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Abstract 
The aim of this paper is the research of possible usage of the wave-based control approach when dealing 

with the smart structure. This smart structure is represented by the plate equipped with multiple 

piezoelectric patches serving as actuators and sensors. The main goal is to increase damping properties – 

suppress unwanted vibration. 

1 Introduction 

New projects e.g in automotive or aerospace industry are often based on a usage of a modern hi-tech 

materials. These are very usually of a lightweight nature, which brings a number of advantages, but on the 

other hand also disadvantages. The typical one is a low mechanical damping resulting in unwanted 

vibration and acoustic discomfort [1]. The passive solution in the form of the structure stiffening by 

additional masses conflicts with the lightweight demand. Therefore, the usage of a light active elements 

incorporated in the structure should be considered. From a technological point of view, it should be 

feasible in near future to have piezo or other active components integrated into the „mechatronic 

network“, constituting a regular and dense matrix of multiple sensors and actuators throughout the 

mechanical structure considered [2], [3]. Such an active smart mechatronic material enables not only the 

active vibration suppression but it is interesting from the point of view of motion or shape control as well.  

One can hope then that relatively simple and scalable control algorithms could be developed that shall 

work effectively for arbitrary considered shape or final product made of this structure. So there is clearly a 

strong motivation to investigate possibilities of scalable and easily deployable control solutions by 

considering large and dense matrices of sensors and actuators installed throughout the structure, and by 

means of dedicated decentralized or distributed simple and scalable control laws. The aim of this paper is 

to investigate the potential of the wave-based control approach when dealing with the 2D mechanical 

structure equipped with the multiple piezoelectric elements.  

2 Wave-based control approach 

The wave-based control [4], [5] is a relatively new control method, which primarily doesn’t need the 

mathematical model of the controlled system that could be crucial for other approaches, e.g. feedforward 

command shaping techniques [6], [7]. The precise of the model could be Instead it uses the feedback. At 

the same time, however, it is not a classical feedback control because it doesn’t monitor the state of the 

output member of the system. Instead the state of the first one is measured and the main idea is that the 

system being controlled is the natural model for the control. The flexible structure is modelled as a set of 

rigid bodies connected by springs and dampers. The description of interaction between these bodies using 

transfer function represents so called wave model. The input actuator initiates the wave that spread 

through the system, bounce back and returns to the initial point where it is sensed. The detection of a 
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reflected wave means that we can adjust the control signal for demanded purpose, e.g. vibration 

suppression. The wave based control enables the stabilization of the whole system just from the local 

knowledge of active actuator states and its closest neighbours. The stability of such systems is discussed in 

[8]. 

2.1 Wave model of lumped mass system 

Artificially created wave model is represented as a loop containing transfer functions. There are two parts 

of the loop on the Figure 1, co called launched wave is in the upper part of the loop, so called reflected 

wave is in the lower part of the loop. 

 

Figure 1: Wave model of lumped mass chain. 

There are mechanical model parameters: masses mi, spring constants (stiffness) ki, damping ratios di and 

mass positions xi. In the wave model are transfer functions Gi in the launched part and Hi in the reflected 

part, transfer function R is called reflection. Sum of two corresponding variables in the launched 𝑎𝑖 and 

reflected bi parts (waves) are equal to the corresponding mechanical model state xi, see equation (1) which 

interconnects lumped masses model with the wave model. 

 𝑥𝑖 = 𝑎𝑖 + 𝑏𝑖 (1) 

The wave model transfer functions Gi, Hi and R are determined from the original model, the selection of 

particular transfer functions is not unique. 

2.2 Wave-based control 

The wave-based control cuts the wave model at the coordinate, where the measurement is performed, see 

Figure 2. The control uses the launched part of the control up to the variable 𝑎𝑖, then calculates reflected 

part b1 using measurement at mass x1 following the equation (1) with i = 1 and evaluates reflected part 

back to the beginning of model obtaining b0 variable, which serves as a feedback. 

The control input is now x0ref, but control algorithm requires only launched wave variable 𝑎0, reflected 

wave variable b0 creates feedback used in the control algorithm to reflect the dynamic behavior of the 

whole system. Evaluation of 𝑎0 from the desired coordinate x0ref is performed at steady state using 

parameter 𝑎0,𝑠𝑠, which is calculated in the equation (2) and it is evaluated as ratio between x0 and 𝑎0 at 

infinite time. 

 𝑎0,𝑠𝑠 =
𝑥0𝑟𝑒𝑓

𝑎0
=

𝑥0

𝑎0
 (2) 
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Figure 2: Wave based control scheme using first mass measurement. 

3 Controlled smart structure 

The steel plate with piezoelectric actuators/sensors was used as an example of a smart structure [9], Figure 

3. The piezoelectric actuators and sensors are placed as a collocated pairs [10]. The term collocated pair in 

this case means that the actuator is on one side of the plate and the corresponding sensor is on the same 

place but on the other side of the plate. There is 25 of these pairs in the regular grid 5x5. The kinematic 

excitation of the system was used for experiments when the movement of the lower edge was prescribed.  

 

Figure 3: Plate with piezoelectric elements – Matlab visualisation 

The system was modelled in ANSYS software and exported in matrix form - sparse matrices of the mass 

and stiffness. Then it was reduced [11] and transformed into the state space form  

 �̇� = 𝑨𝒙 + 𝑩𝒖, (3) 

 𝒚 = 𝑪𝒙 + 𝑫𝒖, (4) 
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where A is the system matrix, x is the state vector, u is the vector of inputs – voltage on the piezo patches 

and kinematic excitation, y is the output vector – voltage measured by the piezo sensors and Y-coordinates 

of nodes. 

4 Experiments 

The wave-based control was tuned to suppress the first natural frequency of the system. The following 

figures show the comparison of system response when no control is used vs. wave-based control. The 

output signal is the voltage measured on piezoelectric sensor no. 23 (in the middle of the free edge of the 

controlled plate). The excitation trajectory was a ramp signal - Figure 4 and the shifted cosine wave - 

Figure 5. The both experiments proved that the first natural frequency was suppressed. The settling time is 

significantly better as there is almost no residual vibration.  

 

Figure 4: System response – ramp signal excitation 

 

Figure 5: System response – wave signal excitation 
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5 Conclusions 

It has been proven that this approach – wave-based control - is capable to significantly increase the 

damping properties of the so called smart structure. The experiments performed using a steel plate with 

regular grid of piezoelectric actuators and sensors were focused on suppression of the first natural 

frequency vibration and achieved a promising results for further research in this field. In the simple 

example presented in this paper the information from one sensor was sufficient to get demanded 

performance and active usage of more sensors wasn’t neither necessary nor efficient. The future 

experiments will be focused on more complex types of excitation when information from more sensors 

would be beneficial. 
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