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ABSTRACT: The effectiveness of a computational framework to handle large scale linear and nonlinear 
models is presented by calibrating a high-fidelity FE model of a steam turbine rotor with several millions 
of degrees of freedom, using experimentally identified modal parameters. CMA-ES optimization 
algorithm a state of the art updating technique, was connected in an efficient way with a numerical code 
leading to an automated determination of dynamic response of linear and nonlinear mechanical systems. 
First, using an integrated reverse engineering strategy, the digital shape of the three sections of a steam 
turbine rotor was developed and the final parametric CAD model were created. The finite element model 
of the turbine was created using tetrahedral solid elements. Due to complex geometry of the structure, the 
developed model consists of about fifty-five million of DOFs. The identification of modal characteristics 
of the frame is based on acceleration time histories, which are obtained through an experimental 
investigation of its dynamic response in a support-free state by imposing impulsive loading. The 
developed computational framework with appropriate substructuring methods, are used for estimating the 
parameters (material properties) of the finite element model, based on minimizing the deviations between 
the experimental and analytical modal characteristics (modal frequencies and mode shapes). Direct 
comparison of the numerical and experimental data verified the reliability and accuracy of the 
methodology applied. The identified finite element model is representative of the initial structural 
condition of the turbine and is used to developed a simplified finite element model, which then used for 
the turbine rotordynamic analysis. Also, this model can be further used for structural health monitoring 
purposes of the rotor. 

1 INTRODUCTION 

Reverse engineering is a modern field of engineering, which finds application in many areas of 

industry. Current industrial design requirements, tend to have the need of improving, modifying 

and developing new and optimized versions of various mechanical parts or even entire 

structures. For many of these structures, there is no available information not only about their 

geometric and designing details, but also about their material properties and mechanical 

treatment and procedures carried out during the construction process. To address this issue, an 

integrated reverse engineering strategy is necessary to be applied. In this process, many issues 

are taken into account, related to the development of the geometry and finite element model, 

with the experimental modal analysis procedures and the application of robust and effective 

computational model updating techniques. The main objective of the present work is to 

demonstrate the advantages of a developed computational framework to handle large scale 

linear and nonlinear models, by calibrating a high-fidelity FE model of a steam turbine rotor 

with several millions of degrees of freedom, using experimentally identified modal parameters. 

Applying classical finite element techniques, the equations of motion of mechanical systems 

with complex geometry are first set up. As the order of these models increases, the existing 



  

 

  

numerical and experimental methodologies for a systematic determination of their dynamic 

response become inefficient to apply. Therefore, there is a need for the development, 

improvement and application of new suitable methodologies for investigating dynamics of large 

scale mechanical models in a systematic and efficient way. Traditionally, in the area of 

structural dynamics this is done by first employing methodologies that reduce the dimensions of 

the original system. In order to improve the FE model of the structure, structural model updating 

techniques, have been proposed in order to reconcile the numerical (FE) model, with 

experimental data. Structural model parameter estimation based on measured modal data are 

often formulated as weighted least-squares estimation problems in which metrics, measuring the 

residuals between measured and model predicted modal characteristics, are build up into a 

single weighted residuals metric formed as a weighted average of the multiple individual 

metrics using weighting factors. Standard gradient-based optimization techniques are then used 

to find the optimal values of the structural parameters that minimize the single weighted 

residuals metric representing an overall measure of fit between measured and model predicted 

modal characteristics. Model updating basically regards, erroneous assumptions of model 

parameters such as material parameters (Young’s modulus and mass density), shell or plate 

thickness, spring stiffnesses and non-structural mass. The organization of this paper is as 

follows. First, in the following section, is presented an overview of the formulation for finite 

element model updating based on modal data. In the third section, the structure examined (steam 

turbine) is introduced. More specifically, first presented the procedure followed in order to 

develop the digital shape of the steam turbine (rotor and blades), using a 3D Laser Scanner. The 

development of the detailed FE model of the structure analyzed next and finally is given a brief 

review of the experimental modal analysis results. Finally, the parametric studies on updating 

finite element model of the system are presented in the fourth section. Conclusions are 

summarized in the fifth section. 

2 FINITE ELEMENT MODEL UPDATING METHOD 

Let ˆˆ{ , , 1, , }oN
r rD R r m     be the measured modal data from a structure, consisting of 

modal frequencies ˆ
r  and mode shape components ˆ

r  at oN  measured DOFs, where m is the 

number of observed modes. Consider a parameterized class of linear structural models used to 

model the dynamic behavior of the structure and let NR   be the set of free structural model 

parameters to be identified using the measured modal data. The objective in a modal-based 

structural identification methodology is to estimate the values of the parameter set   so that the 

modal data 0{ ( ), ( ) , 1, , }N
r r R r m       predicted by the linear class of models at the 

corresponding 0N  measured DOFs best matches the experimentally obtained modal data in D . 

For this, let 
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be the measures of fit or residuals between the measured modal data and the model predicted 

modal data for the r -th modal frequency and mode shape components, respectively, where 

2 T|| ||z z z  is the usual Euclidean Norm, and 
2ˆ( ) ( ) / ( )T

r r r r        is a normalization 

constant that guaranties that the measured mode shape ˆr  at the measured DOFs is closest to the 



  

 

  

model mode shape ( ) ( )r r     predicted by the particular value of  . To proceed with the 

model updating formulation, the measured modal properties are grouped into two groups. The 

first group contains the modal frequencies while the second group includes the mode shape 

components for all modes. For each group, a norm is introduced to measure the residuals of the 

difference between the measured values of the modal properties involved in the group and the 

corresponding modal values predicted from the model class for a particular value of the 

parameter set  . For the first group, the measure of fit 1( )J   is selected to represent the 

difference between the measured and the model predicted frequencies for all modes. For the 

second group, the measure of fit 2( )J   is selected to represent the difference between the 

measured and the model predicted mode shape components for all modes. Specifically, the two 

measures of fit are given by  

 2 2 2
1 2

1 1 1

( )  and   ( ) 1 ( )( ) ( )
r r

m m m

r
r r r

J J MAC       
  

        (2) 

where ˆ ˆ( ) ( ) /T
r rr r r rMAC        is the Modal Assurance Criterion [13] between 

experimentally identified and estimated mode shapes for the r -th mode. Alternative measures 

of fit can easily be used and found in literature. Derived from the MAC for any measured 

frequency point, k  a global correlation coefficient may be used: 
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where  ( )X kH  and  ( )A kH   are the experimental (measured) and the analytical (predicted) 

response vectors at matching excitation - response locations. As the MAC value, ( )s kx   

assumes a value between zero and unity and indicates perfect correlation with ( ) 1s kx   . For 

( ) 0s kx   , no correlation exists. Similar to the MAC, ( )s kx  is unable to detect scaling errors 

and is only sensitive to discrepancies in the overall deflection shape of the structure. To 

emphasis this characteristic, ( )s kx 
 
is accordingly called the shape correlation coefficient. The 

lack of sensitivity to scaling of the shape correlation coefficient does not allow the identification 

of identical FRFs. This insufficiency becomes even more dramatic if just one measurement and 

its corresponding prediction are correlated. In this case, the column vectors reduce to scalars and 

   ( ) ( )A k X kH k H  is always satisfied (constant k may be complex), therefore leading to 

1sx 
 
across the full frequency spectrum for uncorrelated FRFs. As a result, a supplementary 

correlation coefficient ( )a kx   is proposed by targeting the discrepancies in amplitude. The 

amplitude correlation coefficient is defined as:  
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where the response vectors are identical to those used for ( )s kx  . As for the shape correlation 

coefficient, ( )a kx   is defined to lie between zero and unity. This time, however, the correlation 



  

 

  

measure is more stringent and only becomes unity if    ( ) ( )A k X kH H  . All elements of the 

response vectors must be identical in both phase and amplitude even if only one measurement is 

considered. Similarly, to modal residuals, two measures of fit are proposed using ˆ( )s rx 
 
and 

ˆ( )a rx   which correspond to the identified resonant frequencies of the system:  

 2 2
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1 1

ˆ ˆ1 ( , )   and   1 ( , )( ) ( )
m m

s r a r
r r

J x J x     
 

           (5) 

Minimizing at global minimum the following single objective, traditionally solves the parameter 

estimation problem:  

 
1 1 2 2 3 3 4 4;( ) ( ) ( ) ( ) ( )J w J J J Jw w w w         (6) 

formed by the four objectives ( )iJ  , using the weighting factors 0iw  , 1,2,3,4i , with 

1 2 3 4 1w w w w    . The objective function ;( )wJ   represents an overall measure of fit 

between the measured and the model predicted characteristics. The relative importance of the 

residual errors in the selection of the optimal model is reflected in the choice of the weights. The 

results of the identification depend on the weight values used. The optimal solutions for the 

parameter set   for given w  are denoted by ˆ( )w . 

3 EXPERIMENTAL APPLICATION 

In this section, the proposed computational framework is applied to update the FE model of the 

three sections of a real steam turbine, shown in Figure 1. More specifically, the turbine type is 

LMZ K-300-170 with total power 310MW, which is placed in the unit IV of the thermal power 

plant in the area of Agios Dimitrios. The turbine consists of three sections, (Low pressure LP, 

Intermediate Pressure IP, High Pressure HP), which are connected in line. The total mass of the 

turbine is approximately 76 tones and consisted of 37 stages (10 stages in Low pressure section, 

17 stages in Intermediate pressure section and 10 stages in High pressure section) and of 27 

different types of blades, total number of blades 4126.   

 

Figure 1: The three sections of a real steam turbine, (a) low pressure turbine, (b) intermediate pressure 

turbine and, (c) high pressure turbine. 

Low Pressure LP Turbine Intermediate Pressure IP Turbine 

High Pressure HP Turbine 



  

 

  

3.1 Digitization and CAD Model of the Steam Turbine 

Due to large size of the results of the complete steam rotor, is selected to present the basic idea 

of the applied method only for the intermediate pressure rotor. First, exploiting a 3D Laser 

Scanner, the digital shape of each blade type which used in the three turbine sections was 

developed by using the DSR (Digital Shape Reconstruction) method. The whole procedure is 

depicted in Figure 2, for one blade of the section IP15 of the intermediate pressure section. The 

geometry of the rotor shaft is also unknown. The 3D CAD model of the rotor shaft was 

developed using the digital 2D drawings (Figure 3). The complete 3D CAD assembly of the 

intermediate pressure section, including the rotor shaft and the blades of all the 17 sections is 

presented in Figure 4. Following the same procedure was carried out for the other two sections 

(low and high pressure) and, the final 3D CAD model of the complete steam turbine was 

developed (Figure 5). 

 
 

Figure 2: Digitization and final 3D CAD model of 

one blade of the section IP15 of the intermediate 

pressure section. 

Figure 3: Digitization and final 3D CAD model 

of the rotor shaft of the intermediate pressure 

section. 

  

Figure 4: Complete 3D CAD assembly of the 

intermediate pressure section, including the rotor 

shaft and the blades of all the 17 sections. 

Figure 5: Final 3D CAD of the complete steam 

turbine. 

3.2 Finite Element Model 

The geometry of the turbine sections discretized by solid elements (tetrahedral). Due to complex 

geometry of the structure, the total number of degrees of freedom of the resulting complete rotor 

model is about fifty-five million degrees of freedom (55,000,000). The detailed FE Model of the 

frame presented in Figure 6.  For the development and solution of the finite element model 

some appropriate software was used. Typical eigenmodes of the three sections and of the 

complete model presented in Figure 7. 



  

 

  

  

Figure 6: Final finite element model of the complete 

steam turbine. 

Figure 7: Typical eigenmodes of the three 

sections and of the complete model. 

3.3 Experimental Modal Analysis 

Next, in order to quantify the dynamic characteristics of the turbine, an experimental modal 

analysis of the three turbine sections was performed. Again, due to large size of the results, is 

selected to present the results only for the intermediate pressure rotor. The rotor, was hung up 

with the help of a crane and straps, to approximate free-free boundary conditions for the test. 

First, all the necessary elements of the FRF matrix required for determining the response of the 

rotor were determined by imposing impulsive loading. The measured frequency range of 

interest is 0-700 Hz. A schematic illustration of the measurement geometry for the modal 

analysis of the intermediate pressure rotor, with the real experimental set up of this test is 

presented Figure 8. For instance, Figure 9 shows the magnitude of typical elements of the FRFs.   

  

Figure 8: Schematic illustration of the 

measurement geometry and real experimental set-

up for the modal analysis of the intermediate 

pressure rotor. 

Figure 9: Typical elements of the experimental FRF 

matrix for the intermediate pressure rotor. 

Based on the measured FR functions, the natural frequencies and the damping ratios of the 

rotor were estimate. The first column of Table 1 presents the values of the lowest 11 natural 

frequencies ( )rE  of the frame, while the corresponding damping ratios are included in the 

fourth column. The second column presents the values of the natural frequencies obtained from 

the analysis of the nominal finite element model ( )
FErN  and the third column compares these 

frequencies with the corresponding frequencies obtained by the experimental data.  



  

 

  

Table 1: Modal frequencies and modal damping ratios for the intermediate pressure rotor. 

  

4 FINITE ELEMENT MODEL UPDATING 

The parameterization of the finite element model of the intermediate section is introduced in 

order to demonstrate the applicability of the proposed finite element model updating method. 

This model consists of about twenty-three million degrees of freedom. The parameterized model 

consisting of forty-four parts which is shown in Figure 10. At each of these parts are used as 

design variables the Young’s modulus and the density. Thus, the final number of the design 

parameters are eighty-eight (88) variables. The upper and lower limit, which were selected to be 

used for the optimization process was selected in 10%  of the initial values. The finite element 

model is updated using the lowest eleven identified modal frequencies and mode shapes shown 

in Table 1. Additionally, we define as design response and total weight of the model, in order to 

be taken into consideration during the optimization process. The results from the FE model 

updating method are shown in Table 2. In this table presented a comparison between identified 

( )rE and optimal FE predicted modal frequencies ( )
FErO . 

  

Figure 10: Parts of the parameterized FE model of the 

intermediate pressure rotor. 

Table 2: Comparison between identified 

and optimal FE predicted modal 

frequencies for the intermediate pressure 

rotor. 



  

 

  

5 SUMMARY 

The applicability and effectiveness of a computational framework namely the model reduction 

method, model updating method and experimental modal analysis, is explored by calibrating a 

high-fidelity FE model of a steam turbine rotor with fifty-five million degrees of freedom. First, 

using a reverse engineering method, the digital shape of the three sections of a steam turbine 

rotor was developed and the final parametric CAD model was created. The finite element model 

of the turbine was created using tetrahedral solid elements. Modal analysis techniques were 

applied in order to identify the modal parameters. Direct comparison of the numerical and 

experimental data verified the reliability and accuracy of the methodology applied.  
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