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Abstract 
This paper presents an active bearing for reducing the radiated noise of rotating machinery. This modular 

bearing uses piezo stacks for actuation and both force and acceleration measurements as sensing signals. 

The bearing is tested on an experimental test bed comprising a rotating shaft, which is mounted in a frame. 

Noise is radiated by a plate that is attached to the frame. The set-up is designed such that in the frequency 

range of interest, up to 1 kHz, several plate resonances, frame resonances and the shaft resonance show 

up. To evaluate different control approaches, a simplified model of the setup was made. Based on the 

simulation results, a combination of feedback and repetitive controllers are implemented, using force are 

acceleration signals. This way, a noise reduction of more than 10 dB is achieved at the most important 

resonance frequencies of the system below 1 kHz. Experiments have also shown that the shaft vibration is 

significantly reduced around its resonance frequency, which is also beneficial with respect to fatigue and 

failure of the machine.  

1 Introduction 

Modern society is characterised by an increasing attention for the environmental impact of newly 

developed machines. One of the environmental criteria that is gaining importance is the noise emission 

level produced by the machine. Governmental and European laws more and more restrict the allowable 

noise levels. Moreover, the noise level of the machine is becoming an important competitive quality of the 

product. To cope with these emerging demands, new techniques to reduce the noise level of the machine 

have to be investigated. Whereas currently mostly passive techniques are used, active structural vibration 

control will be increasingly applied to reach higher performance and more silent machines. The goal of 

active structural acoustic control (ASAC) is to intervene in the vibrational pattern of a structure with the 

objective of attenuating the radiated noise level. Traditional passive techniques such as the use of 

absorption or isolation are effective at high frequencies but become bulky and inefficient at lower 

frequencies. Contrary to this, active control is particularly suitable for the control of low frequency noise. 

To date, the implementation of commercialised piezo-based active structural control techniques is only 

applied in a limited number of high-end applications. A first example hereof is the vibration damping of a 

lens in a wafer stepper [1][2]. A second example is the noise reduction of an MRI-scanner [3][4][5]. Also 

in the field of rotor dynamics, research has been conducted on active techniques. In these applications, the 

goal is to reduce rotor vibrations [6]. However, these techniques have not yet been applied to a broader 

class of rotating machinery for noise reduction. In this research, we have focussed on the development of a 

modular active bearing in order to block the vibrations in the vibration transmission path. Next to lowering 

the noise emission level, reducing the structural vibration of the machine will also be beneficial with 

respect to fatigue and failure of the machine. 
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Firstly, the experimental test bed to evaluate different control techniques on rotating machinery will be 

described. Then, a simplified model of this test bed will be given, from which adequate control strategies 

will be derived. The results of the implemented control strategies will be discussed in the section about 

control experiments. The obtained results will be summarised in the conclusions.  

2 Description of the experimental test bed 

In order to apply and evaluate different techniques for the active structural acoustic control of rotating 

machinery, an experimental test bed was built (see Figure 1). The motor drives the shaft, which is 

mounted with bearings in a frame. Noise is radiated by a plate that is attached to the frame. The set-up is 

designed such that in the frequency range of interest, up to 1 kHz, many plate resonances, some frame 

resonances and the shaft resonance show up. For experiments, a disturbance force on the shaft can be 

induced by a shaker, which is attached to the shaft through a  roller bearing.  

 

Figure 1: Experimental test bed. 

The shaft is supported by a cylindrical bearing at one side and a double angular contact bearing at the 

other side. At the latter side, a piezo-active ring-shaped module is designed around the bearing in order to 

reduce the noise. This bearing with the piezo-active ring is called the active bearing, while the cylindrical 

bearing is called the passive bearing.                                   .     

 

Figure 2: Active bearing design. 

The design of the active bearing is shown in Figure 2. In horizontal as well as in vertical direction, a 

collocated sensor/actuator pair [7] is integrated in the active bearing ring. The leaf springs and hinges 

allow a relative motion between the shaft and the frame while they fix the other degrees of freedom to 
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protect the piezoelements. For each piezoactuator, a power amplifier is used to apply the necessary voltage 

to its electrodes, while the electrodes of each piezoelectric sensor are connected to the input of a charge 

amplifier. This way, the charge displacement, which is proportional to the force acting on the piezosensor, 

can be measured. 

3 Modelling and working principle 

In Figure 3, a simplified lumped parameter model of the experimental test bed is shown for one direction. 

Only the first plate resonance (≈210 Hz) is modelled by spring k12 and mass m2. The frame is supported by 

compliant rubber mounts, modelled by the spring k01. For the piezoactuator and piezosensor (simplified) 

equivalent mechanical models are used [8]. The voltage to the electrodes of the piezoactuator is 

represented by an equivalent mechanical force FINact. For the piezoelectric sensor, the charge displacement 

is represented by the displacement xINsense, which is proportional to the force acting on the sensor. The 

spring kc represents the contact stiffness introduced by the mounting of the piezoelements. The spring ksec 

represents the secondary force transmission path from the shaft to the frame. It comprises the stiffness of 

the passive bearing and the stiffness of the hinges and leaf springs. The transmitted force between the shaft 

and the frame thus consists of the force through the primary path, which is measured, and the force 

through the secondary path, which is not measured. The resonance frequency of the shaft mass on the 

bearings is about 700 Hz. 

 

Figure 3: Simplified lumped parameter model of the experimental test bed. 

An important conclusion that we can derive from this model, is that when the transmitted force between 

the shaft and the frame is ideally controlled to zero, the frame and the plate acceleration are also controlled 

to zero (when the disturbance force is acting on the shaft). From a theoretical point of view, ideal control 

of the transmitted force is thus equivalent to ideal control of the frame acceleration, leading both to zero 

plate acceleration.  This insight will be used in the next section, when the sensor signals for the control 

experiments are chosen.  

The transmitted force is not measured directly, but it can be derived from the measured force and the input 

voltage to the piezoactuators according to the following equation (see Figure 3): 
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This equation shows that the relative influence of the secondary path has to be characterised in order to 

estimate the transmitted force. In practice, this characterisation was based on measured frequency 

response functions. 

The effect of ideal control of the measured force and the estimated transmitted force is compared in Figure 

4. From the measured frequency response functions, the reduction on the plate acceleration1 can be 

calculated. Figure 4 shows that control of the transmitted force indeed leads to a better reduction of the 

plate acceleration than control of the measured force in general. This is especially true around 570 Hz, 

which corresponds to the shaft resonance when only the primary transmission path is cancelled by ideal 

control of the measured force. 

 

Figure 4: Theoretical reduction of the plate acceleration for ideal control of the measured force and 

the transmitted force. 

In order to simplify the identification of the secondary force transmission path, the passive bearing was 

removed in the first experiments. The remaining secondary path then only stems from the leaf springs and 

the hinges (shown in Figure 2). 

4 Control experiments 

We have seen that ideal control of the transmitted force leads to a significant reduction of the radiated 

noise above 500 Hz (Figure 4), but the achievable reduction below 500 Hz is limited. We will see further 

that this frequency range below 500 Hz can be controlled by using the frame acceleration as sensor signal.  

In Table 1, an overview is given of the implemented controllers that will now be successively presented. 

                                                      
1 Next to a microphone measurement, the plate acceleration is also a good measure for the sound emission of the 

plate. Since the plate acceleration is not significantly affected by uncorrelated environmental noise, this signal was 

chosen here. 
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Table 1: Overview of the implemented controllers. 

4.1 CONTROL OF TRANSMITTED FORCE 

Firstly, a simple robust feedback controller for the transmitted force is designed to control the frequency 

range between 500 and 1000 Hz.  In a second step, the performance of this controller is further enhanced 

by the addition of a repetitive controller. 

4.1.1 Feedback control 

Figure 5 shows the control scheme for feedback control of the transmitted force. For the design of a 

simple feedback controller, the loop shaping method was used. The controller comprises 1 pole at 1 kHz 

and the controller gain is set to obtain a gain margin of 6 dB. 

 

Figure 5: Feedback control scheme. 

Figure 6 shows the performance of this controller on the controlled signal itself. Around 700 Hz, i.e. the 

shaft resonance frequency, a high reduction is obtained. Figure 7 shows that the plate acceleration, which 

is a measure for the radiated noise, is also significantly reduced around the shaft resonance frequency. 

 

Figure 6: Measured FRF between the transmitted force (output) and the disturbance force (input) 

with and without feedback control. 
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Figure 7: Measured FRF between the plate acceleration (output) and the disturbance force (input) 

with and without feedback control of the transmitted force. 

Experiments were also carried out on the test bed with the passive bearing mounted. The control was then 

applied simultaneously in horizontal and vertical direction with two independent single-input single-

output (SISO) controllers and with a rotating shaft. Similar results were obtained as shown here. This 

proved that the horizontal and vertical direction are sufficiently decoupled, as was aimed at in the design. 

It is also interesting to check the effect of this active control technique on the shaft vibration. From Figure 

3, it can be seen that the piezoactuator does not only act on the frame - compensating the effect of the 

disturbance force Fdist - but it also induces a reaction force on the shaft. Figure 8 shows that this reaction 

force significantly reduces the shaft vibration around its resonance frequency. This experiment was carried 

out with mounted passive bearing and a non-rotating shaft. The applied technique thus actively adds 

damping to the system, which is beneficial with respect to fatigue and failure of the machine.  

 

Figure 8: Measured frequency response functions of the shaft acceleration (with respect to the 

disturbance force Fdist from the shaker)  
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4.1.2 Hybrid control 

For rotating machinery, the disturbance is often periodic (for example due to unbalance or gear meshing). 

When this information is taken into account in the design of the controller, the performance at the 

harmonics of the rotational speed can be improved. Adaptive repetitive control is an interesting technique 

for this purpose [9]. Since feedback control leads to broadband reductions and an immediate reduction 

without a necessary convergence time, it is interesting to combine both techniques in a hybrid controller 

The control scheme of this hybrid controller is shown in Figure 9. 

 

Figure 9: Hybrid control scheme (feedback + repetitive control). 

In Figure 10, the resulting noise reduction of this hybrid controller and the feedback controller are 

compared.  

 

Figure 10: Noise reduction with feedback and hybrid control of the transmitted force. 

4.2 REPETITIVE CONTROL OF ACCELERATION 

From Figure 4, it could be seen that the reduction of the estimated transmitted force only leads to a global 

noise reduction from above 500 Hz. At low frequencies, the influence of the inertias m1 and m3 is small. 

As a result, the actuator force mainly stays within the internal force loop consisting of primary and the 

secondary path. The effect of this internal force loop becomes less important for a weaker secondary path. 

In order to control the frequency region below 500 Hz, another controller is implemented, using the frame 

acceleration as error signal. It has been shown that frame acceleration control is equivalent with force 

transmission control from a theoretical point of view. The used accelerometer is located on the part of the 

active bearing that is fixed to the frame (see Figure 11)  
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Figure 11: The accelerometer for the control of the frame acceleration is located on the active 

bearing. 

For frame acceleration control, the dynamics of the controlled system are very complex: Figure 11 shows 

the frequency response functions of the controlled system between the control force FINact and the 

acceleration on the frame. Due to the high amount of resonance frequencies in the controlled frequency 

range, it is very difficult to design a stable and efficient feedback controller for this system. Therefore, 

only the potential of a repetitive controller is tested. 

 

Figure 12: FRF between the frame acceleration (output) and the control force (input). 

To illustrate the effect of ideal frame acceleration control, Figure 13 shows the FRF of the plate 

acceleration with respect to the disturbance force Fdist without and with ideal frame control. It can be seen 

that ideal frame control can lead to a significant theoretical reduction of the plate acceleration below 1000 

Hz. This stems from the fact that below 1000 Hz, the piezo force FINact excites the frame similarly as the 

disturbance force Fdist (by the shaker), such that a local cancellation of the acceleration at one point on the 

frame will lead to a global reduction of the whole frame acceleration. Above 1000 Hz the frame modes are 

excited in a different way by the shaker and the piezoactuator, such that a local cancellation of the 

acceleration at one point on the frame will not necessarily lead to a global reduction of the whole frame 

acceleration. This was experimentally verified by visualisation of the frame motion for piezoactuator and 

shaker excitation, based on accelerometer measurements. 
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Figure 13: Theoretical reduction of the plate acceleration when the frame acceleration would be 

ideally controlled to zero. 

Since the noise, radiated by the plate above 500 Hz could already be reduced by force control as explained 

above, we focussed in the design of the repetitive controller (RC) for the frame acceleration on the 

frequency range below 500 Hz.  As lower frequency limit of the controller, 200 Hz was chosen, since 

significant noise radiation occurs starting from around the lowest eigenmode of the plate (≈210Hz). The 

theoretically achievable reduction by the developed RC algorithm of the frame acceleration at the 

harmonics of the base frequency is shown in Figure 14: a theoretical reduction of more than 10 dB can be 

created by the designed repetitive controller over almost the whole frequency band between 200 and 500 

Hz. 

 

Figure 14: Theoretical reduction of the frame acceleration, which can be obtained by the developed 

repetitive controller. 
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To illustrate the effect of this repetitive controller, an experiment was carried out at a plate resonance 

frequency (380 Hz). It can be seen from Figure 15 that the corresponding eigenmode is an efficient noise 

radiating mode. Figure 16 shows the plate acceleration in the time domain, when the repetitive controller 

is turned on in order to reduce the tonal disturbance of 380 Hz. The effect of the repetitive controller is 

clearly visible in the plate acceleration of the plate. The learning process before convergence of the RC 

algorithm, which lasts 3 sec, is also visible. After convergence the disturbing frequency is suppressed by 7 

dB. This shows that local cancellation of the frame acceleration leads also to reduction of the plate 

acceleration, and thus of the radiated noise. 

 

Figure 15: Visualisation of the eigenmode of the plate at 380 Hz. 

 

Figure 16: The effect of the repetitive controller of the frame on the plate acceleration for a 

disturbance at 380 Hz. 

5 Conclusion 

In order to reduce the noise radiation of rotating machinery, a modular active bearing has been designed to 

isolate the radiating structure housing from the disturbance that stems from the rotating device. Because 

all actuators and sensors are integrated, the active bearing is a modular unit, which improves its 

applicability. This active bearing has been tested on an experimental test bed leading to a significant 

reduction of noise and vibrations below 1 kHz. Above 500 Hz, hybrid (feedback + repetitive) control of 

the transmitted force was applied. Below 500 Hz, repetitive control of the frame acceleration is 

implemented. At the most important resonance frequencies of the system, a noise reduction of more than 

10 dB is achieved. Furthermore, the shaft vibration is significantly reduced around its resonance 

frequency, which is also beneficial with respect to fatigue and failure of the machine. This demonstrates 

the technical feasibility of piezo-based active structural acoustic control for rotating machinery.  

190 PROCEEDINGS OF ISMA2008



References 

[1] Actieve demping van trillingen in precisieapparatuur, IOP Nieuwsbrief December 2007, nummer 49, 

p. 6-7. 

[2] J. Holterman, Vibration control of high precision machines with active structural elements, PhD 

thesis, University of Twente, 2002. 

[3] N.B. Roozen, P.P.H. Philips, D. Biloen, P.  Limpens, H.H. Tuithof, Active vibration isolation applied 

to a magnetic resonance imaging (MRI) system, Twelfth International Congres on Sound and 

Vibration, Lisbon, Portugal, 2005 July 11-14. 

[4] A. den Hamer, G. Angelis, N.B. Roozen, R. v.d. Molengraft, Active vibration control on MRI-

scanner, 24th Benelux meeting on systems and control, Houffalize, Belgium, 2005 March 22-24. 

[5] Philips Medical Systems: MRI Technologies Softone: 

http://www.medical.philips.com/main/products/mri/technology/softone/ 

[6] A. Alizadeh, C. Ehmann, U. Schönhoff, R. Nordmann, Robust Active Vibration control of Flexible 

Rotors Using Piezo Actuators as Active Bearing, Int. Symposium on Stablity Control of Rotating 

Machinery, 2003 August, Gdansk 

[7] A. Preumont, Vibration Control of Active Structures, Kluwer Academic Publishers, Université de 

Bruxelles, 2002 

[8] S. Devos, Development of fast, stiff and high-resolution piezoelectric motors with integrated bearing-

driving functionality, PhD thesis, Katholieke Universiteit Leuven, 2006. 

http://www.kuleuven.be/doctoraatsverdediging/cm/3E05/3E050391.htm 

[9] G. Pinte, Active control of repetitive impact noise, PhD thesis, Katholieke Universiteit Leuven, 2007. 

http://www.kuleuven.be/doctoraatsverdediging/cm/3E03/3E030384.htm 

ACTIVE VIBRATION CONTROL AND SMART STRUCTURES 191



192 PROCEEDINGS OF ISMA2008


