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Abstract 
Distributed control is nowadays a very active field of research, thanks to potential applications which require 

high scalability and reliability. The paper deals with the optimization of active vibration suppression of the 

planar flexible systems equipped by regular and dense matrix of multiple sensors and actuators. The 

H-infinity design with predefined controller structure has been chosen as an appropriate control method. 

At first, performance of H-infinity regulator was experimentally tested on simple beam demonstrator with 

piezoelectric patches as sensors and actuators. The simulation model of larger planar demonstrator has been 

firstly modelled by FEM and then exported into the state space form. Decentralized and distributed control 

laws have been investigated. The feasibility of attenuation of a large set of flexible modes has been 

demonstrated for the model of the demonstrator. The demonstrator itself has been prepared for the ongoing 

experiments. The possibility of alternative actuation by clusters of actuators has been also analyzed. 

1 Introduction 

Distributed control is nowadays a very active field of research, thanks to potential applications which require 

high scalability and reliability. The main advantage of using distributed control is the locality of the 

necessary measurement and actuation. The measurements are collected and processed in a distributed 

manner. This kind of control can be applied to many different systems including, for example, platoons 

of vehicles, the groups of mobile robots and others [1]. Important applications of distributed control are also 

in the branch of the vibration suppression or eventually motion control of light flexible structures. 

The established paradigm in past and current active damping and shape-control projects is as follows. 

The mechanical object is defined first. Systems detailed design and modelling phases follow [2], [3]  giving 

rise to very accurate FEM models with many of thousands of degrees of freedom. Model order reduction 

[4], [3] then gives accurate-enough yet tractable models for optimal actuators and sensors placement [5], 

[6], [7]. Finally a very limited number of them is considered (say up to twenty) for the design of the control 

laws [3]. Alternatively for existing prototypes, the experimental identification approach can be applied to 

get the mathematical models directly via experimental modal analysis [8]. Finally, validation and 

verification of the solutions by high-fidelity simulations is performed, followed by laboratory experiments 

and final deployment of the product. From a technological point of view, it should be feasible in relatively 

near future to have piezo materials integrated to the primary structure in the form of network of multiple 

piezo patches, or even layers creating the  „mechatronic material“. Such future mechatronic material will 

ideally contain not only a dense and regular matrix of actuators and sensors, but also attached embedded 

microcontrollers. One can hope that relatively simple and scalable control algorithms could be developed 

that shall work (after just minor modifications or tuning based e.g. on experimental identification) for 

arbitrary considered shape of final product made of this mechatronic material. The aim of the paper is the 

choice of the control concept appropriate for distributed active vibration suppression, the control and 

mechatronic structure optimization and the preparation of demonstrator suitable for the experimental testing 
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of distributed vibration suppression. The structure of the paper is as follows. Firstly in chapter 2 the H-

infinity design method with predefined controller structure is shortly presented, secondly in chapter 3 this 

control design is primarily implemented to the cantilever beam with piezo patches including modelling, 

identification and experimental testing. The chapter 4 is devoted to the generation of the state space models 

of planar structures with piezo patch sensor/actuator network and their optimization. The prepared basic 

grid demonstrator is also shown. The subsequent chapter 5 presents the decentralized MIMO H-infinity 

optimal robust control design for the planar structures. The chapter 6 is a short conclusion.  

2 H-infinity design with predefined controller structure 

The H-infinity design methodology offers efficient algorithms how to obtain multivariable control laws 

by specifying closed-loop frequency response requirements. This approach was used e.g. in [9], where 

authors compare SISO, H-infinity and 𝜇 synthesis in termes of robustness and performance. Presented 

controllers can significantly increase damping and improve dynamic behavior of a flexible wing. The order 

of a control system is however equal to an augmented plant containing the model of a flexible wing and 

weighting filters, which are crucial for the design. This leads to excessively high order control laws typically, 

with strong negative impact on implementation and experimental fine-tuning. For this reason, in e.g. [10] 

there was a method presented for the controller order reduction which is one possible way how to get control 

laws with reasonable complexity. Nevertheless, loss or deterioration of closed-loop performance and/or 

stability is often an unwanted effect associated with this approach. Thanks to recent structured H-infinity 

control synthesis results, see e.g. in [11], [12], it is possible to receive the parameters of such reduced-order 

controllers directly, minimizing the H-infinity norm under the controller complexity constraints. More 

precisely, minimization of lower linear fractional transformation (LFT) of a system with augmented plant 

G and structured controller K. The general scheme of closed loop with the structured controller is in Figure 

1. Such a system is described by generalize state space form according to equation (1).  A great advantage 

is the possibility to design MIMO controllers of a really low-order proportional controllers as an example 

which can be crucial in some cases. One of the successful applications of fixed-order H-infinity synthesis 

in the aerospace context was within the ACFA project www.acfa2020.eu. See e.g. [13] where authors 

designed control laws of order up to five for system with dozens of states, meeting all control requirements 

and loosing literally only a few percent of performance (measured by the closed-loop H-infinity norm) 

compared to the full order designs. The structured H-infinity control could surpass existing solutions with 

controller order reduction [9], which can be infeasible for low-order controller requirement. 

 

Figure 1. Closed-loop system configuration with H-infinity regulator [14] 

 [
�̇�
𝒛
𝒚

] = [

𝑨 𝑩𝟏 𝑩𝟐

𝑪𝟏 𝑫𝟏𝟏 𝑫𝟏𝟐

𝑪𝟐 𝑫𝟐𝟏 𝑫𝟐𝟐

] [
𝑿
𝒘
𝒖

].  (1) 

Such fixed-order designs can be practically executed thanks to availability of numerical solvers like 

hinfstruct in MATLAB described in [15] or the open-source alternative  HIFOO [16]. A nice performance 

assessment of these software packages can be found in [17] where the benchmark problem of dual-stage 

inertial stabilization is considered. From the user's perspective, the structured H-infinity tools are very close 

to classical full-order H-infinity design procedures. We formulate our requirements through a proper 
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selection of weighting filters and assemble the augmented plant. In addition, the tunable parameters and the 

expected structure and order of the controller must be specified. 

3 Active vibration suppression of beam system 

At first, performance of H-infinity regulator was studied on simple steel cantilever beam with three 

piezoelectric patches. Detailed description of this issue could be seen in [18]. Steel plate with dimensions 

250x28x0,55 mm is equipped with two piezoelectric actuators on top surface and one piezoelectric sensor 

on bottom surface collocated with actuator Act1 near the clamped end. Act1 is supposed to suppress 

the vibration generated by actuator Act2 further from clamped end.  

 

Figure 2. Model with three different piezo patches: (a), (b) – actuators, (c) – sensor. Bottom view is on the  

Generated sensor voltage corresponding to deformation of the beam is send to controller, where appropriate 

control voltage to Act1 is computed. After creation of finite element model (Figure 2) experimental structure 

illustrated in Figure 3 was build. 

 

Figure 3. Cantilever beam. View from top (left) and detail of sensor (right) 

Model of such a structure in state space form is acquired using system identification procedure. Based on 

measured input/output voltage, prediction error minimization (PEM) method in system identification 

toolbox in MATLAB is used and model of 14th order obtained. 

3.1 H-infinity controller design 

For our needs HIFOO package [19] [12] for MATLAB is used to design the H-infinity regulator. This tool 

works in two phases. First, stabilization phase needs to find set of stabilizing regulators, which are 

the starting point for second, optimization phase. In this part of design chosen penalty function of stabilizing 

regulators is minimized. 

Working principles of system with H-infinity regulator are described in chapter 2. Considering system 

according Figure 1, in our case inputs and outputs are chosen as follows: vector w represents reference signal 
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zero and disturbance from Act2; z corresponds to deviance from reference signal; y is sensor voltage and 

u is control voltage on Act1. Based on identified model H-infinity regulator of 5th order is designed. 

3.2 Experimental results 

Designed H-infinity regulator has been evaluated by means of experiment. Sinusoidal voltage with 

frequency 80 Hz is chosen as an input to disturbance generating Act2. Figure 4 shows voltage response of 

the sensor. Approximately 80% voltage and thus vibration reduction is achieved on this simple clamped 

beam. 

 

Figure 4. Sensor response to vibration generated by Act2 without control (until 11,5 sec) and with control 

(after 11,5 sec) in experiment 

4 State space models of planar structures with piezo patch 
sensor/actuator network and their optimization 

Experimental identification of the sheets with the glued piezo patches used as actuators and/or sensors brings 

the possibility of verification and tuning of the target state space models for control design and 

sensors/actuators positioning optimization. The careful attention has been paid to the mechanical, electrical 

and coupling parameters of the piezo actuators, modelling of coupling with primary structure, correct 

transformation of the electromechanical model to the state space form and to the appropriate model 

reduction. The tuned physical models transformed to the state space form proved to be more reliable for the 

control design than the black-box (input-output) identified models especially in the cases with many 

actuators and sensors. In order to design mechanical, electromechanical parameters and position of piezo 

actuators and piezo sensors it is necessary to create the mathematical simulation model. The main structure 

is modelled in the ANSYS environment and the final simulation model is the state space model 

in MATLAB-SIMULINK. 

4.1 Modelling of the piezo actuator 

The behavior of the one-dimensional piezoelectric material [20] is described by constitutive equations 

(2),(3)  

 𝐷 = ε𝑇 + 𝑑33𝑇, (2) 

 𝑆 = 𝑑33𝐸 + 𝑠𝐸 𝑇, (3) 
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where D is the electric displacement, E is the electric field, T is the stress, S is the strain and 𝜀𝑇 is the 

dielectric constant under constant stress, 𝑠𝐸  is the compliance when the electric field is constant and 𝑑33 

is the piezoelectric constant. The subscript 33 denotes, that it is always aligned to the poling direction of the 

material and the electric field is parallel to the poling direction. Various model configurations are used to 

analyze system behavior. The simulation electromechanical models are created in ANSYS environment. 

Every model consists of the steel plate and various number of piezo patches. Piezo patch is a very thin piezo 

element that consists of two layers (bimorf construction). There are two types of layers orientation, uniform 

and opposite. Piezo patches we are used have opposite oriented layers (Figure 5). 

 

Figure 5. The piezo patch with layers oriented in the opposite direction 

The basic model used to verifying the simulation model assembly algorithm is correct consists of simple 

steel sheet and three different piezo elements (piezo patches), see Figure 2. The same structure was used 

in experiments (Figure 3).  

4.2 Getting the simulation model 

The procedure how to become the simulation state-space model consists of following steps: 

1. build an ANSYS model and use an analysis solution 

2. export stiffness, mass and dumping matrices (usually in the text format) 

3. import informations about mesh and nodes 

4. import text files into MATLAB 

5. create state-space model in MATLAB 
The step one is easy and known. An example of such model can be structure with five times five actuators 

and the same number of sensors (Figure 6). They are arranged crosswise, but the orientation of the actuator 

and opposite sensor is the same. Actuators are placed at the top of the sheet and sensors at the bottom. 

Boundary condition can be changed operatively. In the model there is applied fixing to the frame. 

 

Figure 6. The top view of a model and demonstrator with a grid of 5x5 actuators and sensors placed on the 

bottom (not visible). The piezo patches are arranged crosswise. The boundary condition is highlighted by 

the red line. 
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The second step how to become structural matrices encounters some problems. The main problem is that 

it is impossible due to combined problem (structural and electricity) become matrices by usually way. It 

means to become matrices by usually sub structuring analysis. The only way how to obtain the mass, 

damping and stiffness matrices is through the Harwell-Boeing format. The matrix form of the whole system 

is  

 [
𝑴𝒖𝒖 𝟎

𝟎 𝟎
] [

�̈�
�̈�

] + [
𝑪𝒖𝒖 𝟎

𝟎 𝑪𝒗𝒗
] [

�̇�
�̇�

] + [
𝑲𝒖𝒖 𝑲𝒖𝒗

𝑲𝒗𝒖 𝑲𝒗𝒗
] [

𝒖
𝒗

] = [
𝒇
𝒒

], (4) 

where 𝑲𝒖𝒖 is structural stiffness, 𝑲𝒗𝒗 is dielectric permittivity, 𝑲𝒖𝒗 is piezoelectric coupling (𝑲𝒗𝒖 = 𝑲𝒖𝒗
𝑻 ), 

𝑪𝒖𝒖 is structural damping, 𝑪𝒗𝒗 is dielectric dissipation and 𝑴𝒖𝒖 is the mass. On the right side the 𝒇 means 

applied forces and 𝒒 the electric charge. There are used two types of degrees of freedom. Symbol 𝒖 denotes 

the physical coordinates like movements and rotations and 𝒗 is used for velocity. 

In order to become state space in agreement to the modelled system, it is necessary modify equation (4). 

The piezo patches can work in two modes, as actuators or sensors. Actuators are labelled by index 𝑖 and 

sensors are labelled by index 𝑜. The 𝑪 matrix is equal to zero matrix in this case. We will introduce 

dissipation (damping) later by the term (12). 

The new matrix description is 

 [
𝑴𝒖𝒖 𝟎 𝟎

𝟎 𝟎 𝟎
𝟎 𝟎 𝟎

] [
�̈�
𝒗𝒊̈

𝒗�̈�

] + [

𝑲𝒖𝒖 𝑲𝒖𝒊 𝑲𝒖𝒐

𝑲𝒊𝒖 𝑲𝒊𝒊 𝑲𝒊𝒐

𝑲𝒐𝒖 𝑲𝒐𝒊 𝑲𝒐𝒐

] [

𝒖
𝒗𝒊

𝒗𝒐

] = [
𝒇
𝒒𝒊

𝒒𝒐

]. (5) 

We become three equations 

 𝑴𝒖𝒖�̈� + 𝑲𝒖𝒖𝒖 + 𝑲𝒖𝒊𝒗𝒊 + 𝑲𝒖𝒐𝒗𝒐 = 𝒇 , (6) 

 𝑲𝒊𝒖𝒖 + 𝑲𝒊𝒊𝒗𝒊 + 𝑲𝒊𝒐𝒗𝒐 = 𝒒𝒊, (7) 

 𝑲𝒐𝒖𝒖 + 𝑲𝒐𝒊𝒗𝒊 + 𝑲𝒐𝒐𝒗𝒐 = 𝒒𝒐. (8) 

By completing the equation (8) in equation (6) we than obtain 

 𝑴𝒖𝒖�̈� + [𝑲𝒖𝒖 − 𝑲𝒖𝒐𝑲𝒐𝒐
−𝟏𝑲𝒐𝒖]𝒖 = [𝑲𝒖𝒐𝑲𝒐𝒐

−𝟏𝑲𝒐𝒊 − 𝑲𝒖𝒊]𝒗𝒊 + 𝒇. (9) 

The equation (9) describes a behaviour of the system composed of the structural part and electromechanical 

piezo system. In our case is the order of such system in the order of tens of thousands to hundreds of degrees 

of freedom for the whole model. Such simulation model isn’t easy useful or optimization and real-time 

control algorithms. It is necessary to reduce the number of degrees of freedom before composing the state 

space model. 

4.3 Model reduction 

There is used the modal reduction in our case [21]. The modal reduction is based on the building the model 

from the selected eigenmodes 𝑽.  

Let’s introduce the transform from physical coordinates 𝑢 into modal coordinates 𝝃 (10). 

 𝒖 = 𝑽𝝃, �̈� = 𝑽�̈�. (10) 

By substituting this transform, multiplying equation (9) from the left side by 𝑽𝑻 we become expression 

 𝑰�̈� + 𝜟𝝃 + 𝚲𝝃 = 𝑽𝑻[𝑲𝒖𝒐𝑲𝒐𝒐
−𝟏𝑲𝒐𝒊 − 𝑲𝒖𝒊]𝒗𝒊 + 𝑽𝑻𝒇̇ , (11) 

where 𝑰 is the identity matrix, 𝚲 the spectral matrix and 𝜟 the dumping matrix. 

The dumping matrix 𝜟 is the diagonal matrix filled by the expression 2𝑏𝑟𝑖Ω𝑖 at the main diagonal, where 

𝑏𝑟𝑖
 is the relative attenuation on the given frequency Ω𝑖. 

 𝜟 = 𝑑𝑖𝑎𝑔(2𝑏𝑟𝑖
Ωi). (12) 

We will finally get the state-space description with states 𝒛 in the form 
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 [
𝒛�̇�

𝒛�̇�
] = [

𝟎 𝑰
−𝚲 −𝚫

] [
𝒛𝟏

𝒛𝟐
] + [

𝟎 𝟎
𝑽𝑻 𝑽𝑻[𝑲𝒖𝒐𝑲𝒐𝒐

−𝟏𝑲𝒐𝒊 − 𝑲𝒖𝒊]
] [

𝒇
𝒗𝒊

], (13) 

and the corresponding outputs 𝒚 are 

 [𝒚] = [−𝑲𝒐𝒐
−𝟏𝑲𝒐𝒖𝑽 𝟎] [

𝒛𝟏

𝒛𝟐
] + [𝟎 −𝑲𝒐𝒐

−𝟏𝑲𝒐𝒊] [
𝒇
𝒗𝒊

]. (14) 

5 Decentralized MIMO H-infinity optimal robust control of planar 
structure 

5.1 Description 

Simulation model of the plate equipped with 25 actuators (control inputs 𝑢𝑖) and 25 collocated sensors 

(measured outputs 𝑦𝑖) is used in this section for design and validation of selected decentralized and 

distributed control laws. They are designed using the H infinity structured optimization methodology 

to attenuate resonant modes of this flexible structure. More specifically, local controllers were considered 

in the first place, 

 𝑈𝑖 = −𝑘𝑖𝑌𝑖 = −𝑝𝑖
𝑠

𝑠+𝑓𝑐
𝑌𝑖 (15) 

where 𝑢𝑖 is input voltage to i-th piezo patch. In the second case, we deal with distributed control law where 

the control action applied to each node depends on measured outputs at the neighboring nodes,  

 𝑈𝑖 = −𝑝𝑖1
𝑠

𝑠+𝑓𝑐
𝑌𝑖 − ∑ 𝑝𝑖2

𝑠

𝑠+𝑓𝑐
𝑌𝑗  ,𝑗∈𝐸  (16) 

E is set of neighboring nodes. For both cases, the scenarios with constant gains throughout the structure, 

as well as controllers without this constraint, are studied.  

5.2 H-infinity design  

H-infinity synthesis with predefined controller structure is frequency-domain optimization method for 

controller tuning. HIFOO solver or hinfstruct function in robust control toolbox in MATLAB can be used 

for solving this task.  

 

Figure 7. Design of the controller with weighting filters 
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5.3 Problem formulation 

The control system is described as a generalized LTI system with tunable components and weighting filters, 

see Figure 7 (the generalized plant). The hinfstruct function tunes those components by minimizing the 

closed-loop H infinity gain from the system inputs (𝑑1, 𝑑2, … , 𝑑𝑖) to outputs (𝑧1, 𝑧2, … , 𝑧𝑖). 

Weighting filters (𝑊1, 𝑊2, … , 𝑊𝑖) are included for resonant frequencies penalization. Those frequencies are 

clearly visible from the Bode magnitude graph below. The first peak corresponds to the first bending mode 

with frequency 𝜔1 = 22.5 rad/s. To penalize resonant frequencies, the weighting functions can be stated as

 𝑊𝑖 =
𝑘𝑖(𝑠+1)3

(𝑠+8)3 , (17) 

where 𝑘𝑖 is the gain for each channel. Tuning suitable parameters of such filters set is however complicated 

and time expensive, and for systems with more outputs it appears effectively infeasible. A possible solution 

to mitigate this problem is to select one or few representative channels only and penalize them. The figure 

below shows the modification of the generalized plant for the last node output penalization only (Figure 8).   

 

Figure 8. Design of the controller with the specific configuration of weighting filters 

6 Results 

For all results presented below the weighting filter (18) has been used 

 𝑊𝑝 =
512(𝑠+1)3

(𝑠+8)3  (18) 

This filter penalizes output voltage from piezo patch situated in the center of the plate. Singular value plot 

of the system and augmented system (system with filter 𝑊𝑝) is depicted below. The goal of 𝑊𝑝 tuning is to 

amplify the red curve above the zero decibels (or penalize the peaks of the singular value plot, respectively 

(Figure 9.)).  
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Figure 9. Frequency responses of weighting filters and the generalized plant 

In the first case, only one controller 

 𝑘𝑖 = 𝑘 = 𝑝
𝑠

𝑠+𝑓𝑐
, 𝑖 = 1,2, … ,25 (19) 

  with parameters 𝑝, 𝑓𝑐 for the local decentralized feedbacks was tuned. All modes are well suppressed. 

Achievable results are presented below in terms of the bode diagram (Figure 10.) and impulse response plots 

(Figure 11.) of the plate center without control and with the local proportional controllers. 

 

Figure 10. Bode diagram for the decentralized feedback, uniform gains 
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Figure 11. Impulse response for the decentralized feedback, uniform gains 

In the second case, we examined the possibility to use distributed controllers, again with the same gains 

throughout the smart structure, 

 𝑈𝑖 = −𝑝𝑖1
𝑠

𝑠+𝑓𝑐
𝑌𝑖 − ∑ 𝑝𝑖2

𝑠

𝑠+𝑓𝑐
𝑌𝑗  ,𝑗∈𝐸  (20) 

E is set of neighboring nodes. Subsequently, the constraint on equal control gains for all nodes was relaxed 

for both cases studied so far (decentralized and distributed, respectively). The first case then reads 𝑘𝑖  , 𝑖 =
1,2, … ,25 could have now different gains 𝑝𝑖. With this additional “degree of freedom”, this decentralized 

control law is able to suppress all system resonant frequencies which is clearly visible in the Bode diagram 

and impulse response below (Figure 12. And Figure 13). In the last case studied in this paper, we relaxed 

the distributed-control structure and tuned all the 𝑘𝑖′𝑠 , 𝑖 = 1,2, … ,25 throughout the flexible structure. The 

resulting achievable damping is again significantly improved, as well as the range of frequencies covered 

(However, some frequency peaks are shifted significantly which is certainly not power-efficient way for the 

active damping systems. 

 

Figure 12. Bode diagram for the distributed feedback, relaxed gains 
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Figure 13. Impulse response for the distributed feedback, relaxed gains 

7 Analysis of alternative actuation by clusters of piezo patches  

The actuation can be also realized alternatively by the clusters of actuators with one common control signal 

for all patches in the particular cluster. Basic properties of the system state space system (A, B, C, D) include 

observability and controllability. Fundamental expression of controllability is, that the system is completely 

controllable if N x sN matrix (where s is the systems inputs) 

 𝑪 = [𝑩 𝑨𝑩 𝑨𝟐 … 𝑨𝑵−𝟏𝑩] (21) 

has a rank N. And completely observable, when system rN x N with r outputs  

 𝑶 = [𝑪 𝑪𝑨 𝑪𝑨𝟐⋯ 𝑪𝑨𝑵−𝟏 ]𝑇 , (22) 

has rank N. These criteria are very simple, but has a two main drawbacks. Firstly, the main disadvantage is 

that the criteria is yes and no answer based and tell us nothing about systems behaviour. And the second is 

that, for large system it’s very demanding for computational power due to the rising exponent up to N-1. 

For better understanding of the system is the qualitatively representation of controllability and observability 

desirable. For this purpose, the grammians were used. 

 𝑊𝑐(𝑡) = ∫ exp(𝑨𝜏) 𝑩𝑩𝑇 exp(𝑨𝑇𝜏) 𝑑𝜏,
𝑡

0
 (23) 

 𝑊𝑜(𝑡) = ∫ exp(𝑨𝑇𝜏) 𝑪𝑇𝑪 exp(𝑨𝜏) 𝑑𝜏,
𝑡

0
 (24) 

Our case is stable and we can obtain stationary solution of the above expression assuming                         

𝑊𝑐(𝑡) − 𝑊𝑜(𝑡) − 0. Then the above equation can be written in following algebraic equations, called 

Lyapunov equations  

 𝑨𝑾𝒄 + 𝑾𝒄𝑨𝑇 + 𝑩𝑩𝑇 = 0 (25) 

 𝑨𝑇𝑾𝒐 + 𝑾𝒐𝑨 + 𝑪𝑇𝑪 = 0. (26) 

For stable A, the obtained grammians 𝑾𝒄 and 𝑾𝒐 are positive definite and for our case even diagonal. 

This results can be transformed into balanced representation [22]. And the new grammians of controllability 

and observability is computed as usual. The eigenvalues of the grammians product are invariant and can be 

denoted γi These coefficients are called Hankel singular values of the system and represent a measure of 

energy for each mode (first four modes in Figure 7.). 
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a) 3,589 Hz

 

b) 10,533 Hz 

 

c) 22,293 Hz

 

d) 31,01 Hz 

Figure 14. First four eigenmodes of the system 

The balanced grammians of controllability and observability are satisfying and the balanced system was 

tested on the experimental step trajectory applied on the 13th piezo patch and the system response is the same. 

Also the eigenfrequencies of both state-space system varying less than 0.09e-11. Therefore, this was used as 

criterion for the further model response evaluation. This large system consist of the 25 actuators and 25 

sensors (Figure 6 ) 

 

 

 

Figure 15. Scheme of the piezo patches and comparison of the individual input groups (actuator clusters) 
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For better impression of the individual input groups the Figure15. is presented along with the Table 1. Using 

fully collocated control leads to high demands on the control strategy, the high initial cost of the equipment 

and the large scale optimization of the piezo placement. There are possibilities for saving the energy 

consumption and the saving initial cost. The following subject of investigation is, if similar results can 

be achieved with less control units. Normally there need to be one control unit for one piezo patch. For this 

reason, four more concepts were proposed, where are formed several clusters of piezo patches which are 

powered with a single control unit and single control voltage. 

Concept 
Input 

U1 

Input 

U2 

Input 

U3 

Input 

U4 

Input 

U5 

Input 

U6 

Input 

U7 

Input 

U8 

Input 

U9 

Input 

U10 

Ver. 1 1,2,6,7 3,4,8,9 5,10 11,16 
12,13, 

17,18 

14,15, 

19,20 
21,22 23,24 25 

 

Ver. 2 1,7,11 2,8,4 5,9,15 3 
6,12, 

16 

13,17, 

19,23 

10,14,

20 
21 25 

18,22,

24 

Ver. 3 

1,5,7,9

,13,17,

19,21,

25 

3,11, 

15,23 
       

 

Ver. 4 7,9, 17,19 2,4 12,14 22,24      

Table 1: Input groups (actuator clusters) 

After balancing using Hankel’s matrix the Observability and Controllability are almost equal, therefore for 

the evaluation was used only the Controllability. It is clear from Figure 15. that the control of the system 

is possible with minimum loss of the energy for each mode with configuration ver. 1. This means the similar 

results with only nine control units and nine different inputs voltages. That leads to saving the 16 control 

units with minimal loss of energy. The ongoing research is focused on the optimization of the piezo patches 

placements.  

8 Conclusion 

Distributed control is nowadays a very active field of research, thanks to potential applications which require 

high scalability and reliability. The paper deals with the optimization of active vibration suppression of the 

planar flexible systems equipped by regular and dense matrix of multiple sensors and actuators. The H-

infinity design with predefined controller structure has been chosen as an appropriate control method. At 

first, performance of H-infinity regulator was experimentally tested on simple beam demonstrator with 

piezoelectric patches as sensors and actuators. The main larger demonstrator system consists of the 25 

actuators and 25 sensors collocated with them. The tuned physical models transformed to the state space 

form proved to be more reliable for the control design than the black-box identified models especially in the 

case with many actuators and sensors. The simulation model was firstly modelled in ANSYS and then 

exported into MATLAB into the state space form. Decentralized and distributed control laws have been 

developed using the H-infinity design with predefined controller structure. The feasibility of attenuation of 

a large set of flexible modes has been demonstrated for the model of the main demonstrator. The 

demonstrator itself has been prepared for the ongoing evaluation experiments. The possibility of alternative 

actuation by clusters of actuators with one common control signal for all patches in the particular cluster 

has been also analyzed. This version allows to decrease the number of control units. 
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