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Abstract 
In the industrial environment, modal analysis activities are often reduced to the identification task. However, 

a complete procedure is mandatory to guarantee the accuracy of the results and to allow an easy 

dissemination of the results. In this framework, V2i is developing a toolbox using a combination of internally 

developed tools and commercial software and hardware. 

The current work describes the different tools developed by V2i including: an optimal sensor placement, 

the sketch of the measurement mesh using a portable measuring arm, the actual measurements, the 

identification based on a modified version of the p-LSCF method and a visualization tool using reduction 

and expansion techniques. 

The toolbox application is presented on a simple test case to demonstrate the achieved improvement in terms 

of outcome maximization of the modal analysis process.  

1 Introduction 

When speaking with customers, a modal analysis often comes down to the measurement and identification 

phases. These two parts of the process cannot be considered as stand - alone if the goal is to reach the best 

possible accuracy of the results. Ad hoc pre and post operations are essential to achieve the highest quality 

of the analysis outcome. The available commercial solutions provide several methods and tools to 

complement the pure data acquisition stage but frequently a tailored solution is required to respond to the 

client’s specific needs. Therefore, additional tools can be implemented in conjunction with the commercial 

solutions.  

The complete toolbox proposed by V2i includes: 

- An optimal sensor placement tool. Starting from the numerical modal analysis results, the tool 

determines the set of sensor locations which returns the highest possible linear independency of the 

target mode shapes. The candidate sensor positions are restrained by the definition of the accessible 

surfaces. The implemented method also gives information on the target modes observability 

considering both the accessible and optimized set of sensors locations.  

- The sketch of the measurement mesh on the investigated object using a portable measuring arm. 

The arm enables the precise knowledge of the sensors position and orientation which in turns 

reduces the error on the correlation indicators.  

- The measurements performed thanks to commercial software and hardware suitable for both 

hammer and shaker excitations. These measurements are then imported into the V2i toolbox via the 

universal file format. 

- An identification software based on a modified version of the Poly-reference Least-Square Complex 

Frequency method (p-LSCF). Compared to the method described in the literature [2], the assessment 

of the damping ratio is modified.  
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- Mode shapes visualization using reduction and expansion techniques, allowing an easier 

understanding of the modal deformation. Two methods have been implemented: an expansion using 

the SEREP method restrained on the skin faces and a projection based on the modal deformations 

at nodes paired with the experimental points.   

Figure 1 shows the complete process implemented to perform a modal analysis. The use of some tools is 

restrained by the availability or not of numerical results.  

 

Figure 1: Modal analysis process diagram  

2 The V2i toolbox for modal analysis 

The current section aims to provide additional details regarding the theoretical backgrounds of three 

important blocks of the developed toolbox: the optimal placement, the identification algorithm and the 

visualization tools. 

2.1 Optimal Sensor Placement 

Modal analysis campaigns in industrial application often come down to a compromise among the reliability 

of the results, the available number of sensors and the time spent for the collection of experimental data. An 

intermediate preprocessing step has been foreseen to optimize beforehand the number and the location of 

sensors in order to exploit at best the resources allocated for the experimental stage. 
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2.1.1 Placement algorithm  

The procedure is based on the methodology developed by Kammer [1] and it takes as input the modes 

computed from the finite element model of the structure and the maximum number of sensor to include in 

the modal analysis. The sensor placement process starts from a large set of candidate sensor locations from 

which the optimal sensor configuration will be selected. The procedure iteratively analyses the different 

sensor configurations targeting the one which ensures the highest linear independence of the selected modes 

and contemporarily maximizes the amount of information available in the sensor data. The methodology is 

implemented for monoaxial sensors even if triaxial accelerometers are typically used in modal analysis 

campaigns. An extension to triaxial sensors is found [3] but it resulted to be too cumbersome in terms of 

computational cost and it has therefore been discarded. 

From a mathematical point of view, the optimal sensor placement problem is cast in the form of a state 

estimation problem and the output equation assumes a static Fisher model 

𝑧𝑠 = Φ𝑠𝑞 + 𝑣 (1) 

in which zs is the response at the sensor location for the sensor set s, Фs is the matrix containing the target 

mode shape partitioned to the sensor set s, q is the target modal response and v is a random noise 

characterized by zero mean and covariance matrix Q. 

Applying an unbiased efficient estimator, the estimate error covariance matrix is 

𝑋 = 𝐸[(𝑞 − �̂�)(𝑞 − �̂�)𝑇] = [Φ𝑠
𝑇𝑄−1Φ𝑠]

−1 = 𝐹−1 (2) 

where F is the Fisher matrix information. Under the realistic hypothesis of sensors being affected by 

uncorrelated noise having similar noise statistics, the noise has no impact on the optimal placement strategy. 

Therefore, the methodology proposed by Kammer can be applied also in the more general case where no a 

priori noise statistic information is available. 

The best estimation of the target modal response will be obtained by the sensor set which maximizes the 

Fisher matrix information in a suitable norm. In particular, the sensor set will be chosen in such a way that 

the determinant of the matrix F is maximized and consequently F will be full rank.  

The contribution of each sensor location to the rank of the information matrix is computed starting from the 

eigenvectors Ψ and the eigenvalues λ of F and it corresponds to the diagonal of the following matrix 

𝐻 = Φ𝑠Ψ𝜆
−1Ψ𝑇Φ𝑠

𝑇 (3) 

The algorithm computes the matrix E at each step and its diagonal elements are sorted in descending order. 

The sensor location which corresponds to the lowest ranked element is eliminated from the pool of available 

sensor locations. The optimized sensor set is obtained once the initial set of possible sensor locations is 

iteratively reduced to the desired number of sensors for the modal analysis.  

2.1.2 Guided placement and mode observability check 

The algorithm described in the previous section will return the sensor location set which maximizes the 

target modal response considering each finite element model node as possible location.  

In several cases it is not possible to access all the area of the investigated structure either for safety reason 

or due to lack of space for the placement of a given sensor. The limited accessibility of a structure has a 

major influence on the detectability of local modes and the eventual unobservability could not be fully 

captured from the standard AutoMAC computation. As the placement methodology aims to maximize the 

strength of the target modal response in the sensor data, the inclusion of unobservable modes may lead to a 

suboptimal sensor set which tries to capture a mode which presents quasi-zero mode shape for the totality 

or the great majority of the candidate sensor locations. 

The analysis of the diagonal terms of the inverse of the Fisher information matrix of Equation (2) computed 

at the first iterative step of the algorithm helps in the identification of the unobservable modes without 
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requiring any additional processing step. In particular, the diagonal term correspondent to an unobservable 

mode will be significantly higher than the one correspondent to an observable mode. 

The algorithm can be therefore guided towards a meaningful optimal placement not only by limiting the 

initial set of locations to the effectively accessible ones but also by eliminating the modes which would be 

by default impossible to capture correctly. Moreover, in order to keep the computational time below 

acceptable limits, all the degrees of freedom for which the sum of the modal amplitude is lower than a 

defined threshold are removed in the first step.  

A second improvement has been achieved by considering the size of the sensors. The placement does not 

may identify as optimal 2 nodes which could eventually be measured by a single sensor. In this case, in a 

post analysis stage, only the location which gives the highest contribution to the determinant of F is retained 

leaving the possibility for an eventual additional sensor to be placed on the structure.  

A third improvement is achieved by weighting the modes according to their modal mass to privilege the 

sensor placement which enhances the identification of the most significative structural modes.  

The methodology will be applied to a meaningful test case whose results are reported in Section 3. As 

anticipated in Section 2.1.1, the placement algorithm considers each degree of freedom as measured 

separately. The flow diagram related to the Optimal placement block is shown in Figure 2 
 

 

Figure 2: Optimal placement block flow diagram 

2.2 Modal Analysis – Measurement and Identification 

The propaedeutic step of section 2.1 aims to enhance the quality of the outcome of the modal analysis 

campaign central phases: the measurements and the identification. The Siemens LMS software and 

acquisition hardware are used to measure the Frequency Responses Functions (FRFs). If a high spatial 

resolution is expected or a high accuracy correlation is requested, precise geometrical measurements of the 

accelerometer locations or of the laser measurement points can be performed thanks to a portable measuring 

arm (Figure 3). The information about the orientation of the sensor is retrieved by taking a measurement 

point for each face of the accelerometer. The geometry of the measurement mesh can then be updated 

according to the new available information before the actual start of the measuring campaign which will 

allow to collect a suitable amount of data. The measured FRFs will then be transferred to the identification 

algorithm in order to extract the modal characteristics of the analyzed structure. 
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Figure 3: Romer Absolute Portable arm [4] 

2.2.1 The V2i identification algorithm 

The Poly-Reference Least-Square Complex Frequency (p-LSCF - [2]) identification method available in 

commercial solution is known to deliver clear stabilization diagram in which the stochastic poles (also 

known as the mathematical poles) are separated from the physical poles. It is shown in literature that this 

interesting property is achieved thanks to an appropriate choice of the constraint in the solving of the least-

square problem. The same study demonstrates also that, in case of low signal to noise ratio, the damping 

ratio assessment is underestimated [5]. This situation can occur when the damping level is high and when 

the noise on the measurement is not as good as desired. Different solutions have been proposed to improve 

the damping estimation such the Frequency-domain maximum likelihood estimation [6]. However, these 

kind of identification methods are iterative and more time consuming, therefore not suitable in many 

industrial cases.  

A new solution is developed at V2i to tackle the damping underestimation and to improve the pole 

identification by solving two least-square problems: one for each of the two opposite choices of constraint. 

The stabilization diagram is built according to the p-LSCF method, allowing to obtain a clear diagram, but 

the frequencies and the damping ratios are computed with the second resolution on the paired poles. To the 

authors’ knowledge, the proposed method is not yet described in the literature. A future paper will describe 

more deeply the developed methodology.  

In order to assess the improvement achieved, the method is tested on a simple test case. A clamped beam 

numerical model is built and the FRFs are computed at 10 equally spaced points considering an excitation 

applied at the beam tip. The damping ratio is imposed to be equal to 1 percent for each mode. Artificial 

uncorrelated noise (uniformly distributed random value between a certain percentage of the maximal value 

of the real- and the imaginary part of the FRF) is added to the real- and the imaginary parts of the FRFs 

independently (Figure 4).  

 

Figure 4: Simulated FRFs with and without noise 

Three different modal identification methods (p-LSCF, LSCE and proposed modified p-LSCF) are used to 

assess the sensitivity with respect to the noise level on the accuracy of the pole estimation.  
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The main conclusions derived from the comparison of the three methodologies are: 

- Clear stabilisation diagrams are generated by the p-LSCF (Polymax) and the proposed methods; 

- The LSCE method stabilization diagram is polluted by mathematical poles therefore, the pole 

selection becomes difficult especially for the higher orders; 

- The poles are well separated thus the error on the frequencies estimation is low for the three 

methods; 

- The damping ratio is underestimated for the p-LSCF method and overestimated for the two other 

methods. The influence of making the stochastic poles unstable in the p-LSFE method is higher 

than in the case where the mathematical poles are stable (proposed method and LSCE). The relative 

error is lower when the proposed method or the LSCE method are applied.  

 

Figure 5: Damping ratios relative error for different level of added noise – Mode 1: red circle - p-LSCF, 

green triangle - LSCE and blue cross - modified p-LSCF 

 

Figure 6: Damping ration relative error for different level of added noise – Mode 4: red circle - p-LSCF, 

green triangle - LSCE and blue cross - modified p-LSCF 

Figure 7 compares the poles identified for the two considered constraints. For the classical p-LSCF method, 

the mathematical poles are separated to the physical poles (real part of opposite sign). For the second type 

of constraint (link to the sense of rotation on the unitary circle), all the poles are of same sign. The difference 

on the radius estimation (frequency) is relatively low. The error on the real part pole estimation is higher for 

the classical p-LSCF method, which induces a higher error on the damping ratio estimation. Therefore, the 

proposed methodology is capable of performing a more accurate poles identification with a minimum 

incidence on the total identification computational cost. 

3634 PROCEEDINGS OF ISMA2018 AND USD2018



 

Figure 7: Influence on the mathematical pole stability 

2.3 Expansion and reduction techniques for visualization and correlation 

Natural frequencies and damping ratios are an important part of the modal identification of a structure but 

the mode shapes are often the ultimate goal of a modal analysis campaign. In the proposed toolbox, the 

mode shapes are computed using the LSFD algorithm [7]. For most of the cases, only a few measurement 

points are available, making the classical wireframe visualization difficult to interpret and understand for a 

non-expert public. Moreover, tools to easily perform the correlation between the experimental data and the 

numerical models are in general not directly available in commercial software (even if the actual trend shows 

that will be available in the future).  

An in-house software tool has been developed to fulfill these needs and improve the modal analysis results 

sharing. 

Two kinds of tools are available to ease the interpretation of the experimental mode shapes and to perform 

correlation with the numerical mode shapes: 

1) The reduction of the finite element model on the experimental point set is automatically performed 

by searching the closest finite element nodes to each of the measurement points. The searching base 

for the nodes set is reduced to the skin nodes. A final visual check of the paired node/point is 

performed to avoid possible mistakes.  

2) The expansion of the experimental results on the finite element modal basis is implemented. Due to 

the difficulty to import the mass and stiffness matrices from the numerical model, the SEREP 

method [8] is considered which is based on only the modal basis information. The user can choose 

to take into account all the finite element nodes or only the nodes of the skin. The reduction to the 

skin nodes does not affect the accuracy of the method. The expansion allows in most of the case to 

ease the interpretation of the mode shape and to communicate more efficiently with the customer 

the results of the analyses.  

The correlation (MAC computation) can be calculated on the reduced data or on the expanded data.  
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3 Results 

3.1 Test case description 

The test object considered for the validation of the proposed methodology is a pyramidal structure which 

can be used as tooling for shaker based vibration tests. The tooling purpose makes of the outmost importance 

the accurate determination of its modal behavior to guarantee a correct interpretation of the vibration tests. 

The structure is made of Aluminum and it weights approximately 220 kg. 

 

 

Figure 8: Geometry of the considered structure 

An updated finite element model has been implemented in a commercial software to extract the modes 

shapes of the structure considering it clamped to the shaker table. Among the mode set computed between 

50 and 2000 Hz, 7 modes have been identified as crucial for the modal analysis. Two modes are shown in 

Figure 9. 

 

Figure 9:  Example of a global and a local mode 

3.2 Optimal Placement 

A set of 20 sensors is placed using the optimal placement algorithm in order to ensure the best possible 

detection of the modes of interest. The placement areas are limited to the accessible areas of the structure: 

the external surfaces, the top, the upper surface of the base and part of the internal wall. 

The algorithm returns the points indicated in red in Figure 10. 

The zoom of  Figure 11 draws the attention to the limitation of the original methodology highlighted in 

section 2.1.2. As the algorithm considers the full point set as possible location, it can identify two optimal 

location which would fall under the same sensor area. In such a situation, the proposed modified algorithm 
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preserves only the position which guarantees global higher linear independence of the target mode set. The 

final sensor number is then reduced to 7 which correspond to the MAC of Figure 13 

 

Figure 10:  Optimal placement 

 

 

Figure 11:  Detail of the optimal placement: 

coincident accelerometers 

 

Figure 12: Proposed set 

 

Figure 13: AutoMAC correspondent to the proposed sensor set 

In order to highlight the potentiality of the applied methodology a sensor set of equal size (7 sensors) has 

been manually chosen identifying the maxima of the considered mode set. The positioning is shown in 

Figure 14 and the corresponding AutoMAC is shown in Figure 15. The two sets share some common points 

but comparing the AutoMAC of Figure 13 and Figure 15 it is clear the advantage deriving form the optimal 

placement algorithm especially when it comes to the correlation among modes which are closely spaced in 

frequency. 
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Figure 14: Manually chosen set of 7 sensors 

 

Figure 15: AutoMAC correspondent to a manual 

chosen set of 7 sensors. 

One of the most relevant challenges of the modal analysis in the industrial environment is to find an efficient 

way to represent the obtained results. It is evident from Figure 12 that a representation of mode shapes based 

on only the selected point would not allow to visually capture the envelope of the mode shapes. Therefore 

12 sensor locations have been added to the optimal set, bringing the total number of measurement points to 

19. The extended sensor set eliminates the correlation between mode 5 and mode 10. Conversely, the attempt 

to correctly capture mode 2 results in a sensor set which provides a worse AutoMAC for the modes 2 and 4 

given the high similarity of their mode shapes. 

 

 

Figure 16: Extended point set 

 

Figure 17: AutoMAC correspondent to the extended point set 
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3.3 Modal identification 

Measurements of the FRFs are performed thanks to LMS Test.Lab software. The specimen is excited by an 

impact hammer on a point located on the top part of the tooling while the response is measured at the points 

determined as being optimal.  

The measured FRFs are injected as input in the modal identification algorithm. Interface tools have been 

developed to allow the transfer of data between commercial software and the in-house identification tools 

using the universal file format.  

In this paper, the results obtained with the proposed modified version of the p-LSCF is compared to the 

results coming from the use of the Polymax and the LSCE algorithm available in commercial software.  

Table 1 compares the results (frequencies and damping ratio) identified with the three different algorithms. 

Figure 18 to Figure 20 show the stabilization diagrams obtained for the three methods (the modified p-LSCF 

is built with V2i software and the two others with LMS Test.Lab). The poles which are not clearly stabilized 

are not considered. These correspond for most of them to mode not well excited (orthogonal to the 

excitation). A MIMO analysis will be needed to identify properly these poles.  

The following conclusions can be drawn: 

- There are no significant differences in the identified frequencies; 

- The damping ratio determined with the modified p-LSCF and the LSCE algorithm are similar but 

are higher than the ones determined with Polymax. The available data do not allow to judge which 

is the most correct estimation, anyway the considered testcase proves that a special attention has to 

be taken when dealing with highly damped modes (or with low signal to noise ratio).  

- The stabilization diagrams for the two versions of the p-LSCF give clear stabilization diagram with 

the non-physical poles eliminated. The LSCE diagram is really complicated to interpret. Due to 

noise level and the considered frequency bandwidth, a high order is needed to stabilize on all the 

modes.  

Frequency [Hz] 

# 
Modified-

PLSCF 
Polymax LSCE 

1 130 129.75 130.25 

2 287.25 291.25 / 

3 400 399.75 397.5 

4 543.75 539.5 / 

5 628.25 628.25 628.25 

6 750.5 751.75 / 

7 813.75 814.25 813.5 

8 833.25 833 833.25 
 

Damping ratio [%] 

# 
Modified-

PLSCF 
Polymax LSCE 

1 3.5 2.9 3.5 

2 2.9 0.43 / 

3 2.2 2.00 2.2 

4 4.1 1.68 / 

5 0.28 0.26 0.29 

6 1.71 1.96 / 

7 2.26 1.62 2.2 

8 0.62 0.59 0.61 
 

Table 1: Comparison of identified frequencies and damping ratio for: a) modified p-LSCF – b) Polymax – 

c) LSCE 
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Figure 18: Modified p-LSCF stabilization diagram ( 

 

Figure 19: Polymax stabilization diagram 

 

Figure 20: LSCE stabilization diagram 

From these poles, the mode shapes are computed using the LSCF algorithm.  

The test case shows that the modification of the p-LSCF algorithm allows keeping a clear stabilization 

diagram characteristic with an improvement in the damping ratio assessment in case of low signal-to-noise 

ratios.  

3.4 Correlation – reduction/expansion 

The developed toolbox allows to perform the numerical -experimental correlation and therefore to improve 

the efficiency of the result dissemination. First, the reduction is made, i.e. the experimental measurement 

points are paired with the finite element nodes. Visualization tools allows checking the accuracy of the 

association operation (Figure 21). If needed, manual definition of the pairing experimental/numerical points 

can be performed.  
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(a) 

 

(b) 

Figure 21: Pairing operation – reduction: (a) all paired points and (b) detailed view on top points  

After the reduction step, the Modal Assurance Criterion matrix can be computed. For this particular 

application, the analysis of the MAC shows that some modes are not well correlated. In particular, for the 

modes #4 and #6, this can be explained with a poor excitation in the maximum effective mass direction. As 

final check, the toolbox allows the visual comparison of the mode shapes on the reduced or on the expanded 

modes shapes for the experimental and the numerical results.  

 

Figure 22: Modal Assurance Criterion – Reduction  

As shown in Figure 23 and Figure 24, the expansion of the experimental results on the numeric mode shape 

basis makes easier the understanding of how and where is located the deformation of each considered mode. 

The dissemination of the result is more efficient. Such results of the expansion are only possible if a) the 

numerical model is well correlated or b) a sufficient number of modes is introduced in the modal basis.  
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(a) 
 

(b) 

Figure 23: Mode shape #1 – global mode: (a) measured and (b) expansion 

 

(a) 
 

(b) 

Figure 24: Mode shape #5 – local mode: (a) measured and (b) expansion 

4 Conclusions 

A complete toolbox is presented in order to enhance in the reachable quality of the modal analysis results, 

including an improvement of standard methodologies. 

A traditional optimal sensor placement approach has been revised to make the algorithm more suitable to 

industrial frameworks allowing to predefine the placement areas and the sensor size. A prefilter of the mode 

base based on the effective mode observability has been also implemented to ensure the optimality of the 

selected sensor set.  

The core element of modal analysis, the identification algorithm, has been ameliorated: a modified version 

of the well-known p-LSCF identification methods is proposed to merge in a single algorithm the advantages 

of a clear stabilization diagram and a diminished pollution of the unstable poles on the stable ones. 

As final step, reduction and expansion techniques are implemented to allow the computation of 

numerical/experimental correlation and to improve the ease of results dissemination along with their 

transferability.  
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In a further work, the toolbox will be enriched with customizable additional identification method and 

indicators. From an experimental point of view, the plan is to add an automatic measurement process using 

a 6-axis robotic arm driven by the CAD model.  
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