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Abstract. In this study, a mode combination approach is proposed to place actuator/sensor pairs 

according to the experimental modal analysis results. The method is carried out by combining 

modes using the weighting coefficients with a finite element package program. First, this approach 

is applied to four different structures presented in the previous works in literature to compare and 

verify. Our results demonstrate that the determined best locations overlap well with the published 

results. Then, this combination approach is applied to the steel plate with bolt connections on four 

sides to determine actuator/sensor (a/s) pairs’ placement accuracy, which is directly related to 

experimental/numerical modal correlation. For this purpose, three different cases varying by 

weighting coefficients are determined to show the modal correlation's effectiveness. Finally, the 

possible best a/s positions for three cases are compared. In conclusion, the presented mode 

combination approach is a fast and practical solution for determining a/s pairs’ placement, and the 

experimental/numerical modal analysis correlation directly affects the placement's success. 

Keywords: mode combination, modal correlation, placement of sensors and actuators, numerical 

modal analysis, experimental modal analysis. 

1. Introduction 

Many studies have been performed on active vibration control. All these studies are basically 

based on two essential topics: modeling and controller design. The importance and necessity of 

active methods are emphasized in many studies, where passive methods are not sufficiently 

effective in structural vibration control. To that end, researchers have successfully tried many 

active methods of vibration control [1-5]. Researchers have created smart structures with the help 

of piezoelectric-material-based sensors and actuators and concluded their targeted studies with 

different control algorithms [6-8]. Besides, the optimal placement of sensors and actuators has 

been a point of focus for researchers to increase the controller's performance. The theoretical and 

experimental results of modeling the smart plate for active vibration control are presented by 

Yaman, Caliskan [9], which used the ANSYS software to obtain the smart plate’s finite element 

model. The maximum permissible piezoelectric operating voltage is determined using this model 

to calculate the optimum sensor locations. The optimization of the piezoelectric actuator and 

sensor positions for active vibration control is emphasized by Bruant, et al. [9], where two adaptive 

optimization criteria are applied to ensure good observability or controllability structure to 

consider the residual modes to limit the infiltration effect. A new formulation of the optimal 

position/orientation of the piezoelectric actuators/sensors bonded to the rectangular plate for the 

active vibration control is proposed by Biglar, et al. [10], where a genetic algorithm method is 

used to calculate the optimal position/orientation of the piezoelectric actuators/sensors. An 

experimental and numerical active vibration control study is presented by Boz, et al. [11], where 

piezoelectric patches are bonded on a plate clamped by four edges. One of the piezoelectric 

actuators is used as a control actuator, and the other is used as a disturbance actuation. They 

present the model's controllability measurement to determine the optimal locations of the proposed 

structure. In similar research, the adaptive control matrix and the individual value decomposition 
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approach are used to determine the optimal placement of 10 piezoelectric actuators on a thin plate 

[12], where the singular value decomposition is accepted as a fitness function, and the optimal 

positions of the actuators are obtained by maximizing with the improved heuristic genetic 

algorithm. As a result, optimizing the piezoelectric actuators’ position in active vibration control 

increased the damping capability. Theoretical and experimental active vibration control of a 

cylindrical shell using piezoelectric actuators is presented by Loghmani, et al. [13], where three 

piezoelectric disc actuators are bonded to the shell structure. One of them is a disturbance actuator, 

and the others are defined as sensor and control actuator. As a result of deformations observed in 

vibration modes, it is concluded that the actuator positions should be close to the middle of the 

cylinder. Bendine, et al. [14] presented a study about the active vibration control of a composite 

plate by using discrete piezoelectric patches. They have proposed the optimal position of 

piezoelectric patches by using an optimization based on LQR performance. A genetic algorithm 

is implemented to investigate the best configuration. Modeling and optimization studies are 

conducted for active vibration control. Hence, it can be said that researchers have conducted 

investigations from different perspectives and often defined actuator configurations in high-

amplitude regions that occur in vibration modes [15, 16]. Another original and valuable work is 

presented in [17]. A practical method is proposed to obtain the optimal location of sensor/actuator 

(s/a) pairs for active vibration reduction of a flexible structure. It is suggested that when these 

optimal positions are excited in resonance modes, there would be locations where the sensors 

could produce the maximum output voltage. Small piezoelectric sensors bonded symmetric and 

asymmetric plates are modeled using the ANSYS in order to verify this new method. 

In this study, a new application for the actuator/sensor pairs’ best placement is proposed. This 

method combines modes using the Design Assessment Toolbox (DAT) of ANSYS/Workbench 

based on modal analysis results. DAT provides the ability to perform a combination of solutions 

for static, modal, harmonic, random vibration, response spectrum, transient dynamic, or structural 

analysis [18]. Thus, it is the process of combining one or more existing analysis results with the 

coefficients that can be determined. This method can also be defined as a more computable, faster, 

and more powerful mechanical combination solution. For this reason, DAT is an effective solution 

to combine numerical analysis of the structures. This study's approach combines only the natural 

modes obtained from numerical modal analysis to calculate the optimal locations. 

Firstly, the validation studies are presented to the success of the proposed new approach. For 

this purpose, the different methodology offered by the researchers in [11, 17] related to the optimal 

actuator/sensor placement is examined in detail. As mentioned earlier, four different models 

presented in these studies are used to apply the mode combination using the DAT. The optimal 

locations of models presented in these studies and the best locations obtained from the mode 

combination method are compared to verify our methodology. Our results are overlap well with 

the published results. After the verification, the proposed mode combination application is carried 

out on the real structure. The steel plate with bolt connections on four sides is investigated to 

determine a/s pairs’ best placement. The experimental modal analysis was conducted in our 

previous study and compared with the finite element analysis (FEA) according to the Modal 

Assurance Criterion (MAC). In order to indicate that experimental/numerical modal correlation is 

directly related to the placement accuracy, three different cases are investigated. 

2. The validation of the mode combination application 

In this section, the mode combination using the DAT is applied to four different structures 

presented in the literature’s works to compare and verify. For this aim, two different studies are 

handled in detail [11, 17] related to the optimal a/s placement. Four different models with several 

boundary conditions presented in these studies are used to compare our approach.  

Firstly, Daraji and Hale [17] presented three different configurations that are handled. Our 

study uses these models by maintaining the dimensional, physical and mechanical properties to 

implement our approach. As is the reference study, one hundred pieces of the piezoelectric patch 
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are bonded on the structure numerically. A finite model is obtained for coupled field analysis (for 

piezoelectric) according to the technique presented in [6]. The piezoelectric material properties 

are defined as provided in the reference study. The mode combination is applied to these models 

using the DAT after the numerical modal analysis in ANSYS. The six modes of the structures are 

combined using unit weighting coefficients by DAT in order to obtain the optimal location. After 

this, the equivalent strain responses are examined of these three structures. Accordingly, Fig. 1(a) 

depicts the possible optimal a/s positions of the three different plates with the proposed locations 

by [17]. 

(1) (2) (3)
 

a) 

(1) (2) (3)
 

b) 

Fig. 1. a) Best positions obtained as a result of the mode combination; 1 – cantilevered plate model; 2 – one 

corner fixed cantilevered plate model; 3 – T-shape supported cantilevered plate model (red color: obtained 

optimal positions in this study, black frames: proposed optimal positions by Daraji et al., [17], yellow 

frames: suggested optimal locations), b) best positions of the steel plate clamped by four edges (red color: 

obtained optimal positions in this study, black frames: proposed optimal positions by Boz et al., [11] 

Second, Boz et al. [11] presented a numerical and experimental active vibration control study, 

where two piezoelectric patches are bonded on a steel plate clamped by four edges. One of the 

piezoelectric actuators is used as a control actuator, and the other is a disturbance actuation. In our 

study, the proposed structure by [11] is modeled by maintaining the dimensional, physical, and 

mechanical properties to implement our approach. As is the reference study, modal parameters of 

the first four modes are obtained to apply mode combination using unit weighting coefficients in 

DAT after the numerical modal analysis in ANSYS. Similarly, the equivalent strain response of 

the structure is investigated after the mod combination operation. Accordingly, Fig. 1(b) depicts 

the possible optimal a/s positions of the steel plate clamped by four edges with the proposed 

locations by [11]. 

3. Placement of actuator/sensors for plate structure with bolt connections 

In this section, our approach called mode combination is applied to the steel plate with bolt 

connections on four sides to calculate the best a/s locations on the structure. The plate structure 

and the finite element model are shown in Fig. 2. 

 
a) 

 
b) 

Fig. 2. The steel plate with bolt connections on four sides a): actual model b) finite element model 
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As summarized in Table 1, three cases are investigated in the steel plate to show the 

experimental/numerical modal analysis correlation effectiveness. Here, Case-1 is considered only 

by combining the structure's numerical modes with the unit weighting coefficients. In Case-2, only 

the highly correlated modes are combined with the unit weighting coefficients by using 

experimental/numerical modal analysis results. Finally, in Case-3, highly correlated modes are 

combined with the weighting coefficients obtained from MAC values. 

Table 1. Cases methodology for the investigation 

Cases Mode Combination type Weighting coefficient 

Case-1 Only numerical modes The weighting coefficient is selected as unity for each mode 

Case-2 Highly correlated modes The weighting coefficient is selected as unity for each mode 

Case-3 Highly correlated modes 
The weighting coefficient is selected according to the MAC 

values for each mode 

In order to investigate the cases in this study, the experimental modal parameters of the steel 

plate with bolt connections on four sides were determined in our previous study [19, 20]. Also, 

the numerical modal analysis result was compared with the experimental results. LMS/VirtualLab 

software was used to compare the modal parameters as a result of the testing and finite element 

analysis (FEA). The Modal Assurance Criterion (MAC) values of the test and finite element model 

were calculated and shown in Fig. 3(b) with the mode shapes and natural frequencies as presented 

in our previous study [19, 20]. Our approach that mode combination method by using DAT is 

applied to the models of the cases as presented in Table 2 using different weighting coefficients. 

Table 2. Weighting coefficients of all cases for the mode combination 

Weighting coefficient 

Case number 
Modes 

1st 2nd 3rd 4th 

1 1 1 1 1 

2 1 0 1 1 

3 0.91 0 0.75 0.69 

 

Case-2

Case-1

Case-3

 
a) 

Case-2

Case-1

Case-3

 
b) 

Fig. 3. a) The equivalent strain responses of the cases, b) numerical and experimental modal  

analysis correlation [19, 20]  

The mode combination method is applied by using the DAT of the Ansys/Workbench based 

on the modal analysis results for the presented cases. After performing the mode combination, the 



INVESTIGATION OF THE EFFECT OF MODAL ANALYSIS CORRELATION ON ACTUATOR/SENSOR POSITIONS FOR PLATE STRUCTURES.  

ERDI GÜLBAHÇE, MEHMET ÇELIK 

 ISSN PRINT 2345-0533, ISSN ONLINE 2538-8479, KAUNAS, LITHUANIA 43 

equivalent strain response is investigated to calculate the best a/s positions. Fig. 3(a) depicts the 

equivalent strain response of all cases. It is concluded that the red zones where the equivalent 

strain is the maximum are the best regions for multi-modal vibration control. In Case-1, when the 

first four modes are combined, higher strain zones have occurred in four locations. Therefore, the 

actuators/sensors can be placed on these zones to control the structure's first four modes of 

vibrations, thus realizing high-performance vibration control. When Case-2 and Case-3 are 

examined, a lower level of strain occurred in the regions marked in black due to the combination 

of three modes. These lower strain zones will provide lower control performance than other high 

zones considered the best placement. 

4. Results and discussions 

This study conducted an approach for the best placement of the actuator/sensor pairs using the 

mode combination method based on the superposition theorem’s principle. In order to verify the 

method, applications of the studies were investigated in the literature. First, a study containing 

three different configurations has been proposed by Daraji et al. [17]. The optimal location results 

have been compared with the reference study to verify this study’s mode combination method, as 

depicted in Fig. 1(a). The results are observed to be overlapped when the verification is tested. 

Only the second and third plates' results are verified at the rate of 83.3 % when the six piezoelectric 

actuators are used. Only two positions are incompatible for these plates, as shown in Fig. 1(a), that 

can be attributed to the numeric values in the reference study. Besides, as a result of the mode 

combination method, two additional positions for the third plate are marked in Fig. 1(a) in yellow. 

According to equivalent strain, these locations, which are the highly concentrated regions, are 

presented in addition to the reference study. Second, a numerical and experimental active vibration 

control study was presented by Boz, et al. [11], where two piezoelectric patches are bonded on a 

steel plate clamped by four edges. The reference work is tested for verification; the results overlap, 

as depicted in Fig. 1(b). A success rate of 100 % is achieved by the mode combination method to 

verify the optimal positions.  

Then, three cases (Case-1, Case-2, and Case-3) are examined to emphasize the importance of 

experimental modal analysis in best a/s placement based on numerical modal analysis. Fig. 3(a) is 

examined; it is observed how the best regions will change by combining the correct modes. The 

symmetric modes occur in the numerical analysis of symmetrical structures, especially plate-like, 

due to their nature. However, this is not the case in actual systems. Therefore, the verification of 

numerical analysis with experimental studies increases the value of the engineering problems’ 

solutions. In the studies presented in the literature, the optimal region determination studies proven 

with numerical applications should be supported experimentally. Otherwise, a different result may 

be obtained, as given in Fig. 3(a). 

As a result, the presented method shows a fast and practical solution to the actuator and sensor 

for multimode vibration control. Further, the superiority of this method can be explained as 

follows. 

1) Any optimization technique or formulation of the combining is not required. Equivalent 

strain regions are obtained by combining modal modes with the coefficients using the Design 

Assessment Toolbox. 2)The structural and dynamic analysis results such as random-vibration, 

harmonic-response can be combined with the modal analysis data results or each other. In this 

way, more realistic and more effective placement can be obtained. 3) It can be fastly adapted to 

changes (geometry, material, boundary condition, etc.). 

5. Conclusions 

This paper presents an efficient application to calculate the actuator/sensor pairs’ best 

locations, achieving higher performance active vibration control. The mode combination method 

is implemented to the four different structures to compare with the previous literature’s works. In 
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conclusion, the mode combination method by using Ansys/Design Assessment Toolbox is an 

effective tool in numerical environments with all these compared results. Moreover, the 

experimental modal analysis correlation directly affects the placement in this approach. Therefore, 

the experimental verification should be realized, especially in symmetrical structures where 

symmetrical modes can be occurred. Even, it can be performed better by determining the location 

with model updates application in the complex models. 
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