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Abstract 
This paper presents simulations and experimental results on the stability, performance and power 

consumption of a Multiple Input Multiple Output (MIMO) Active Vibration Control (AVC) system 

comprising six inertial mass actuators (IMAs), when centralised and decentralised velocity feedback 

control architectures are implemented. The open-loop (OL) matrices for the centralised and decentralised 

systems are calculated and the AVC stability is assessed using the generalised Nyquist criterion for both 

control architectures. The control performance and the apparent power consumption of the AVC system 

IMAs are compared and discussed. Additionally, the percentage of reactive power is evaluated. Initial 

results show that both control architectures achieve similar control performances for simulations and 

measurements. However, the measured total apparent power as well as the reactive power consumption is 

higher than in simulations. Measurements show higher reactive power for the decentralised AVC. 

1 Introduction 

Structural vibrations represent a problem in lightly damped constructions. In vehicle and transportations 

industries (e.g. aerospace, automotive, naval etc.), lightweight design is increasingly important, due to the 

strict requirements on CO2 emissions and fuel consumption. This may lead to lightly damped lightweight 

structures and hence to vibration problems. Passive measures are generally a first choice to cope with 

those problems. However, in order to be effective in the low frequency range, they tend to be heavy and 

bulky. For this reason, Active Vibration Control (AVC) systems are a promising approach for vibration 

attenuation whenever passive approaches are inadequate [1]. AVC systems exploit active elements 

(actuators) which apply forces to the structure under control in order to obtain stiffening, damping or 

isolation effects, depending on the implemented control strategy [2]. 

A notable control strategy for the attenuation of structural resonant peaks is to implement velocity 

feedback control (VFB) using AVC system comprising Inertial Mass Actuators (IMAs). VFB control is a 

linear time invariant control strategy which allows implementing active viscous damping into the structure 

under control [1, 3]. In this control strategy, a velocity signal taken from the structure is amplified and fed 

back via force transducers. The resulting effect is the addition of viscous damping into the structure [4, 5] 

which results in a broadband attenuation of the resonant response peaks. VFB has been intensively 

investigated for implementing active damping for vibro-acoustic applications [6, 7].  

For the application of AVC systems on large structures, multiple actuators might be needed. In this case, 

the AVC system is composed of several actuators and sensors distributed on the controlled structure, 

resulting in a Multiple-Input-Mulitple-Output (MIMO) system [8]. MIMO AVC systems can be 

implemented with a centralised or decentralised control architectures. In centralised control systems all  
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 sensor signals are fed into a single processor controller which evaluates all control signals for the 

actuators [3]. The centralised MIMO AVC system can be composed of a different number of actuators and 

sensors. The actuators and sensors can be selectively used to control different vibrational modes [1, 5]. 

However, centralised controllers may be difficult to implement, when a large number of actuators and 

sensors are used. The computational burden of centralised controllers scales drastically up with the 

number of sensors and actuators involved, limiting their applications. Alternatively, decentralised control 

consists of an equal number of sensors and actuators arranged in closely collocated pairs. Each actuator-

sensor pair works independently in order to achieve a common result (e.g. kinetic energy reduction) [3]. 

This kind of control architecture is easier to be implemented since each controller deals with a single 

actuator-sensor pair. 

Several studies compared the performance of VFB implemented on MIMO AVC systems with centralised 

and decentralised architectures. These studies show that VFB implemented on centralised AVC systems 

allow slightly higher performance than decentralised AVC systems [9, 10, 11]. However, in many cases 

the relatively low expected improvement in performance may not justify the implementation of centralised 

controllers. 

One aspect that has generally not received much attention in previous studies is the electrical power 

consumption of AVC systems. In particular, thus far the difference in the power consumption between 

different MIMO VFB AVC system architectures has not been investigated in any greater detail. Most 

studies focus on performance achieved by the two control architectures rather than the power 

consumption. However, due to the strict requirements on power consumption for some applications, an 

additional discriminant aspect between the two control architectures may be the amount of electrical 

power required by the actuators. 

In the following sections, a simulation and experimental studies on the stability, performance and power 

consumption of MIMO centralised and decentralised AVC systems is presented. In section two, the 

laboratory test rig and the simulation model is introduced. The studied AVC system is composed of six 

electrodynamic IMAs and six acceleration sensors. It is implemented to a laboratory six cells truss 

structure. In the third section, the stability analysis of the MIMO AVC system for the centralised and 

decentralised architectures is presented. In the fourth section, the simulation and experimental results for 

the performance and power consumption of the systems are presented and discussed. In the fifth section, 

the results and conclusions are summarised and an outlook on future work is given. 

2 The laboratory test rig and the simulation model 

This section presents the experimental test rig and the simulation model considered in this study. Figure 1a 

shows the laboratory test rig composed of a six cells truss structure with a MIMO AVC system with six 

IMAs attached. The disturbance force is induced using a ‘primary’ shaker, which is suspended from an 

external frame using elastic rubber bands and coupled to the truss structure via a stinger and a force gauge. 

a) b) 

 
 

Figure 1– a) Laboratory six cells truss structure b) FEM model of the six cells truss structure, with the 
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The six cells truss structure is composed of 28 nodes, connecting 52 short and 24 long struts. The short 

struts are used as vertical and horizontal elements, while the long struts are used as diagonal elements. The 

structure is mounted on four low stiffness rubber mounts at the four principal corners. The low stiffness of 

the rubber mounts guarantees that all the rigid body modes of the structure lie below 16 Hz. Six global 

modes occur within the frequency range from 50 Hz to 162 Hz. Three rhombic modes occur at 52.7 Hz, 

54.2 Hz and 130.2 Hz. The first two bending modes occur at 143.5 Hz and 144.2 Hz and the first torsional 

mode occurs at 161.5 Hz. The modes occurring above 161.5 Hz are mostly local modes of the struts. The 

results from preliminary studies on the truss structure are presented in Ref. [12]. The results from 

experimental modal analysis on the six cells truss structure are given in Ref. [13]. 

Figure 1b shows the finite element method (FEM) model of the truss structure. The model consists of 

individual strut models of different lengths. These struts are modularly built up consisting of two 

connection bolts, two coupling nuts and the beam. The connections between the beams, the connection 

bolts and the two connecting nuts are defined by elastic element connections, for which the values were 

determined experimentally. The FEM model of the truss structure consists of more than 33000 degrees of 

freedom (DOF). The high number of degrees of freedom makes this model unpractical for numerical 

investigations on AVC systems. Hence, for the purpose of this study, the FEM model is reduced to the 

first 60 modes, which occur in the frequency range between 0 and 250 Hz. The input (forces) and output 

(velocities) points of the reduced order model are selected to be the fourteen connecting nodes on the top 

of the truss structure numbered as in Figure 1b. The degrees of freedom are constrained to translation in x-

direction only. The reduced model is then converted to a state space model with 120 states using the 

AdaptroSim™ toolbox developed at the Fraunhofer LBF [14] and imported in Matlab® Simulink® for 

numerical simulations. 

a) b) 

  

Figure 2 – FRFs of the mean total velocity normalised by the input force at node 9 – a) Simulations; b) 

Measurements 

Figure 2 shows the frequency response functions (FRFs) of the total mean velocity of the truss structure 

normalised to the external primary disturbance force introduced at node 9 in x-direction. Figure 2 shows 

the simulation results obtained with the reduced order model. Figure 2 b shows the experimental results 

obtained from measurements on the truss structure on the fourteen output nodes. In both the simulation 

and the laboratory experiment, the peak responses of the rigid body modes occur between 0 Hz and 15 Hz 

and the peak responses of the first six global modes occur between 39 Hz and 162 Hz. The frequencies of 

the individual response peaks of the rigid and global modes in the simulated FRF match well with those in 

the measured FRF. A higher difference can be noted for the frequency of the response peak of the first 

rhombic mode, which occurs around 39 Hz in the simulation and around 52.7 Hz in the laboratory 

experiment (see Figure 2). The peak amplitudes in the simulated FRF are slightly lower than the 

amplitudes of the response peaks in the measured FRF. The results in Figure 2 show good general 

agreement for both rigid body and global modes occurring in the considered frequency range from 0 Hz to 

250 Hz, which is sufficient since this study focuses to the AVC performance achieved on the global modes 

of the truss structure. 

The six IMAs composing the AVC system (also visible in Figure 1a) are Fraunhofer LBF in house 

designs. The IMAs are constructed from a linear electrodynamic voice coil motor, where the coil is rigidly 
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mounted on the base. An aluminium beam, which is also rigidly mounted to the base, goes through the 

centre hole of the magnet. The magnet is suspended from the base via two membrane springs. If a current 

flows through the coil, a force is generated between the base and magnet which acts an inertial mass. 

Figure 3 shows the IMA used for the AVC system. In particular, Figure 3b shows the lumped parameter 

model used to describe the dynamic behaviour of the IMAs in the simulations. The moving mass 

corresponds to the mass of the magnet, while the static mass corresponds to the coil and the other 

structural elements rigidly connected to the base of the IMA. The mechanical characteristics of the 

membrane springs have been modelled as simple stiffness and damping elements. The electrical 

characteristics of the coil are modelled using inductive and resistive elements in an LR-2 model, which 

takes into account the divergence with the pure inductive behaviour of the theoretical electrical 

impedance. This model describes more precisely the behaviour of the electrical impedance at higher 

frequencies, where the effects of the inductance losses due to the eddy currents in the conductive magnetic 

pole are increasingly important. A comparison between the experimentally evaluated electrical impedance 

and the LR-2 model of the IMAs is given in Ref. [15]. The linear parameters of the six IMAs have been 

experimentally identified and are listed in Table 1. 

a) b) 

  

Figure 3 – a) Picture of an IMA used in the AVC system b) Lumped parameter model of the IMAs 

The positioning of the IMAs on the truss structure is the result of previous research work [16, 17], where 

the scalar controllability measure, proposed by Hàc and Liu [18], has been applied to all possible 

combinations of positioning for six ideal forces on the fourteen input points on the truss structure. The 

results have shown that the positioning with the highest controllability degrees allow higher performance 

with lower electrical power consumption than the positioning with the lower controllability degrees. For 

this study, the IMAs positioning with the highest controllability degree have been selected. According to 

the node numbering convention used in Figure 1b, the IMAs are applied to nodes 8, 10, 14, 15, 20 and 21. 

Parameters Mmoving [kg] Mstatic [kg] ωn [Hz] c [Ns/m] k [N/m] L [mH] R [Ω] φ [N/A] 

IMA 1 – Node 8a 0.65 0.35 25.5 7.9 16660 4.5 2.4 10 

IMA 2 – Node 10 0.65 0.35 26.5 7.5 17993 4.5 2.4 10 

IMA 3 – Node 14 0.65 0.35 27.25 7.1 19026 4.5 2.4 10 

IMA 4 – Node 15 0.65 0.35 27 7.5 18886 4.5 2.4 10 

IMA 5 – Node 20 0.65 0.35 26.25 7.3 17655 4.5 2.4 10 

IMA 6 – Node 21 0.65 0.35 27.5 7.2 19376 4.5 2.4 10 

Table 1. Electro – mechanical parameters of the IMAs 1 to 6 

3 Stability analysis of centralised and decentralised AVC system 

This section presents the stability analysis for the VFB implemented using centralised and decentralised 

AVC system architecture. Firstly, an open loop compensator and the gain matrix calculation for 
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simulations and experiments are presented. Secondly, the gain matrices used for the simulation and 

measurements are presented. Thirdly, the stability of the two AVC system architectures is discussed. 

3.1 Open loop compensator  

Due to the interaction between the rigid body modes of the truss structure and the IMAs own dynamics at 

low frequencies, the AVC system is only conditionally stable. The electrodynamic IMAs are typically 

driven by a controlled voltage source. In this case, above the electrodynamic cut-off frequency of the 

IMAs the amplitude of the IMAs blocked force FRF drop with increasing frequency and the phase 

converges to -90°. This can cause unwanted spillover effects that compromise the performance of the VFB 

loops for frequencies above the IMAs electrodynamic cut-off frequency. 

In order to improve the stability and performance of the feedback loops an open-loop (OL) compensator 

has been designed. The compensator is designed to cope with the above mentioned effects in order to 

improve the stability and the performance of the system. The stability and performance of the feedback 

loops can be assessed by studying the OL FRF with the Nyquist criterion. Figure 4 shows the Nyquist and 

the equivalent Bode plots of the measured OL FRF of an IMA applied at node 20 for the uncompensated 

and compensated cases. According to the Nyquist criterion, the system is stable if the OL-FRF does not 

encircle the Nyquist point [-1 0j], which corresponds to the phase of the OL-FRF crossing 180° and the 

amplitude being larger than one at the same frequency. If the phase of the OL FRF crosses 180° at a 

frequency which its magnitude is lower than one, then the feedback loop is conditionally stable. The grey 

coloured regions in Figure 4 correspond to the spillover areas. At the frequencies corresponding to the OL 

FRF points lying inside these regions, spillover effects are produced by the closed feedback loops, i.e. the 

response of the structure under control is amplified. The uncompensated OL FRF shown in Figure 4 

crosses the real negative axis in several points in the frequency range between 0 to 55 Hz. This frequency 

range includes the response peak of the first rhombic mode around 52.7 Hz, which hence cannot be 

controlled efficiently. The results for the compensated case of Figure 4a and b show that the sizes of the 

circles on the left hand side of the Nyquist plot are significantly reduced compared to the uncompensated 

case. The circle corresponding to the first rhombic mode of the truss structure is rotated clockwise out of 

the spillover region. Hence, the compensator significantly improves the stability and performance of the 

feedback control loop. A more detailed analysis of the compensator design can be found in Ref. [17]. 

     a)       b) 

 

 

Figure 4 – Experimentally evaluated OL FRF for the IMA mounted at node 20 – a) Nyquist plot; b) Bode 

diagram. (Uncompensated – dotted blue line; Compensated – continuous black line) 

3.2 Gain matrix calculation 

In this section, the evaluation of the gain matrices for the simulations and the experimental analysis is 

presented. The AVC system is composed of six IMAs and six co-located acceleration sensors. Each IMA 

can be closed in feedback looped with any of the sensors composing the AVC system. Hence, in this case, 
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the AVC system is composed of thirty-six feedback loops and the full gain matrix is a six by six matrix 

where each gain refers to each of the loops of the system.  

Thirty-six OL-FRFs are used to determine the gains of the matrix. The OL-FRFs are evaluated between 

the inputs to the power amplifiers driving the IMAs and the acceleration sensor signals at each considered 

node position, filtered by the controller function. The gains that guarantee stability and satisfying 

performance of each individual loop are evaluated. Usually in literature, half of the maximum stable gain 

is known as 6 dB gain margin and is used as criterion for a sufficient feedback stability. However, gains 

which guarantee 6 dB stability margin may cause excessive spillover which compromise the performance 

of the system. For this reason, a more conservative gain is represented by the 6 dB spillover gain. This 

gain value insures that each of the individual loops is stable and the spillover of each individual loop is 

limited to 6 dB at a single frequency. The 6 dB spillover gains corresponds to the gain values which give 

OL FRFs that tangent a circle of radius 0.5 around the Nyquist stability point [-1 0j].  

Table 2 lists the 6 dB spillover gain matrices for the simulated and measured thirty-six OL-FRFs. The 

gains refer to the OL-FRFs between the input voltages sorted in the rows and the output signals sorted in 

the columns for each of the six node positions considered. The signs of the gains are chosen according to 

the phase relation between the input voltages and the output signals, in order to guarantee maximal 

performance on the frequency range of interest. Table 2a lists the gain values for the simulated OL-FRFs. 

The simulated gain matrix is dominated by gains along the main diagonal which are an order of magnitude 

higher than the off diagonal values, except for the gains referring to the loop between IMA at node 20 and 

the sensor signal at node 21 and the loop between IMA at node 21 and the sensor signal at node 20. Table 

2b lists the gain values for the measured OL-FRFs. The diagonal values of the measured gain matrix are 

generally higher than the off-diagonal values, however the off diagonal terms are relatively larger than in 

the simulation. 

              a)                       b) 

  Sensor positions 

  8 10 14 15 20 21 

IM
A

 p
o

si
ti

o
n

s 

8 +3.10 +0.24 +0.22 +0.12 +0.28 +0.21 

10 +0.24 +5.71 +0.24 -0.17 -0.61 -0.37 

14 +0.22 +0.24 +3.10 +0.2 +0.15 +0.12 

15 +0.12 -0.17 +0.20 +3.19 -0.31 +0.23 

20 -0.27 -0.61 +0.16 -0.32 +4.98 +4.65 

21 +0.19 -0.37 +0.12 +0.23 +5.10 +3.26 

 

  Sensor positions 

  8 10 14 15 20 21 

IM
A

s 
p

o
si

ti
o

n
s 

8 +3.32 +1.35 +1.09 -0.59 -2.87 +1.17 

10 +1.25 +10.0 -1.37 -1.16 -4.08 -3.87 

14 +1.11 +1.37 +2.72 +1.13 -0.71 -0.49 

15 -0.55 -1.11 +1.33 +3.47 -3.97 +0.93 

20 +3.12 -3.68 -0.72 -3.08 +5.36 +3.11 

21 +1.27 -3.87 -0.60 +1.07 +4.23 +3.20 

 

Table 2 – a) Simulated 6 dB spillover gain matrix b) Measured 6 dB spillover gain matrix 

3.3 Stability analysis 

The gain values evaluated in the previous sections guarantee that each individual loop is stable and does 

not produce spillover higher than 6 dB. However, for MIMO systems, the stability of the individual 

feedback loops is not sufficient to guarantee the stability of the entire system with centralised or 

decentralised architectures. The robustness of MIMO systems decreases with increasing number of IMAs, 

due to the cross excitation [19]. The MIMO AVC system stability can be assessed using the Generalised 

Nyquist criterion [20]. According to the generalised Nyquist criterion, the MIMO feedback system is 

stable if none of the frequency dependent eigenvalues of the fully populated OL system matrix encircles 

the Nyquist instability point [-1 0j]. For the application of this criterion, the Feedback system needs to be 

composed of an equal number of sensors and actuators. 
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Figure 5 – AVC MIMO Feedback loop 

Figure 5 shows a schematic block diagram representation of a generic MIMO AVC feedback loop. Let´s 

consider the systems with equal numbers of sensors and actuators. The block H represents the matrix 

describing the system dynamics, G represents the gain matrix, C represents a diagonal matrix where the 

diagonal elements describe the Compensators functions, F/U represents a diagonal matrix where the 

diagonal elements describes the IMAs dynamics and the Zbase represents a diagonal matrix corresponding 

to the static masses of the IMAs attached to the structure. From this representation, the fully populated OL 

system matrix can be evaluated as the result of the following matrix operation: 

[G]T [C][F/U] [H] + [Zbase] [H]. (1) 

In this case, G and H matrices are both square matrices since the AVC system is composed of six IMAs 

and six acceleration sensors. The simulated fully populated matrices for the MIMO centralised and 

decentralised AVC system are calculated considering the gain matrices in Table 2a, where for the 

decentralised case the gain matrix the off-diagonal elements are set to 0. 

a) b) 

  

Figure 6 – Nyquist plots of the eigenvalues of the simulated OL system matrix for a) centralised and b) 

decentralised AVC system 

Figure 6 shows the simulated eigenvalues of the OL system matrix for the centralised and decentralised 

AVC system. According to the generalized Nyquist criterion, the gain matrix resulting from the individual 

6 dB spillover gains lead to an unstable AVC system, for both centralised and decentralised control 

architectures. In fact, two of the six frequency dependent eigenvalues of the OL system matrix encircle the 

Nyquist instability point at [-1 0j]. The eigenvalues of the centralised AVC system are larger than the 

eigenvalues those for the decentralised architecture. The values of both gain matrices need to be reduced 

in order to obtain stable AVC systems. In this form, the generalized Nyquist criterion can be analysed 

similarly to the classical Nyquist criterion. The eigenvalue analysis can be used to calculate a single value 

scaling factor λmax that scales all gains of the OL system matrix uniformly in order to achieve a stable 

system. 

Gmax = λmax ∙ [G] T. (2) 

The gain setting resulting from equation 2 corresponds to the maximum stable gain setting, while 

maintaining the relative proportions among the gain values of the original matrix. In this study, the scaling 

factor λmax has been evaluated for both the centralised and the decentralised architectures with values of 

0.03 and 0.037, respectively.  

Figure 7 shows the measured eigenvalues of the OL system matrix for centralised and decentralised AVC 

system architectures. As in the simulations, the gain settings that satisfy the 6 dB spillover criterion for the 

H

Zbase

F/U 
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individual feedback loops yield unstable MIMO VFB AVC systems. Two of the eigenvalues encircle the 

Nyquist instability point at [-1 0j] for both the centralised and the decentralised system architectures. 

Similarly to the simulation results, the eigenvalues for the centralised AVC system are larger than the 

eigenvalues of the decentralised AVC system. However, the eigenvalues of the measured OL system 

matrix are significantly smaller than those from simulation. Differently than simulations, the Generalised 

Nyquist could not be used to determine the scaling factor λmax. The scaling factors resulting with the 

Generalised Nyquist were beyond the stability of the systems. Hence, the values have been determined 

experimentally by increasing the scaling factors λmax until the systems resulted unstable. The scaling factor 

λmax for the centralised and decentralised architectures, are evaluated to 0.1 and 0.14, respectively. As in 

the simulations, the scaling factor for the decentralised architecture is larger than that for the centralised 

architecture.  

a) b) 

  

Figure 7– Nyquist plots of the eigenvalues of the measured OL system matrix for a) centralised and b) 

decentralised AVC system 

4 Performance and Power consumption analysis 

In this section, simulations and experiments on the performance and power consumption of the centralised 

and decentralised AVC system are analysed and compared. The control performances are evaluated in 

terms of changes in the kinetic energy of the truss structure R and Ractive evaluated as follows: 

𝑅 =
�̅�𝑘

�̅�𝑘0
  and  𝑅𝑎𝑐𝑡𝑖𝑣𝑒 =

�̅�𝑘

�̅�𝑘1
  where  �̅�𝑘,𝑘0,𝑘1 = ∫(

∑ |
𝑣𝑛
𝐹
|21

𝑛=8

14
)

2

(𝜔)𝑑𝜔   (3) 

where �̅�𝑘 refers to the actively controlled total mean kinetic energy and �̅�𝑘0 refers to the mean kinetic 

energy of the uncontrolled truss structure without IMAs and �̅�𝑘1  refers to the mean kinetic energy of the 

uncontrolled truss structure with IMAs. The total mean kinetic energy of the truss structure is estimated 

using the x- direction velocities 𝑣𝑛 on locations from 8 to 21, see Figure 1b. The total mean kinetic energy 

has been evaluated in the frequency range of the global structural modes of the truss structure from 30 Hz 

to 200 Hz. The primary disturbance force F is applied at node 9. The truss structure is excited using a 

Low-pass filtered white noise signal. The cut-off frequency of the low pass filter is set to 500 Hz. The root 

mean square (RMS) value of the primary force excitation is 3.3 [N] for both, the simulations and the 

measurements. Both the time domain simulations and measurements were conducted using a sampling 

frequency of 16384 Hz. 

The total apparent electrical power required by the IMAs is evaluated by summing the apparent power 

consumption of the six individual IMAs. The apparent power corresponds to the actual electrical power 

required by the IMAs to operate and represents the most conservative estimation for the power 

consumption. However, only a part of the apparent power is used to do work. This component is referred 

to as active electrical power. The remaining part of the power provided to the IMAs is oscillating between 

the IMAs and the power amplifier due to the phase shift between current and voltage. This part of the 

electric power is referred to as reactive power, which may be recovered using suitable power amplifiers 

which are able to store and regenerate the oscillating power. Hence additionally to the apparent electrical 

power, the percentage of reactive power involved in driven the IMAs is also evaluated. 
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The performance and the power consumption of the AVC system with centralised and decentralised 

architectures are estimated for eleven different gain settings. Each gain setting uses the gain matrices 

presented in Table 2, which are uniformly scaled by a factor λ, as proposed in the previous section. The 

eleven values of scaling factor λ have been linearly spaced in the range from 0 to λmax evaluated for the 

corresponding control system architecture investigated in the simulations and the experiments. At each 

gain settings, the change in the kinetic energy, the total apparent electrical power consumption and the 

percentage of reactive power has been evaluated. 

4.1 Simulation results 

Figure 8 shows the simulation results for the changes in the kinetic energy over the total apparent 

electrical power consumption of the IMAs normalized by to the primary disturbance force for both the 

centralised and decentralised AVC system architectures. The results shown in Figure 8a are evaluated with 

reference to the truss structure without the IMAs mounted (total passive and active control effects) and the 

results in Figure 8b are evaluated with respect to the truss structure with passive IMAs mounted (active 

control effects). The results in Figure 8a show that mounting the IMAs onto the truss structure already 

results in a passive reduction of the truss structure kinetic energy of 2.4 dB. Increasing the scaling of the 

gain matrix of the AVC systems a maximum total kinetic energy reduction of about 6 dB for a total 

apparent electrical energy consumption of 2 10-3VA/N is achieved for both the centralised and 

decentralised AVC system architectures. Increasing the gain scaling further until the maximum stable 

values are reached, the performance of the AVC systems decreases due to the increasing control spillover. 

The results in Figure 8b show that the maximum active control reduction in the kinetic energy is 3.6 dB 

for both AVC system architectures. The results for the control performance over apparent power electric 

power consumption are very similar. However, this can be explained by the dominance of the diagonal 

terms in the OL system matrix given in Table 2a. This corresponds well to the findings of Frampton et al. 

[10]. 

a) b) 

  

Figure 8 – Simulated variations of the kinetic energy for total apparent power consumption normalized - a) 

with respect to the uncontrolled structure and b) with respect the truss structure with the IMAs 

Figure 9a and b show the simulated FRFs of the velocity spectra in the x-direction averaged over all 14 

selected nodes of the truss structure normalized to the excitation force, for centralised and decentralised 

AVC systems architectures. The simulated FRFs of the uncontrolled truss structure without the IMAs is 

compared to the structure with passive IMAs and with the AVC system with the gain matrix scaling 

corresponding to the optimal performance point found from the results shown in Figure 8 and the 

maximum stable gain matrix scaling factor given in Section 3.3. As discussed above the response of the 

truss structure is considerably reduced by attaching the passive IMAs. The added mass shifts the response 

peaks of low order global modes towards lower frequencies. The passive IMAs also efficiently reduce the 

response peak of the first rhombic mode around 39 Hz by approximately 4 dB leading to the overall 

reduction of 2.4 dB reported above. Applying the optimal gain scaling, the response peaks of all global 

modes are efficiently reduced for both AVC system architectures. Control spillover occurs around 30 Hz, 

however its amplitude is low enough to not significantly affect the overall control performance. For the 
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maximum stable gain scaling, there are very little further reductions in the response peaks of the global 

structural modes of the truss structure. However, the magnitude of the spillover around 30 Hz is increased 

significantly, which affects the overall performance of the AVC systems (compare to Figure 8). 

a) b) 

  

Figure 9 – Simulated FRF of the mean velocity normalized to the excitation force in the frequency range 

from 20 to 200 Hz – a) Centralised and b) Decentralised AVC system 

Figure 10 shows the percentage of reactive compared to the apparent power consumed by the IMAs for 

the centralised and decentralised architectures evaluated from the simulations. As for the performance and 

the total power consumption, the amount of reactive power involved for the centralised and decentralised 

AVC systems are very similar. At the lowest gain matrix scaling analysed, the reactive power is assessed 

to be around 38 % of the total apparent power. The percentage of reactive power decreases continuously 

with increasing total apparent power consumption, reaching a minimum of about 17 % for the maximum 

stable gain matrix scaling. 

 

Figure 10 – Percentage of reactive power with respect to the total apparent power evaluated from 

simulations 

4.2 Experimental results 

This section presents the experimental results for the centralised and decentralised velocity feedback 

implemented on the AVC system composed of six IMAs. Figure 11 shows the measured changes in the 

kinetic energy over the total apparent power consumption of the IMAs. As in the simulations, the results 

in Figure 11a are evaluated with respect the uncontrolled structure without the IMAs mounted, and the 

results in Figure 11b are evaluated with respect to the uncontrolled structure with the IMAs installed. 

Figure 11a shows that the passive effect of the IMAs yields a reduction of 4.8 dB in the kinetic energy of 

the truss structure. Increasing scaling factor of the feedback gain matrix of the AVC systems a maximum 

reduction of 8.3 dB for a total apparent electrical energy consumption of 2.6 10-2 VA/N is achieved for the 

centralised AVC system and a maximum global reduction of 8.1 dB for a total apparent electrical energy 

consumption of 2.1 10-2 VA/N for the decentralised AVC system is achieved. Increasing the gain scaling 

further until the maximum stable values are reached, the performance of the AVC systems decreases due 

to the increasing control spillover. The results in Figure 11b show that the maximum active control 

440 PROCEEDINGS OF ISMA2018 AND USD2018



reduction in the kinetic energy is 3.5 dB for the case of the centralised AVC system and 3.3 dB in the case 

of decentralised AVC system. The centralised AVC system slightly outperforms the decentralised AVC 

system. However, the performances are generally comparable. 

 

a) b) 

  

Figure 11– Measured variations of the kinetic energy per total apparent power consumption normalized -  

a) with respect to the uncontrolled structure and b) with respect the truss structure with the IMAs 

Figure 12a and b show the experimentally evaluated velocity spectra averaged over all 14 nodes 

normalized to the primary excitation force for the truss structure without IMAs installed, with six passive 

IMAs installed and with six IMAs installed with optimal and maximum stable gain matrix scaling for the 

centralised and decentralised AVC systems. The optimal gain matrix scaling corresponds to the optimal 

performance point found from the results shown in Figure 11 and the maximum stable gain matrix scaling 

factor is that given in Section 3.3. It can be observed that the passive IMAs cause a shift of the peak 

response of the third rhombic mode from around 129 Hz to approximately 137 Hz and a shift of the 

response peak of the first torsional mode from around 161,8 Hz to 171 Hz. A new response peak arises 

around 118 Hz. These shifts and the reductions of the response peaks due to the installation of the passive 

IMAs in the measurements are higher than the passive effects seen in the simulations in Figure 9. This 

could be due to the reduction of the DOFs of the selected input/output position nodes of the truss structure 

to translation in the x-direction only. Hence, in simulations, the IMA forces and masses cannot affect the 

response of the truss model in other DOFs. However, in practice there will be such effects.  

 

a) b) 

  

Figure 12– Measured FRF of the mean velocity normalized to the excitation force in the frequency range 

from 20 to 200 Hz – a) Centralised and b) Decentralised AVC system 

However, the results in Figure 12 show that with the ‘optimal’ scaling of the gain matrices both AVC 

systems efficiently reduce the response peaks corresponding to the global modes of the truss structure in 

the entire observed frequency range. However, control spillover occurs around 40 Hz. For the maximum 

stable scaling of the gain matrices, minor further reductions are achieved around the response peaks of all 

global modes. However, there is a significant increase in the spillover peak around 40 Hz, which 
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outweighs the additional reductions and results in a reduced overall performance (compare to Figure 11).  

As for the simulations the results for the centralised and decentralised AVC systems are generally similar. 

Some differences between the results for the two control architectures can be observed for the response 

peak of the rhombic mode around 54 Hz, which is more efficiently damped by the centralised AVC 

system, and for the response peak around 137 Hz, which is more efficiently damped by the decentralised 

AVC system. 

Figure 13 shows the percentage of reactive power per total normalized apparent power evaluated from the 

measurements. As in the simulations, the percentages of reactive power decrease as the total apparent 

power provided to the IMAs increases. However, the percentages of the reactive power evaluated from the 

measurements are significantly higher than those evaluated from simulations. Also the percentages of 

reactive power for the decentralised AVC system for all values of total apparent power are significantly 

higher than those evaluated for the centralised AVC system. For lower amounts of apparent power 

provided to the IMAs, the percentage of the reactive power for the decentralised AVC system is close to 

the 80%. With increasing total apparent power, the percentage of reactive power reaches a minimum of 

reaching of 45% for the maximum stable gain matrix scaling. For the centralised AVC system, the 

percentage of reactive power ranges from 65% for the minimum total apparent electrical power provided 

to the IMAs to 14% for the maximum stable gain matrix scaling. 

 

Figure 13 – Percentage of reactive power with respect to the total apparent power evaluated from 

measurements 

5 Summary, Conclusions and Outlook 

This paper presents the results of simulation and experimental studies on the stability, performance 

and power consumption of a VFB AVC system comprising six IMAs and six acceleration sensors 

installed on a six cells truss structure considering both centralised and decentralised system 

architectures. The gain matrices are initially evaluated for gain values which limit the control 

spillover for each of individual feedback loop of a fully populated AVC system matrices to a 

maximum of 6 dB. The resulting matrices show that the gain values on the diagonal are 

considerably larger than the off-diagonal ones, in particular in the simulation. However the stability 

analysis via the generalised Nyquist criterion shows that these gain matrix settings result in 

unstable MIMO control systems for both the centralised and the decentralised AVC system 

architectures, in the simulations as well as in the measurements. Hence, a uniform scaling factor is 

introduced, which allows to scale the gain matrices in order to satisfy the desired stability and 

maximum spillover criterion for the MIMO control systems. Finally, the simulation and 

measurement results of the performance and power consumption are presented for different gain 

matrix scaling factors. In the simulations, centralised and decentralised AVC systems achieve very 

similar results for both the control performance and the electrical power consumption. This is 

because the fully populated gain matrix is dominated by the terms on the diagonal, hence 

centralised and decentralised systems are bound to perform similarly.  In the experimental study the 

centralised AVC system slightly outperforms the decentralised AVC system. The percentages of 

reactive power of the total apparent power consumption evaluated from measurements are generally 

higher than those evaluated from simulations. Also the evaluation of the measurements for the 
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decentralised AVC system yield considerably higher percentages of reactive power than those for 

the centralised AVC system. Hence, using power amplifiers that can recuperate reactive electric 

power may give the decentralised AVC system an edge over the centralised AVC system in terms of 

energy efficiency. However, these results are not yet fully conclusive and are part of ongoing 

research work. In future studies, it is intended to investigate AVC systems composed of six inertial 

mass actuators applying different control strategies (e.g. feedforward or internal model control) on 

the laboratory truss structure described in this paper. 
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