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Abstract 
This paper presents research work on self-tuning velocity feedback control units with voltage driven 
electrodynamic inertial mass actuators (IMAs). Due to the IMAs dynamics such feedback loops are only 
conditionally stable. Feedback compensators can improve the feedback loop stability. In the literature 
often ideal current driven IMAs are assumed, while most practical power amplifiers are actually voltage 
sources. In this paper a feedback compensator for voltage driven IMAs is derived and experimentally 
validated. The primary structure considered is a base excited single degree of freedom system with 
variable stiffness. For each stiffness setting there is a specific feedback gain setting that provides optimal 
control performance. Therefore a self-tuning algorithm is developed that tunes the feedback gain to 
minimize the kinetic energy of the primary structure, while also considering the stroke and current limits 
of the IMA. The self-tuning algorithm is experimentally validated for different natural frequency settings. 

1 Introduction 

Vibration control is an important issue in many engineering applications and various active vibration 
control (AVC) strategies have been studied extensively [1,2]. A simple control strategy is that of velocity 
feedback, which can reduce the response of a structure by means of active damping. In an ideal velocity 
feedback loop the sensor–actuator pair is dual and collocated, which guarantees unconditional stability [3]. 
Such an idealized velocity feedback control is also often referred to a skyhook damping, which reacts of an 
ideal infinite impedance. In the laboratory such idealized conditions may be realized by constructing a rigid 
frame for the control force transducer to react off. However, in many practical applications this is not an 
option. Therefore, velocity feedback loops are often implemented using control units comprising IMAs 
with closely located vibration sensor at their base and a fixed feedback gain. However, due to the IMAs 
dynamics, which introduce a 180° phase lag around the actuator fundamental resonance frequency, these 
control units are only conditionally stable. This limits the maximum gain with which the sensor signal can 
be fed back into the IMA. Furthermore, depending on the type of power amplifier used, the electrical 
characteristics of the voice coil may introduce additional phase lag at higher frequencies. This needs to be 
taken into consideration when designing a feedback controller. A promising approach to improve the 
stability of such feedback control units is the implementation of a feedback compensation filter, which 
detunes the control unit mechanical and electrodynamic responses [4]. This even allows utilizing an IMA as 
active feedback control actuator and passive vibration absorber at the same time [5]. However, the 
compensator design suggested in Ref. [4] assumes that the voice coil actuator is driven by an ideal current 
source, i.e. that the voice coil motor produces a control signal proportional force. Some specific laboratory 
electrical power amplifiers can be set to a ‘current control’ mode, which provides an additional current 
control circuit and thus an input signal proportional output current. However, most practical power 
amplifiers do not provide this option and are designed to have the characteristics of an ideal voltage source. 
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The reaction force of velocity feedback loops with IMAs can be characterized by the IMA closed loop base 
impedance [6]. Due to the back electromotive force (back-EMF) and the electrical inductance of the voice 
coil, the spectrum of both the passive and active base impedance and hence the reaction force produced by 
the IMA strongly depends on whether the IMA is driven by a voltage or a current source. The force 
generated by voice coil motor is proportional to the current flow through the voice coil. If the voice coil 
motor is driven by a voltage source, then the electrical characteristics of the coil causes a first order roll off 
and additional phase lag in the generated actuator force. Important factors here are the electrodynamic 
coupling factor of the voice coil motor and the electrical inductance of the coil. For a low coupling factor 
and a low inductance, the force over the induced voltage is nearly constant over a wide range of 
frequencies. However for voice coil engines with high coupling factor considerable amplitude role off and 
additional phase lag may occur in the frequency range of interest. For practical applications it is often 
necessary to use IMAs with efficient voice coil motors with relatively high electromagnetic coupling. Since 
this has a significant effect on the characteristics of the open-loop frequency transfer function (OL-FRF) of 
the feedback loop the electrical characteristics and electrodynamic coupling of the voice coil motor need to 
be considered in the feedback compensator/controller design [7]. In this paper a feedback controller for a 
voltage driven electrodynamic IMA is derived and experimentally validated. The primary structure used is 
a base excited single degree of freedom (SDOF) system with variable stiffness. The control unit with 
compensator shows improved stability and performance compared to the uncompensated case. Good 
control performance is achieved for a wide range of natural frequency settings of the primary structure. The 
voltage driven control unit with the proposed ‘voltage’ feedback controller gives similar control 
performances as a current driven control unit with the ‘current’ compensator proposed in Ref. [4]. The 
motivation for the development of such feedback controllers is the design of practical robust feedback loop 
control units, which can be used on a wide range of structures with different dynamic characteristics. 

The experimental studies on the SDOF primary structure with variable stiffness show that for each stiffness 
setting there is a specific optimal feedback gain that provides maximum control performance. Hence, in 
practice the feedback control unit would need to implement different feedback gains in order to achieve 
‘optimal’ vibration control on an arbitrary structure. This problem can be addressed by implementing self-
tuning feedback control. The topic of self-tuning velocity feedback loops has been previously address by 
Zilletti et al. [8,9] who propose a method for the self-tuning of decentralized velocity feedback control 
loops for panels. Recently Zilletti [10] has confirmed the validity of this approach for applications on SDOF 
systems. The algorithm proposed aims to find the optimal control velocity feedback control gain that 
maximizes the local power absorption, which results in minimization of the overall kinetic energy of the 
structure under control. The algorithm proposed by Zilletti et.al [8] finds the optimal setting for a stationary 
system, but does not account for time varying dynamic characteristics of the primary structure. The 
algorithm also assumes that the control system is operating well within its linear design limits. The 
encounter of force and stroke saturation limits is not explicitly addressed. In this paper a pragmatic online 
self-tuning algorithm is proposed that tunes the feedback gain of the control unit [11]. For simplicity the 
algorithm is set to ‘minimize’ the kinetic energy of the primary structure, which is a valid approach since 
the primary structure under control is a SDOF system. However for applications on continuous primary 
structures the algorithm could easily be redesigned to ‘maximize’ the local power absorption of the control 
unit. Instead of finding the optimal feedback gain, the algorithm aims to keep the feedback gain within an 
‘optimal’ gain range, which allows the system to react faster to changes in the dynamics of the primary 
structure and to time varying primary disturbances. To guarantee safe operation, the algorithm also 
considers the linear stroke and current limits of the control unit’s IMA. The self-tuning algorithm has been 
successfully tested experimentally for several different stationary settings of the SDOF-primary structure 
and also for cases where the natural frequency of the primary structure has been changed significantly 
during the operation of the control unit. 

The remainder of the paper is structured in three sections. Section 2 introduces the concept of velocity 
feedback. In particular practical velocity feedback control units comprising IMAs with voice coil motors 
and the design of feedback compensators are discussed. A feedback controller with compensation for a 
voltage driven IMA is derived and results from experimental validation are presented. Section 3 discusses 
the need for a self-tuning algorithm for velocity feedback loops. A pragmatic algorithm is proposed and 
results from experimental evaluation are presented and discussed. Section 4 provides a brief summary of 
the results presented and the conclusions reached. 
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2 Feedback compensation for voltage driven IMA 

In this section the concept of velocity feedback control is introduced. In particular the implementation of 
practical velocity feedback control units with electrodynamic voice coil actuators, their specific 
characteristics and the design of feedback compensators are discussed in more detail. A feedback 
controller with compensation for a voltage driven IMA is derived and results from experimental validation 
are presented and discussed. 

2.1 The control concept of skyhook damping 

The primary structure considered in this paper is a base excited SDOF-system with velocity feedback 
control. Ideally velocity feedback control implements passive skyhook damping (Fig. 1a). The same effect 
can be achieved using an ideal active velocity feedback loop with a force transducer reacting off an 
infinite external impedance (Fig. 1b). The control force �� is generated by multiplying the velocity of the 
primary mass ��� with the feedback gain � and the transduction coefficient of the force transducer	�: 

	

��� = ��	. (1) 

However, in many practical applications it is not possible to react off an infinite external impedance. In 
this case velocity feedback control may be implemented using an IMA with a force transduce in parallel 
with its spring damper suspension (Fig. 1c). Using an IMA introduces a second DOF, which affects the 
dynamics of the system and the stability of the feedback loop. In this case the control force �� is given by: 

	
(�)
���(�) = ���� = ������� + ��	����	, (2) 

where the � terms denotes the base impedance of the IMA, � denotes the IMA blocked force 
characteristics and � denotes an arbitrary feedback controller function [6]. In this paper we concentrate on 
a voice coil motors as force transducer. However, force transduction may also be realized using stroke 
amplified piezoelectric actuators [12] or dielectric elastomer actuators [13]. 

                       a)                      b)                      c) 

  
 

Figure 1: Base excited SDOF-System with a) a skyhook damper, b) ideal active velocity feedback control 
and c) velocity feedback control unit using an IMA. 

2.2 Simulation model and experimental set-up 

In this study the performance and stability of the velocity feedback control unit with IMA has been 
investigated both in simulations and experimentally. Simulations have been conducted in a) the time 
domain using MATLAB-SIMULINK and b) in the frequency domain using impedance formulations. For 
simplicity here the system characteristics are described using impedance formulations. The parameters of 
the simulation model are chosen to match those of the set-up used in the experimental studies. A picture of 
the experimental set-up and a sketch of the lumped parameter model used in the simulations are shown in 
Fig. 2. Some further details on the experimental set-up are discussed in Section 3. The experimentally 
estimated parameters of the experimental set-up used in the simulation model are summarized in Table 1. 
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Figure 2: Lumped parameter model of the system considered in the simulations and the corresponding 
experimental set-up used for experimental validation. 

 

IMA values 
m2 [kg] 0.545 
d2 [N/(m/s)] 28.7 
k2 [N/m] 10407 
D2 0.19 
Ψ [N/A] 11.8 
R [Ω] 2.9 
L [H] 5E-3 
primary 
structure 

ratio between the natural frequencies of the primary structure and the IMA ωratio 
1.5 2 3 4 5 6 

m1 [kg] 1.139 
d1 [N/(m/s)] 10.41 13.34 20.28 34.41 54.44 88.52 
k1 [N/m] 4.576E4 8.149E4 1.836E5 3.261E5 5.086E5 7.311E5 
D1 0.023 0.022 0.022 0.028 0.036 0.049 
f0 [Hz] 33 44 66 88 110 132 

Table 1: Experimentally estimated parameters of the experimental set-up used in the simulation model. 

2.2.1 IMA base impedance 

In order to investigate the control stability and performance, first the base impedance ����of an IMA with 
linear voice coil motor is discussed briefly. As shown in Eq.(2), the closed loop base impedance results 
from the sum of a passive and an active base impedance term. The expressions for passive base impedance 
the case of an open circuit (current driven) or short circuit (voltage driven) voice coil are given below: 

��������� = �� 	�! 
�� "	�! , (3) 

��������# =
�� 	$�! "%

 
&'(

�� "	�! "%
 

&'
. (4) 

The terms �)*, ��*, and �� denote the impedances of the IMA mass, the IMA suspension and the blocked 
electrical impedance of the voice coil, which are given by �) = +,, �� = - + ./, and �� = 0 + 1,, 
where , denotes the complex number frequency parameter of the Laplace transform. The main difference 
between the two formulations is the term �*/��, which results from the back-EMF. The main effect of 
this term is to produce additional damping around the IMA natural frequency. Depending on the value of 
� this effect can be quite significant. It should be noted that practical IMAs usually comprises two 
masses, one which is free to move and one which is rigidly mounted to the structure under control. For 
simplicity the second IMA mass has been considered here by adding it to the mass of the primary system, 
hence it does not explicitly appear in the formulations. The expressions for the blocked force 
characteristics of a current or voltage driven IMA are given below: 
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����� = � �� 
�� "�! 	, (5) 

����# = 2
�' 	

�� 
�� "	�! "%

 
&'

. (6) 

Also here the terms �/�� and �*/�� significantly influences the characteristics of the FRF. In particular, 
for high electromagnetic coupling factors the blocked force shows a significant first order roll off above 
the -3 dB corner frequency of the electrical system at 3 = 0/1. Figure 3 shows the resulting closed loop 
base impedance �Î�� for the current and voltage driven cases for �=1. With increasing feedback gain the 
active control terms from Eq. (5) and Eq. (6) are increasingly dominating the overall response. 

a) b) 

  
Figure 3: Closed loop base impedance ���� from Eq. (2) for increasing values of feedback gain for 
a) current drive IMA and b) voltage driven IMA. The black solid lines mark the closed loop base 
impedance for �=0, which corresponds to the passive base impedance from Eq. (3) and Eq. (4).  

2.2.2 Control performance and stability 

The control performance is assessed in terms of the transmissibility between the base velocity of the 
primary structure ��� and the velocity of the primary structure	���. The transmissibility is given by  

���(�)
��5(�) =

�!�
���"�!�"��67

, (7) 

where ���� is the closed loop base impedance of the IMA. In the case of ideal skyhook damping (Fig. 1a) 
this term would be replaced by -*; in the case of ideal velocity feedback (Fig. 1b) this term would be 
replaced by the term ��. Figure 4 shows the transmissibility of the primary system in isolation, with 
passive IMA attached and for uncompensated (�=1) active velocity feedback control with increasing 
feedback gain. For the simulations shown in Figure 4 the ratio between the natural frequency of the 
primary structure and the natural frequency of the IMA was set to five. It can be noted that in both cases 
the transmissibility around the natural frequency of the primary structure at 110 Hz is reduced due to the 
mass and damping effects introduced by the passive IMA. Closing the feedback loop produces additional 
active damping effects and causes further reductions in the transmissibility around the natural frequency of 
the primary structure. However, due to the conditional stability of the feedback loop, increasing the 
feedback gain also produces spillover effects. For the current driven IMA these spillover effects occur 
around the IMAs natural frequency at 22 Hz. For the voltage driven IMA spillover occurs around the IMA 
natural frequency and also at higher frequencies, above the natural frequency of the primary structure. 
This is because at high frequencies the phase of the voltage driven blocked force of the IMA does not 
converge to a phase of 0° as in the current driven case but to a phase of -90°. Hence the IMA does not 
produce velocity feedback at high frequencies. 
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a) b) 

  
Figure 4: Transmissibility ���/��� with uncompensated (�=1) velocity feedback control for 

increasing feedback gains (thin solid lines) for a) a current driven IMA and b) a voltage driven IMA. 
System with �=0 (thick solid line) and primary structure in isolation without IMA (dashed line). 

The cause for the control spillover can be observed in the open loop frequency transfer function 9 (OL-
FRF) of the control loops, which is given by:  

9 = :	;�67
�5<=�>?"�5>!!=@, (8) 

where ��A�)�B = �)� + ��� is the impedance of the primary structure. Figure 5 shows the Nyquist plots 
of the OL-FRF of the uncompensated (�=1) velocity feedback loops with current and voltage driven IMA. 
The OL-FRF with the current driven IMA shows two circles. The circle in the left hand side quadrants 
corresponds to the resonance of the IMA. The circle on the right hand side corresponds to the resonance of 
the primary structure. Parts of the OL-FRF that are inside the unit circle around the Nyquist stability point 
at [0,-1j] produce control spillover [14]. With increasing feedback gain the circles grow till the circle on 
the left hand side touches the Nyquist stability point, which causes the feedback loop to go unstable. The 
OL-FRF with the voltage driven IMA also shows a circle which corresponds to the IMA response, 
however due to the back-EMF effect and the low-pass characteristics of the IMA blocked force, the OLF-
FRF is rotated clockwise. Hence at high frequencies the OL-FRF is rotated back into to the left hand side 
of the Nyquist plot. Hence the feedback loop produces control spillover around the IMA natural frequency 
as well as at higher frequencies. Although the feedback loop may have a high stability gain margin, 
unacceptably high control spillover may occur as the absolute distance between the OL-FRF and the 
Nyquist stability point is getting smaller for increasing feedback gains. Additional sources of instability 
can be undesired phase-lead and phase-lag effects due to the FRFs of additional feedback control 
instrumentation [15]. 

a) b) 

  
Figure 5: Nyquist plot of the OL-FRF (Eq. (8) with �=1) for a) current and b) voltage driven IMA. 
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2.2.3 Feedback compensation 

The stability of feedback control loops comprising IMAs can be improved using feedback compensators. 
An intuitive compensator design for a current driven IMA has been proposed in Ref. [4]: 

� = � "*∗D>∗E>∗�"E> 
� "*∗D
∗E
∗�"E
 

, (9) 

where the index F denotes the natural frequency 3 and damping ratio G of the IMA and the index - 
denotes the respective design frequency and damping ratio of the compensator. Aim of such a 
compensator is to detune the electrodynamic and mechanical response on the IMA and to achieve a more 
ideal blocked force characteristic. However, the compensator design does not take into account the 
additional 90° phase lag that occurs if a voltage driven IMA is used in the feedback loop. 

In the feedback controller design it also needs to be taken into consideration, that in most practical 
applications accelerometers are used as vibration sensors instead of velocity sensors. Hence the sensor 
signal needs to be integrated to receive a velocity signal. To avoid a static drift of the signal it is necessary 
to apply a high-pass (HP) filter for DC-decoupling. Hence a practical integrator can be constructed from a 
first order HP filter and a first order low-pass (LP) filter. If the cut-off frequencies of the HP filter and the 
LP filter are set to the same frequency then the formulation for such a practical integrator is given by 

H�IJ = E'�
� "*E'�"E' 

, (10) 

where 3� is the common cut off frequency. Setting the compensator design frequency 3� = 3� and 
setting the design damping ratio G� = 1	, the product of Eq. (9) and Eq. (10) gives the following 
expression of a feedback controller for a velocity feedback loop with accelerometer sensors and current 
driven IMA. 

�� = �H�IJ = E
	�L"*	D>	E>	E
	� "E> E
	�
�M"N	E
	�L"OE
	� "NE
L�	"E
M

, (11) 

The resulting product of feedback controller and IMA blocked force FRF is then given by  

��	����� = 2	E
	�L
�M"N	E
	�L"O	E
 	� "N	E
L	�"E
M

. (12) 

If this transfer function is taken as target function for the compensated velocity feedback control with 
voltage driven IMA then the feedback controller can be calculated as follows 

�P = :�
;�67#

= E
	�
) 

			 �L	�L"� 	� "��	�"�Q
�M"�L	�L"� 	� "��	�"�Q, (13) 

where FR = 3�N, F� = 4	3�T, F* = 6	3�*, FT = 4	3�, -R = 0	.*, 	-� = 0	V* + 1	.* +�*, -* = 0	+* +1	V*, -T = 1	+* and with 0 and 1 being the ohms resistance and the inductance of the voice coil 
respectively.  

Figure 6a shows the FRFs of the uncompensated blocked force from Eq. (5), the feedback controller from 
Eq. (11) and the resulting control force proportional to an acceleration signal from Eq. (12) for the current 
driven IMA. Figure 6b shows the corresponding FRFs from Eq. (6), Eq. (13), for the voltage drive IMA. 
Per definition the resulting control force proportional to an acceleration signal is mathematically identical 
to that of the current driven IMA. The most important effect of the controller for the feedback loop for the 
voltage driven IMA is that it introduces a phase lead at higher frequencies, which counteracts the 
additional phase lag due to the LP characteristics of the IMA blocked force. It also accounts for the 
additional damping around the IMA natural frequency due to the back EMF effect. 

Since the active part of the IMA base impedance with the respective feedback controllers �� and �P are 
identical for both current and voltage driven IMA, it can be expected that both feedback loops will show 
very similar control performance. Slight differences may arise from the different characteristics in the 
passive IMA base impedances in Eq. (3) and Eq. (4). However, as discussed above the influence of the 
passive base impedance on the closed loop base impedance decreases with increasing feedback gain. 
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a) b) 

  

Figure 6: Transfer function of the uncompensated blocked force from Eq. (5) and Eq. (6) (dashed-
black lines), feedback controller including compensation and integration from Eq. (11) and Eq. (12) 
(solid-blue lines) and the resulting control force proportional to acceleration from Eqn. (12) (dotted-

red lines) for a) current driven IMA and b) voltage driven IMA. 

2.3 Experimental validation 

In order to validate the results for the feedback controllers from Eq. (11) and Eq. (13) both controllers 
have been implement in a laboratory set-up. The experimental set-up used has already been briefly 
introduced in the beginning of Section 2.2 and is shown in Fig. 2. The experimental set-up consists of a 
primary electrodynamic shaker, the primary structure with an adjustable stiffness and an attached IMA for 
the implementation of feedback control. Each component is equipped with an accelerometer sensor to 
estimate the velocities	�� �, ��� and ��*. The feedback control loop consists of the accelerometer sensor at 
position 1 (on top of the mass of the primary structure), a KEMO analogue low pass filters for antialiasing 
filtering, IEPE power supply and signal conditioning, a dSPACE DS1005 rapid control prototyping 
platform and a TIRA type BA120 electrical power amplifier, which offers the option of switching between 
current and voltage control mode, and which is used to drive the IMA. The controller is implemented in a 
Simulink model and executed in real time on the dSPACE hardware which emulates the characteristics of 
an equivalent analogue feedback controller electric circuit. In order to minimize delays in the feedback 
loops introduced by the digital signal processing, the system is operating at a sampling frequency of 
16 kHz. 

Figure 7 shows the measured transmissibility ���/��� between the velocity of the mass of the primary 
structure and the velocity at its base without control and with active velocity feedback control with and 
without feedback compensation. The ratio between the natural frequency of the primary structure and the 
IMA is set to a value of five. Figure 7a shows the results for the current driven IMA. With feedback 
compensator the control spillover around the IMA natural frequency is significantly reduced, which allows 
implementing higher feedback gains, which produce higher active damping effects around the natural 
frequency of the primary structure. Figure 7b shows the results for the voltage driven IMA. As predicted 
in the simulations in Fig. 4b the velocity feedback loop with voltage driven IMA produces control 
spillover around the IMA natural frequency and at higher frequencies above the natural frequency of the 
primary structure. In fact, in the experiments more control spillover is produced at higher frequencies than 
around the IMA natural frequency. With the feedback controller from Eq. (13) the control spillover is 
significantly reduced in both spillover regions. This allows implementing significantly higher feedback 
gains and to achieve significantly higher control reductions. For validation also an analysis of the OL-
FRFs has been conducted [7]; however, those results are omitted here for brevity. The results show that 
with the proposed feedback controller for voltage driven IMAs, velocity feedback control can be 
implemented using standard off the shelf electrical power (voltage) amplifiers. 
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a) b) 

  
Figure 7: Measured transmissibility ���/��� between the primary mass and the base of the primary 

structure with and without compensation for a frequency ratio of 5. IMA attached no control (thick 
solid black line), feedback control without compensation (dotted blue and red lines) and for feedback 
control with compensation (solid blue and red-lines); for two different feedback gains. For a) velocity 

feedback with current driven IMA and b) velocity feedback with voltage driven IMA. 

3 Self-tuning velocity feedback control 

In this section the concept of self-tuning for velocity feedback loops is discussed. First the characteristic of 
the primary structure with variable stiffness considered in this study is discussed and the results from 
simulation studies on optimal feedback gain settings are presented. Then the proposed self-tuning 
algorithm is introduced. Finally results from experimental studies are presented and discussed. 

3.1 Primary system with variable stiffness 

One important feature of the experimental set-up used in this study is the ability to vary the stiffness of the 
primary structure. This variation is made possible by an adjustable suspension of the primary SDOF-
system [16]. The mass of the primary structure is suspended off a membrane spring with tree cantilever 
like arms. By rotating the membrane spring the bearing points are sided either towards the tip or the 
clamping point of the cantilever beams. As shown in Fig. 8, the natural frequency of the primary structure 
can be freely adjusted between approx. 30 Hz and 140 Hz. The IMA has a natural frequency of 22 Hz 
hence natural frequency ratios between the IMA and primary structure between 1.5 and 6 can be realised. 

 
Figure 8: Measured transmissibility of the primary structure over the adjustable frequency range. 
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To assess the control performance with a single value the changes in the total kinetic energy of the 
primary structure with and without control has been used. Simulations have shown a strong dependency of 
the control stability and performance on the ratio between the natural frequency of the primary structure 
and the IMA. Figure 9a exemplarily shows the changes in the kinetic energy over feedback gain for the 
uncompensated feedback loop with current driven IMA for frequency ratios ranging from 0.5 to 8. 
Without compensation no control is achieved for frequency ratios around one and below. With increasing 
frequency ratio increasingly higher control gains can be implemented and higher reductions can be 
achieved. It should be noted that a feedback gain of about 50 results in optimal control for a frequency 
ratio of four, but causes instability for a frequency ratio of two. This highlights the need for an adaptive 
self-tuning algorithm that finds the optimal feedback gain settings and guarantees stability. 

 Figure 9b shows the results for the changes in the kinetic energy of the primary structure for optimal 
feedback gain settings over the natural frequency ratio. It can be seen that the uncompensated current 
driven system outperforms the uncompensated voltage driven system, particularly for high frequency 
ratios. The feedback compensation significantly improves the achievable control performance for all 
frequency ratios. For low frequency ratios there are still some differences between the performance of the 
compensated current and compensated voltage driven feedback control loops. This is probably due to the 
different passive base impedance characteristics of the IMA. For high frequency ratios both the 
compensated current and compensated voltage driven feedback control loops give very similar results. 

a) b) 

  
Figure 9: a) Change in the kinetic energy of the primary structure over feedback gain with current 

driven IMA, for frequency ratios of [1/2, 1, 2, 4, 8]. Stability limit (squares), optimal gain 
(diamonds). Trend of the optimal performance over increasing frequency ratio (dotted line). b) 

Trend of the optimal control performance over frequency ration. Voltage driven (blue lines) and 
current driven (red lines); without compensation (dashed lines) with compensation (solid lines). 

3.2 Adaptation approach 

The simulations in Section 3.1 have shown that for different dynamic properties of the primary structure, 
the optimal feedback gains that provide optimal control performance and guarantee stability can vary 
significantly. Therefore it is desirable to have a feedback control unit capable of online self-tuning to the 
optimal stable feedback gain. Since the compensation has proven to significantly improve the stability and 
control performance, compensated velocity feedback is considered in the remainder of the paper. Both 
simulation and experimental studies on self-tuning have been conducted [11]. However, the experimental 
studies have shown that the transferability of the simulations to the experimental implementation of the 
self-tuning feedback is not straight forward. This is probably because the experimental set-up did not 
always show a strictly linear response, especially when the feedback gains where increased close to point 
of instability. Therefor most of the algorithm development and validation has been conducted empirically 
in the experiment. A first step in the development of the algorithm was the experimental characterization 
of the system behaviour and validation of the general characteristics seen in the simulations. 
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Figure 10 shows the experimentally estimated kinetic energy of the primary structure for a step wise 
increase in the feedback gain. The primary structure is excited at its base via a primary shaker (see Fig. 2) 
using LP filtered white noise. Figure 10a shows the results for a frequency ratio of two. Initially the 
feedback gain is set to zero, then every 30 seconds the gain is stepwise increased and the system is 
allowed to settle into steady state. It can be seen that the kinetic energy initially decreases with increasing 
feedback gain, up to an optimal gain of about 1.2. Above this optimal gain the kinetic energy is increasing 
again, due to spillover effects produced by the conditionally stable feedback loop. Note that the 
experimental gains stated are those set in the dSPACE system, which don’t include the gain of the power 
amplifier. Therefore the absolute values of the gains from simulations and experiments cannot be directly 
compared. Figure 10b shows corresponding results for a frequency ratio of six. Following the same 
procedure, it is found that the minimum of the kinetic energy is achieved for a feedback gain of about 2.8. 
For this feedback the system with a frequency ratio of two would have be unstable. The results shown in 
Figure 10 are in general agreement with the simulations in Figure 9. Such curves have been measured for 
several other frequency ratios but are omitted here for brevity. The example of frequency ratios of two and 
six will be used to demonstrate the function of the adaptation algorithm in the remainder of this paper. 

a) b) 

  
Figure 10: Kinetic energy of the primary structure (scribbly lines) for increasing feedback gains 

(stepped lines) for a) System with a frequency ratio of 2 and b) a system with a frequency ratio of 6. 

The adaptation approach chosen is relatively simple. Initially an average estimate of the kinetic energy of 
the primary structure without feedback control is taken and saved as reference. Then the feedback gain is 
increased in small steps. A new average estimate of the kinetic energy value is taken and compared to the 
initial one. Depending whether the new estimate is within, above or below a predefined tolerance limit, the 
direction of the gain steps is either kept the same (initially keeps increasing) or is reversed (feedback gain 
is decreased in small steps). If the new kinetic energy estimate is lower than the reference value then the 
new value is saved as new reference. If the new kinetic energy estimate is above the tolerance band around 
the reference value than the reference value is replaced by a high value. This reset allows the algorithm to 
find a new minimum since the old minimum may not be reachable anymore, e.g. because the primary 
excitation level has increased. This procedure is continuously repeated. Ideally the gain is increased till the 
optimum feedback gain is reached, which gives the minimum kinetic energy. A further increase of the 
feedback gain will cause an increase in the kinetic energy due to spillover effects. In this case the gain is 
reduced till the kinetic energy is again increasing due to the reduced levels of control force. Strictly 
speaking the feedback gain setting found in this way is not optimal but guarantees that the kinetic energy 
remains in a prescribed tolerance band around the minimum value. 

However, this approach only works if the control system is always operating within its linear limits and 
also only if the changes in the system happen slowly enough for the system to follow. For this reason the 
proposed algorithm contains two additional fail save criterion that aim to avoid stroke and current (force) 
saturation. Stroke and current saturation may for example occur due to transient effects in the primary 
excitation or if the primary excitation level is increasing significantly such that the IMA cannot provide 
the force and stroke necessary to reach the optimal feedback gain. Another scenario where stroke and 
current saturation are important is a sudden change of the characteristics of the primary structure, which as 
discussed above, may lead to an unstable control system. 
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In the experimental studies the stroke of the IMA has been measured using two accelerometers one on of 
the mass of the primary structure and one on the mass of the IMA. Inside the dSPACE system the two 
signals are integrated twice and subtracted from each other. One should note that it is necessary to apply 
relatively steep HP filtering before each integration step, hence the resulting estimate of the relative 
displacement has a certain time delay, which however is not critical for our application. The relative 
displacement measurement gained from the two accelerometers was compared to measurements with a 
differential laser vibrometer. After correcting for the time delays in the accelerometer measurements very 
good agreement was achieved between the two measurement methods. The measurement of the current 
through the IMA was taken directly from the current monitor output of the TIRA type BAA 120 power 
amplifier used to drive the IMA. Both the upper stroke and current limit were initially chosen based on the 
technical specifications of the IMA and the data sheet of the voice coil motor. During the experiment the 
limits were then adjusted based on experience and set to guarantee save operation of the IMA. 

For the experiments an additional fail save query has been implemented in the code. This query was 
running at the base sampling frequency of the dSPACE system and was triggered if the IMA proof mass 
touched the mass of the primary structure, in which case the control gain was set to zero and the 
adaptation algorithm was aborted. This allowed testing the systems sensitivity to stroke and current limits. 
However, in practice this additional fail save measure would not be part of the adaptation algorithm. A 
flowchart of the algorithm processes and a list of parameters that need to be predefined are given in 
Fig. 11 below. 

 

Parameter setting 

Description Value 

Constants 
Smoothing 
parameter W 10-5 

Gain increment XY 0.01 

Gain increment XZ 0.01 

Gain increment X[ 0.01 

Tolerance \ 0.03 

Current limit Z]^[ 1.3 A 

Stroke limit []^[ 2 mm 

Initialization 
Kinetic energy 

estimate _`Za	(a) 0 

Lower bound _`Za.]Za 105 

Direction b 1 

Figure 11: Flowchart of the adaptation algorithm with three loops with different sample time intervals 
(left). Table of the algorithm parameters with the values determined during the experiments (right). 

3.3 Adaptation Results 

Figure 11 shows the kinetic energy of the primary structure and the self-tuning velocity feedback gain 
over time. Figure 11a shows the results for a frequency ratio of two; initially the feedback gain is rising till 
it reaches a gain of about 1.3, which is close to the optimal gain found in Figure 10a. Due to some peaks in 
the kinetic energy, the new time average is larger than the previous and the adaptation direction is 
reversed. During the experiment the adaptation direction is reversed a couple of times, hence the feedback 
gain is held in a range between 0.4 and 1.5, which provides close to optimal control performance. Figure 
11b shows the corresponding results for a frequency ratio of six, after an initial setback around 90 seconds 
the feedback gain is continuously increasing and after 330 seconds reaches a value of 2.5, which close to 
the optimal gain found in Figure 10b. During the experiment the algorithm holds the gain in a range 
between 2 and 3, which is the range for which optimal control can be achieved. 
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a) b) 

  
Figure 12: Kinetic energy of the primary structure (scribbly lines) over time varying feedback gain 
(jagged lines) for a) System with a frequency ratio of 2 and b) a system with a frequency ratio of 6. 

Figure 12 shows the kinetic energy of the primary structure over time varying velocity feedback gain for a 
system switching from a frequency ratio of 2 to 6 and a system switching from a frequency ratio of 6 to 2. 
The switching of the frequency ratios is achieved by changing the natural frequency of the primary 
structure between 44 Hz and 132 Hz. Using the step motor of the primary structures variable stiffeness 
(See Fig. 2) this switch is achieved in less than 5 seconds. Figure 12a shows that the adaptation algorithm 
can easily follow the switch from a frequency ratio of 2 to 6 and reliably adjusts the feedback gain for 
optimal operation. However, the results in Fig. 12b show that the switch from a frequency ration of 6 to 2 
causes the control system to go unstable and to consequently shut down. It should be noted that in this 
experiment the stroke and current limit queries were disabled, hence the system has been shut down 
because the mass of the IMA has been colliding with the mass of the primary structure.  

a) b) 

  
Figure 13: Kinetic energy of the primary structure (scribbly lines) over time varying feedback gain 

(jagged lines) for a) switching from a frequency ratio of 2 to 6 and b) switching from a ratio of 6 to 2. 

Figure 13a shows the kinetic energy of the primary structure over time varying velocity feedback gain for 
a system switching from a frequency ratio of 6 to 2. In contrast to the results in in Fig 12b the stroke and 
current limit queries in the adaptation algorithm are enabled. The results for the IMA stroke and current 
are shown in Fig 13b and Fig 13c respectively. The stroke and current limits have been chosen to 
guarantee save operation of the feedback control unit. If these limits are exceeded the algorithm rapidly 
reduces the feedback gain. With this addition the adaptation algorithm passes the switch from a frequency 
ratio of 6 to 2 without going unstable. Although these limits are not exceeded often in the measurement 
shown in Fig. 14, it was found, that it is very important to consider these fast acting stroke and current 
limit query during rapid changes in the dynamics of the primary structure. These queries have also proven 
to be able to limit the feedback gain in order to guarantee save operation for primary excitations that are 
too high to implement the optimal control gain [11]. 
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a) 

 
b) c) 

  
Figure 14: a) Kinetic energy of the primary structure (scribbly lines) over time varying feedback gain 

(jagged lines) for a system switching from a frequency ratio of 6 to 2; b) IMA stroke over time; c) 
current though the IMAs voice coil over time (horizontal lines mark the set stroke and current limits). 

4 Conclusions 

This paper has presented research work on robust self-tuning velocity feedback loops for active vibration 
control using voltage driven electrodynamic inertial mass actuators. A feedback compensator for a voltage 
driven electrodynamic IMA has been derived, implemented and experimentally validated. The results 
presented highlight the importance of taking into account that most practical electrical power amplifiers 
are ideal voltage sources, which affects blocked force response of a practical IMA and needs to be taken 
into account in the design of the feedback controller/compensator. The primary structure under control 
considered in this paper is a base excited single degree of freedom system with a variable stiffness. For 
each natural frequency setting of the primary structure there is a specific optimal feedback gain setting that 
provides optimal control performance. Hence a practical online self-tuning algorithm has been developed, 
that tunes the feedback gain of the control unit to minimize the kinetic energy of the primary structure. 
Rather than finding one optimal feedback gain the algorithm aims to keep the feedback gain setting in an 
optimal range, which allows the algorithm to react to changes in the system dynamics. To guarantee safe 
operation, the algorithm also considers fast acting stroke and current limits of the control units IMA. The 
self-tuning algorithm has been experimentally validated on the primary structure with different natural 
frequency settings and also for cases where the natural frequency of the primary structure was changed 
significantly during the operation of the control unit. The initial results are very promising. However, the 
proposed algorithm has a number of parameters which have been empirically estimated. More studies, 
considering different primary structures and control units are necessary to investigate how the algorithm 
may be improved and how the involved parameters can be chosen in a systematic way. 
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