

references cited therein). The approach described above, however, is not a genuine adaptive-control method; it can be better 

classified as a batch optimization procedure performed on-line, when required. The choice of this simple approach is 

motivated by some peculiar features of this application: 
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•  the controlled signal is not a single one, but a non-trivial combination of six acceleration signals; 

•  the relationship between the MRD current and the vibration index is non linear and not monotonically 

increasing/decreasing (see Fig.11); 

•  the system is very noisy and the optimization/adaptation procedure must be terminated in a short time (only a few 

seconds are allowed to complete this optimization routine). 

An example of the current-optimization cycle is illustrated in Fig.12, for the 1400rpm condition. Note that the current range 

0A-0.45A is explored with a double ramp, in 9s. It is clear the dependence of the vibration index on the MRD current. The 

current-vibration map is also displayed with its averaged (smoothed) counterpart, which shows that the 0.45A current is – for 

this experiment – the best choice. 

An example of the training phase followed by the constant-current condition is illustrated in Fig.13. Note that the training 

phase has been shortened and lasts only 3s (this is the maximum amount of time which can be accepted for optimization 

purposes); also notice that the training phase is constituted by six consecutive current ramps. A long/cumbersome analysis 

(here not reported for the sake of conciseness) has shown that – given an amount of time for the training phase – it is 

preferable to use many (fast) ramps, instead of a single (slow) current ramp. Note that after the training phase the current is 

fixed to the optimal value and kept constant till the end of the spin cycle.  
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Fig.13. Example of a complete training phase, followed by the optimal-current working condition (1400rpm). Top: MRD current; bottom vibration index.   

At the end of the previous section, an issue has been raised:  is the above batch-optimized fixed-current strategy the best one, 

or a better vibration filtering can be obtained by a more sophisticated modulation strategy of the MRD current? 

Notice that, in this application, it is hard to resort to standard semi-active feedback control strategies typically used on 

vehicles (see [2, 6, 8, 13, 18, 21, 26, 29, 40-41]), for many reasons: first, the machine dynamics from the drum to the cabined 

can hardly be approximated by a 1-dimensional mass-spring-damper model; moreover, no direct measurement of the 

acceleration at the cabinet-side attachment of the damper is available; finally, it is unclear if the minimization of the vibration 

at the cabinet-side attachment of the damper is the right control objective. 

Even if the semi-active algorithms used on vehicles cannot be directly resorted to, they can suggest a possible way of 

modulating the MRD current: it has been shown (see e.g. [29, 34-36]) that, beyond the main system resonance, the best 

filtering performance can be achieved by a sinusoidal modulation of the damping force, at the same frequency of the 

disturbance; moreover, the best results are typically achieved by using the whole available modulation range. The candidate 

best control signal hence has the following expression: 
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tI MRD +Φ+= ω ,                      (4) 

where ω  is the spin angular speed (e.g. 202 ⋅= πω rad/s if the spin velocity is 1200rpm), and Φ  is the phase-shift of the 

sinusoidal signal. Notice that in (4) the 0A-0.45A current range is fully used. 

A tricky functional optimization problem hence is recast into a simple single-parameter optimization problem, where the 

parameter to be optimized is Φ . 

This approach is concisely described in Fig.14, where the optimization procedure of the phase-shift of the sinusoidal current 

signal is outlined, for the 1400rpm condition. Notice that the training phase is 20s-long; during this phase Φ  is slowly varied 

in the range 0°-360°, and a map which correlates the phase-shift Φ  with the vibration index is built. At the end of this 

procedure the phase-shift providing the best attenuation is selected and kept constant for the rest of the spin cycle. Notice that 

this procedure works correctly, and the vibration index is minimized. 
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Fig.14. Phase optimization procedure in tome domain. 1200rpm spin. 

The two optimization (or parameter-adaptation) procedures presented above can be summarized as follows: 

•  optimization of the fixed-current; 

•  optimization of the phase-shift of a sinusoidal current modulated at the frequency of the current spin speed. 

The first procedure is the most simple and intuitive; the second has been heuristically designed, by inheriting the typical 

behavior of a standard semi-active algorithm.  
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Fig.15. Comparison of the fixed-current variation (left) and the sinusoidal-current phase variation (right), at 1300rpm. 
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In Fig.15 a comparison of the two adaptation procedures is outlined. The two optimization parameters are varied in their 

whole range, during 60s-long experiments; In Fig.15 the corresponding behavior of the vibration index is displayed. Notice 

that in this experiment (run at 1300rpm), changing the simple (fixed) current has a negligible effect on the vibration index. 

Instead, the sinusoidal modulation of the current at the spin frequency shows the high sensitivity of the vibration index with 

respect to the phase-shift of the sinusoid. It is interesting to observe that the more sophisticated sinusoidal modulation of the 

current provides a performance improvement of about 10%. 

The above experiment shows that the sinusoidal modulation strategy can further improve the performance provided by a 

simple optimization of the fixed current. However this more sophisticated control strategy has two main intrinsic problems: 

•  the first main problem is the duration of the training-phase: it has been shown that the optimization of the fixed 

current can be reduced to 3s; the optimization of the phase shift can hardly be reduced below 10s (this analysis is 

not reported here for the sake of conciseness); unfortunately 10s devoted to the training phase are unacceptable; 

•  the second main problem is the sensitivity of this procedure to the rotation frequency: in order to achieve good 

vibration-reduction results the current must be modulated exactly at the spin frequency, with a tolerance on the 

frequency estimation of no more than 0.05%; unfortunately the standard system used in a washing machine for the 

control of the drum rotation speed has a tolerance of about 1%. A sophisticated algorithm for the run-time 

estimation of the actual rotation frequency hence must be implemented (see e.g. [3, 30, 33]). 

Overall, we can conclude that the simpler optimization strategy of the fixed current probably guarantees the best trade-off 

between performance and complexity. 

5. CONCLUSIONS 

In this work the idea of using electronically-controlled dampers for improving the vibration in a washing machine has been 

developed. The actuator is a low-cost friction magnetorheological damper. The idea is to adapt on-line the damping 

characteristics in order to reduce vibration level of the machine panels. 

The system has been accurately analyzed and different mounting positions of the dampers have been tested. The design and 

testing procedure of two different adaptive algorithms has been proposed. The control system has been implemented on a 

rapid prototyping ECU and tested on a washing machine instrumented with three 3-axis MEMS accelerometers. 

This work has proven the effectiveness of replacing the standard passive dampers with electronically-controlled ones. 

Interestingly enough, it has been shown that a single MR device ensures an adequate damping of the drum resonance and a 

better vibration filtering at high-speed spin. Some test have highlighted the effectiveness of the proposed control strategies. 
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