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( FIG . 5 ) 
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( FIG . 6B ) 
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VIRTUAL SENSING APPARATUS OF 
STRUCTURAL VIBRATION AND 
OPERATING METHOD THEREOF 

CROSS - REFERENCE TO RELATED 
APPLICATION 

[ 0008 ] In Mathematical Equation 1 , M can represent mass , 
C can represent damping , K can represent a stiffness matrix , 
u can represent displacement , and can represent external 
force . 
[ 0009 ] A finite element model constructed in a general 
method is based on target properties and shapes used in the 
design of a structure . Accordingly , due to manufacturing 
tolerances and uncertainties of used materials , some differ 
ences from an actual measurement target structure may be 
exhibited , and correction techniques are required to secure 
the reliability of a numerical model based on a finite element 
model . 

[ 0001 ] This application claims priority to Korean Patent 
Application No. 10-2020-0018826 , filed on Feb. 17 , 2020 in 
the Korean Intellectual Property Office , the disclosure of 
which is incorporated herein by reference . 

BACKGROUND OF THE DISCLOSURE 
RELATED ART DOCUMENTS 

Field of the Disclosure 
Patent Documents [ 0002 ] The present disclosure relates to a technical virtual 

sensing idea of indirectly measuring structural vibration 
information on an unmeasured point while minimizing the 
number of sensors attached for actual measurement , and 
more particularly , to a technique of estimating measurement 
data of an unmeasured point using a finite element model , 
synchronized and updated based on experimental data of an 
actual measurement subject structure , and a virtual sensing 
algorithm . 

[ 0010 ] Korean Patent No. 10-2031843 , “ METHOD AND 
APPARATUS FOR GENERATING VIRTUAL SENSOR 
DATA ” 
[ 0011 ] Korean Patent No. 10-1695562 , “ UPDATING OF 
FINITE ELEMENT MODEL AND REALITME STRUC 
TURAL HEALTH ANALYSIS USING THE SENSOR 
DATA ” 
[ 0012 ] Korean Patent No. 10-2045617 , “ MONITORING 
APPARATUS AND METHOD FOR ABNORMAL OF 
EQUIPMENTS " 
[ 0013 ] Korean Patent No. 10-2006056 , “ LOCATION 
BASED VIRTUAL SENSOR CREATION AND SENSOR 
INFORMATION DELIVERY METHOD " 

SUMMARY OF THE DISCLOSURE 

Description of the Related Art 
[ 0003 ] With the recent rapid development of information 
and communication technology and the universalization of 
Internet On Things ( IOT ) technology , the complexity of 
mechanical systems is also increasing rapidly . In particular , 
the demand for Prognostics and Health Monitoring ( PHM ) 
technology to preemptively respond by estimating the health 
of a mechanical system in real time and predicting the 
lifespan of a structure in advance is gradually increasing . 
[ 0004 ] Meanwhile , the rapid growth of semiconductor 
technology has resulted in miniaturization of computers and 
advancement of computational speed . Accordingly , an era in 
which a high - performance , compact computing system can 
be configured at very low cost has been realized . This 
technological background has become a driving force for 
research and development of digital twin technology , one of 
the important foundation technologies of the 4th industrial 
revolution . 
[ 0005 ] To successfully construct a digital twin system , 
precise sensor technology for converting the state of an 
actual structure into a physical model is necessary required . 
However , attachment of a large number of sensors to mea 
sure high - quality physical data may affect the physical 
properties of a structure , and may cause great increase in the 
manufacturing cost of the system . 
[ 0006 ] In particular , attachment of sensors in a structural 
vibration system may cause a direct change in mass and 
stiffness , leading to a decrease in the reliability of measure 
ment data . In addition , the possibility that access and mea 
surement may become impossible depending on the type of 
data and a measurement location has been pointed out as a 
limitation of the existing sensing technology . 
[ 0007 ] Meanwhile , to measure the structural vibration 
characteristics of a structure , a finite element model , which 
is a kind of physical model , can be used . The finite element 
model of a general structural vibration system can be 
expressed as Mathematical Equation 1 below : 

Mü + Cü + Ku = f [ Mathematical Equation 1 ] 

[ 0014 ] Therefore , the present disclosure has been made in 
view of the above problems , and it is an object of the present 
disclosure to reprocess data measured at a specific point of 
an actual measurement subject structure using a finite ele 
ment model synchronized and updated based on experimen 
tal data of the actual measurement subject structure and a 
virtual sensing algorithm to estimate measurement data of an 
unmeasured point . 
[ 0015 ] It is another object of the present disclosure to 
minimize the number of sensors attached for actual mea 
surement , thereby preventing change in structural properties 
due to the attached sensors and minimizing installation cost 
due to sensor attachment . 
[ 0016 ] It is still another object of the present disclosure to 
predict an unmeasured point or unmeasured vibration infor 
mation based on minimal measurement information . 
[ 0017 ] It is still another object of the present disclosure to 
design a physical model based on experimental data of an 
actual measurement subject structure such that a finite 
element model and the actual measurement subject structure 
have the same structural vibration characteristics . 
[ 0018 ] It is yet another object of the present disclosure to 
reduce the amount of computation required upon application 
of a time integration algorithm using data measured at a 
specific point of an actual measurement subject structure 
through application of a finite element reduction modeling 
technique , and a finite element model . 
[ 0019 ] In accordance with an aspect of the present disclo 
sure , the above and other objects can be accomplished by the 
provision of a virtual sensing apparatus of structural vibra 
tion , including : an experimental data acquisitor configured 
to perform a modal experiment on a measurement subject 
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structure to acquire modal data ; a finite element model 
updater configured to update a finite element model for 
simulating structural vibration characteristics of the mea 
surement subject structure using the acquired modal data 
and a reduced modeling technique ; an actual measurement 
data measurer configured to measure actual displacement 
measurement data from a first point of the measurement 
subject structure ; and a virtual sensing information creator 
configured to estimate virtual displacement data at a second 
point of the measurement subject structure using the updated 
finite element model , the measured actual displacement 
measurement data and a time integration algorithm and 
create virtual sensor information of the second point based 
on the estimated virtual displacement data . 
[ 0020 ] The experimental data acquisitor may acquire the 
modal data including at least one of a natural frequency , an 
eigenvector , a damping coefficient and a frequency response , 
based on the performed modal experiment . 
[ 0021 ] The finite element model updater may collect data 
related to mass , damping coefficient , stiffness matrix , dis 
placement , shape and constituent materials of the measure 
ment subject structure and may construct the finite element 
model based on the collected data . 
[ 0022 ] The finite element model updater may primarily 
update the constructed finite element model using the natural 
frequency and the eigenvector , may create a reduced model 
for the primarily updated finite element model using the 
reduced modeling technique , and may secondarily update 
the reduced model using the damping coefficient and the 
frequency response to create the updated finite element 
model . 
[ 0023 ] To minimize differences between the natural fre 
quency and eigenvector of the finite element model and the 
natural frequency and eigenvector based on the performed 
modal experiment using the natural frequency and the 
eigenvector , the finite element model updater may adopt a 
Modal Assurance Criterion ( MAC ) value to quantify the 
differences . 
[ 0024 ] The finite element model updater may consider 
internal DOFs ( Degrees Of Freedom ) , boundary DOFs and 
coupling DOFs of the primarily updated finite element 
model using the reduced modeling technique , and may 
divide the considered internal DOFs into substrates to create 
the reduced model . 
[ 0025 ] The finite element model updater may apply the 
damping coefficient to the created reduced model to calcu 
late a Frequency Response Function ( FRF ) , and may quan 
tify similarity by comparing the frequency response with the 
frequency response based on the calculated FRF , thereby 
secondarily updating the reduced model to create the 
updated finite element model . 
[ 0026 ] The finite element model updater may compare the 
frequency response with the calculated FRF - based fre 
quency response using a Frequency Response Assurance 
Criterion ( FRAC ) value . 
[ 0027 ] The virtual sensing information creator may reflect 
the measured actual displacement measurement data in the 
updated finite element model , and then set the measured 
actual displacement measurement data , as an initial value , 
based on the time integration algorithm to calculate a finite 
element model calculation value of the updated finite ele 
ment model , and may calculate change in any one of 
stiffness , load , displacement , velocity and acceleration , 

which are virtual displacement data at the second point , 
using the calculated finite element model calculation value . 
[ 0028 ] The virtual sensing information creator may use a 
Newmark - B time integration technique as the time integra 
tion algorithm , and may calculate change in the load , the 
displacement , the velocity or the acceleration through itera 
tive calculation after calculating change in the stiffness 
through initial calculation . 
[ 0029 ] The first point may be a point which is located at 
the measurement subject structure and to which the actual 
measurement data measurer is attached , and the second point 
may be a point which is located at the measurement subject 
structure and from which the actual displacement measure 
ment data is not measured . 
[ 0030 ] In accordance with another aspect of the present 
disclosure , there is provided an operation method of a virtual 
sensing apparatus of structural vibration , the operation 
method including : performing , by an experimental data 
acquisitor , a modal experiment on a measurement subject 
structure to acquire modal data ; updating , by a finite element 
model updater , a finite element model for simulating struc 
tural vibration characteristics of the measurement subject 
structure using the acquired modal data and a reduced 
modeling technique ; measuring , by an actual measurement 
data measurer , actual displacement measurement data from 
a first point of the measurement subject structure ; and 
estimating , by a virtual sensing information creator , virtual 
displacement data at a second point of the measurement 
subject structure using the updated finite element model , the 
measured actual displacement measurement data and a time 
integration algorithm and creating virtual sensor information 
of the second point based on the estimated virtual displace 
ment data . 
[ 0031 ] The performing may include acquiring the modal 
data including at least one of a natural frequency , an 
eigenvector , a damping coefficient and a frequency response , 
based on the performed modal experiment . 
[ 0032 ] The operation method may further include , by the 
finite element model updater , collecting data related to mass , 
damping coefficient , stiffness matrix , displacement , shape 
and constituent materials of the measurement subject struc 
ture and constructing the finite element model based on the 
collected data . 
[ 0033 ] The primarily updating may include introducing a 
Modal Assurance Criterion ( MAC ) value to minimize dif 
ferences between the natural frequency and eigenvector of 
the finite element model and the natural frequency and 
eigenvector based on the performed modal experiment using 
the natural frequency and the eigenvector , thereby quanti 
fying the differences , the creating may include considering 
internal DOFs ( Degrees Of Freedom ) , boundary DOFs and 
coupling DOFs of the primarily updated finite element 
model using the reduced modeling technique , and dividing 
the considered internal DOFs into substrates to create the 
reduced model , and the secondarily updating may include 
applying the damping coefficient to the created reduced 
model to calculate a Frequency Response Function ( FRF ) ; 
and quantifying similarity by comparing the frequency 
response with the frequency response based on the calcu 
lated FRF , thereby secondarily updating the reduced model 
to create the updated finite element model . 
[ 0034 ] The estimating and the creating may include : 
reflecting the measured actual displacement measurement 
data in the updated finite element model , and then setting the 
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measured actual displacement measurement data , as an 
initial value , based on the time integration algorithm to 
calculate a finite element model calculation value of the 
updated finite element model ; and calculating change in any 
one of stiffness , load , displacement , velocity and accelera 
tion that are virtual displacement data at the second point 
using the calculated finite element model calculation value . 

BRIEF DESCRIPTION OF THE DRAWINGS 

[ 0035 ] The above and other objects , features and other 
advantages of the present disclosure will be more clearly 
understood from the following detailed description taken in 
conjunction with the accompanying drawings , in which : 
[ 0036 ] FIG . 1 illustrates a virtual sensing apparatus of 
structural vibration according to an embodiment of the 
present disclosure ; 
[ 0037 ] FIG . 2 illustrates a procedure of constructing or 
updating a finite element model using actual measurement 
data by a virtual sensing apparatus of structural vibration 
according to an embodiment of the present disclosure ; 
[ 0038 ] FIG . 3 illustrates an experiment environment of a 
virtual sensing apparatus of structural vibration according to 
an embodiment of the present disclosure ; 
[ 0039 ] FIG . 4 separately illustrates an experiment step , a 
finite element model update step , a time integration step and 
a virtual sensing step by a virtual sensing apparatus of 
structural vibration according to an embodiment of the 
present disclosure ; 
[ 0040 ] FIG . 5 illustrates an operation method of a virtual 
sensing apparatus of structural vibration according to an 
embodiment of the present disclosure ; 
[ 0041 ] FIG . 6A illustrates a procedure of updating a finite 
element model by an operation method of a virtual sensing 
apparatus of structural vibration according to an embodi 
ment of the present disclosure ; 
[ 0042 ] FIG . 6B illustrates creation of a reduced model in 
update of a finite element model according to an embodi 
ment of the present disclosure ; 
[ 0043 ] FIG . 7 illustrates a procedure of creating virtual 
sensor information of an unmeasured point by an operation 
method of a virtual sensing apparatus of structural vibration 
according to an embodiment of the present disclosure ; 
[ 0044 ] FIGS . 8A and 8B illustrate an experiment for 
checking the accuracy of a displacement amount estimated 
by a virtual sensing apparatus of structural vibration accord 
ing to an embodiment of the present disclosure ; 
[ 0045 ] FIGS . 9A and 9B illustrate an experiment for 
checking the accuracy of a load estimated by a virtual 
sensing apparatus of structural vibration according to an 
embodiment of the present disclosure ; and 
[ 0046 ] FIG . 10 illustrates a comparison result of frequency 
responses according to update of a damping coefficient by a 
virtual sensing apparatus of structural vibration according to 
an embodiment of the present disclosure . 

closure can be implemented in various forms and the present 
disclosure is not limited to the embodiments described 
herein . 
[ 0048 ] The embodiments according to the concept of the 
present disclosure may be implemented in various forms as 
various modifications may be made . The embodiments will 
be described in detail herein with reference to the drawings . 
However , it should be understood that the present disclosure 
is not limited to the embodiments according to the concept 
of the present disclosure , but includes changes , equivalents , 
or alternatives falling within the spirit and scope of the 
present disclosure . 
[ 0049 ] The terms such as " first ” and “ second ” are used 
herein merely to describe a variety of constituent elements , 
but the constituent elements are not limited by the terms . The 
terms are used only for the purpose of distinguishing one 
constituent element from another constituent element . For 
example , a first element may be termed a second element 
and a second element may be termed a first element without 
departing from the scope of rights according to the concept 
of the present disclosure . 
[ 0050 ] It will be understood that when an element is 
referred to as being “ on ” , “ connected to " or " coupled to " 
another element , it may be directly on , connected or coupled 
to the other element or intervening elements may be present . 
In contrast , when an element is referred to as being “ directly 
on , " " directly connected to ” or “ directly coupled to ” another 
element or layer , there are no intervening elements or layers 
present . Other words used to describe the relationship 
between elements should be interpreted in a like fashion 
( e.g. , “ between , ” versus “ directly between , ” “ adjacent , " 
versus “ directly adjacent , " etc. ) . 
[ 0051 ] The terms used in the present specification are used 
to explain a specific exemplary embodiment and not to limit 
the present inventive concept . Thus , the expression of sin 
gularity in the present specification includes the expression 
of plurality unless clearly specified otherwise in context . 
Also , terms such as “ include ” or “ comprise ” in the specifi 
cation should be construed as denoting that a certain char 
acteristic , number , step , operation , constituent element , 
component or a combination thereof exists and not as 
excluding the existence of or a possibility of an addition of 
one or more other characteristics , numbers , steps , opera 
tions , constituent elements , components or combinations 
thereof . 
[ 0052 ] Unless otherwise defined , all terms ( including tech 
nical and scientific terms ) used herein have the same mean 
ing as commonly understood by one of ordinary skill in the 
art to which this disclosure belongs . It will be further 
understood that terms , such as those defined in commonly 
used dictionaries , should be interpreted as having a meaning 
that is consistent with their meaning in the context of the 
relevant art and will not be interpreted in an idealized or 
overly formal sense unless expressly so defined herein . 
[ 0053 ] The present disclosure will now be described more 
fully with reference to the accompanying drawings , in which 
exemplary embodiments of the disclosure are shown . This 
disclosure may , however , be embodied in many different 
forms and should not be construed as limited to the exem 
plary embodiments set forth herein . Like reference numerals 
in the drawings denote like elements . 
[ 0054 ] FIG . 1 illustrates a virtual sensing apparatus of 
structural vibration according to an embodiment of the 
present disclosure . 

DETAILED DESCRIPTION OF THE 
DISCLOSURE 

[ 0047 ] Specific structural and functional descriptions of 
embodiments according to the concept of the present dis 
closure disclosed herein are merely illustrative for the pur 
pose of explaining the embodiments according to the con 
cept of the present disclosure . Furthermore , the 
embodiments according to the concept of the present dis 
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[ 0055 ] Particularly , FIG . 1 illustrates components of the 
virtual sensing apparatus of structural vibration according to 
an embodiment of the present disclosure . 
[ 0056 ] Referring to FIG . 1 , a virtual sensing apparatus 100 
of structural vibration according to an embodiment of the 
present disclosure includes an experimental data acquisitor 
110 , a finite element model updater 120 , an actual measure 
ment data measurer 130 and a virtual sensing information 
creator 140 . 
[ 0057 ] The experimental data acquisitor 110 according to 
an embodiment of the present disclosure may perform a 
modal experiment on a measurement subject structure to 
acquire modal data . 
[ 0058 ] For example , the measurement subject structure 
includes an actual measurement subject structure to which 
external force or load is applied , as a structure of structural 
vibration . 
[ 0059 ] For example , the experimental data acquisitor 110 
may acquire modal data including at least one of a natural 
frequency , an eigenvector , a damping coefficient and a 
frequency response , based on the modal experiment . 
[ 0060 ] For example , the modal experiment includes an 
experiment of applying external force or load to a measure 
ment subject structure using a hammer or the like , and 
measuring at least one of the natural frequency , eigenvector , 
damping coefficient and frequency response of the measure 
ment subject structure . 
[ 0061 ] In accordance with an embodiment of the present 
disclosure , the finite element model updater 120 may update 
a finite element model for simulating the structural vibration 
characteristics of a measurement subject structure using 
modal data and a reduced modeling technique . 
[ 0062 ] For example , the finite element model updater 120 
may collect data related to the mass , damping coefficient , 
stiffness matrix , displacement , shape and constituent mate 
rials of the measurement subject structure and may construct 
the finite element model based on the collected data . 
[ 0063 ] In accordance with an embodiment of the present 
disclosure , the finite element model updater 120 may pri 
marily update the finite element model , which corresponds 
to a numerical analysis model , using the modal experiment 
based natural frequency and the eigenvector . 
[ 0064 ] In addition , the finite element model updater 120 
may create a reduced model for the primarily updated finite 
element model using the reduced modeling technique , and 
may secondarily update the reduced model using the modal 
experiment - based damping coefficient and the frequency 
response to finally update the finite element model . 
[ 0065 ] For example , to minimize differences between the 
natural frequency and eigenvector of the finite element 
model and the natural frequency and eigenvector based on 
the modal experiment using the modal experiment - based 
natural frequency and the eigenvector , the finite element 
model updater 120 may adopt a Modal Assurance Criterion 
( MAC ) value to quantify differences between the natural 
frequencies and the eigenvectors . 
[ 0066 ] In accordance with an embodiment of the present 
disclosure , the finite element model updater 120 may con 
sider the internal DOFs ( Degrees Of Freedom ) , boundary 
DOFs and coupling DOFs of the primarily updated finite 
element model using the reduced modeling technique , and 
may divide the considered internal DOFs into substrates to 
create the reduced model . 

[ 0067 ] For example , in the case of the finite element 
model , physical DOFs are preserved and , accordingly , can 
be directly compared with actually measured data . In addi 
tion , the finite element model is composed of internal DOFs , 
boundary DOFs and coupling DOFs . Among the total DOFs , 
DOFs where the physical quantity is preserved can be 
divided into boundary DOFs , and the other DOFs can be 
divided into internal DOFs . 
[ 0068 ] In accordance with an embodiment of the present 
disclosure , the finite element model updater 120 may apply 
the modal experiment - based damping coefficient to the 
created reduced model to calculate a Frequency Response 
Function ( FRF ) . 
[ 0069 ] In addition , the finite element model updater 120 
may quantify similarity by comparing a frequency response 
of the finite element model with the frequency response 
based on the FRF , thereby secondarily updating the reduced 
model to finally update the finite element model . 
[ 0070 ] For example , the finite element model updater 120 
may finally complete updating of the finite element model to 
create a final finite element model . 
[ 0071 ] For example , the finite element model updater 120 
may compare the frequency response of the finite element 
model with the FRF - based frequency response using a 
Frequency Response Assurance Criterion ( FRAC ) value . 
[ 0072 ] In accordance with an embodiment of the present 
disclosure , the actual measurement data measurer 130 may 
measure actual displacement measurement data from a first 
point of the measurement subject structure . 
[ 0073 ] For example , the actual measurement data mea 
surer 130 may include a sensor device which is attached to 
the measurement subject structure and serves to measure 
actual displacement measurement data for the first point of 
the measurement subject structure . 
[ 0074 ] For example , the first point may include a point 
which is located on the measurement subject structure and to 
which the actual measurement data measurer 130 is 
attached . 
[ 0075 ] In accordance with an embodiment of the present 
disclosure , the virtual sensing information creator 140 may 
estimate virtual displacement data at a second point of the 
measurement subject structure using the updated finite ele 
ment model , the actual displacement measurement data and 
a time integration algorithm and may create virtual sensor 
information of the second point based on the estimated 
virtual displacement data . 
[ 0076 ] For example , the virtual sensing information cre 
ator 140 may reflect the actual displacement measurement 
data in the updated finite element model , and then may set 
the measured actual displacement measurement data , as an 
initial value , based on the time integration algorithm to 
calculate a finite element model calculation value of the 
updated finite element model . 
[ 0077 ] In addition , the virtual sensing information creator 
140 may calculate change in any one of stiffness , load , 
displacement , velocity and acceleration , which are virtual 
displacement data at the second point , using the calculated 
finite element model calculation value to create virtual 
sensor information of the second point . 
[ 0078 ] For example , the second point may be a point 
which is located on the measurement subject structure , and 
actual displacement measurement data of which is not 
measured because the actual measurement data measurer 
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[ 0090 ] For example , the sensor 330 may include the actual 
measurement data measurer described above with reference 
to FIG . 1 . 
[ 0091 ] In accordance with an embodiment of the present 
disclosure , the amplifier 340 may amplify signals of the 
actual displacement measurement data measured by the 
sensor 330 to transmit the amplified signals to the operation 
device 320 . 
[ 0092 ] For example , in the operation device 320 , the 
inputted displacement signals may be utilized for response 
estimation of an unmeasured point by a real - time response 
estimation algorithm in the operation device 320 . 
[ 0093 ] For example , the operation device 320 may include 
a data storage device for storing virtual sensor information 
on the estimated unmeasured point . 
[ 0094 ] In accordance with an embodiment of the present 
disclosure , the output device 350 may perform control such 
that the virtual sensor information on the unmeasured point 
estimated by the operation device 320 is outputted to fre 
quency data . 

130 is not attached thereto . In addition , a plurality of second 
points may be present on the measurement subject structure . 
[ 0079 ] In accordance with an embodiment of the present 
disclosure , the virtual sensing information creator 140 may 
use the Newmark - ß time integration technique as the time 
integration algorithm , and may calculate change in the load , 
the displacement , the velocity or the acceleration through 
iterative calculation after calculating change in the stiffness 
through initial calculation . 
[ 0080 ) Accordingly , the present disclosure may reprocess 
data measured at a specific point of the actual measurement 
subject structure using the finite element model , which is 
synchronized and updated based on the experimental data of 
the actual measurement subject structure , and the virtual 
sensing algorithm to estimate measurement data of an 
unmeasured point . 
[ 0081 ] In addition , the present disclosure may minimize 
the number of sensors attached for actual measurement , 
thereby preventing property change in a structure due to the 
sensors attached thereto for measurement and minimizing 
installation cost due to sensor attachment . 
[ 0082 ] FIG . 2 illustrates a procedure of constructing or 
updating a finite element model using actual measurement 
data by a virtual sensing apparatus of structural vibration 
according to an embodiment of the present disclosure . 
[ 0083 ] Referring to FIG . 2 , in step S201 , the virtual 
sensing apparatus of structural vibration acquires measure 
ment data through a sensor device attached to an actual 
measurement subject structure . For example , the measure 
ment data acquired through the sensor device may be 
experimental data or modal experiment - based modal data 
for construction of the finite element model . 
[ 0084 ] In step S202 , the virtual sensing apparatus of 
structural vibration may estimate the deformation informa 
tion , velocity information , acceleration information and 
external force information of the actual measurement subject 
structure through the experimental data of step S201 to 
construct a finite element model or update a previously 
constructed finite element model . 
[ 0085 ] In step S203 , the virtual sensing apparatus of 
structural vibration may construct or update the finite ele 
ment model using the experimental data to confirm the data 
size of the finite element model . 
[ 0086 ] FIG . 3 illustrates an experiment environment of a 
virtual sensing apparatus of structural vibration according to 
an embodiment of the present disclosure . 
[ 0087 ] Referring to FIG . 3 , an experiment environment 
300 of the virtual sensing apparatus of structural vibration 
according to an embodiment of the present disclosure 
includes a measurement subject structure 310 , an operation 
device 320 , a sensor 330 , an amplifier 340 and an output 
device 350 . 
[ 0088 ] For example , the operation device 320 may include 
the experimental data acquisitor , finite element model 
updater and virtual sensing information creator which have 
been described above with reference to FIG . 1 . 
[ 0089 ] In accordance with an embodiment of the present 
disclosure , the sensor 330 may output a laser to a specific 
point of the measurement subject structure 310 and receive 
a reflected laser so as to collect actual displacement mea 
surement data of the measurement subject structure 310 
based on the received laser . 

[ 0095 ] Here , the frequency data outputted on the output 
device 350 may be related to data shown in FIGS . 8B , 9B 
and 10 . 
[ 0096 ] FIG . 4 separately illustrates an experiment step , a 
finite element model update step , a time integration step and 
a virtual sensing step by a virtual sensing apparatus of 
structural vibration according to an embodiment of the 
present disclosure . 
[ 0097 ] Referring to FIG . 4 , the virtual sensing apparatus of 
structural vibration according to an embodiment of the 
present disclosure may acquire a natural frequency of a 
measurement subject structure in step S401 among an 
experiment step ( S400 ) , may acquire an eigenvector of the 
measurement subject structure in step S402 thereamong , 
may acquire a damping coefficient of the measurement 
subject structure in step S403 thereamong , and may acquire 
a frequency response of the measurement subject structure 
in step S404 thereamong . 
[ 0098 ] In addition , the virtual sensing apparatus of struc 
tural vibration may primarily update a finite element model 
using the natural frequency and the eigenvector in step S411 
among a finite element model update step ( S410 ) , may 
create the primarily updated finite element model in step 
S412 thereamong , may create a reduced model using a 
reduced modeling technique in step S413 thereamong , may 
renew a damping coefficient of the reduced model using a 
damping coefficient in step S414 thereamong , may renew a 
frequency response of the reduced model using the fre 
quency response in step S415 thereamong to secondarily 
update the finite element model , and may create a second 
arily renewed final finite element model in step S416 therea 
mong . 
[ 0099 ] In addition , the virtual sensing apparatus of struc 
tural vibration may apply a time integration technique to the 
final finite element model in step S421 among a time 
integration step ( S420 ) , and may estimate a load in the finite 
element model in step S422 thereamong . 
[ 0100 ] In addition , the virtual sensing apparatus of struc 
tural vibration may create a physical model , to which the 
estimated load is applied , in step S431 among a virtual 
sensing step ( S430 ) , may receive actually measured data of 
a specific point of the measurement subject structure from a 
sensor device attached to a first point of the measurement 
subject structure in step S432 thereamong , may apply the 
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[ 0113 ] Referring to FIG . 6A , in step S601 of the operation 
method of the virtual sensing apparatus of structural vibra 
tion , a modal experiment on a measurement subject structure 
is performed 
[ 0114 ] In step S602 of the operation method of the virtual 
sensing apparatus of structural vibration , the shape , mate 
rial - related data , eigenvalue , eigenvector , damping coeffi 
cient and frequency response of the measurement subject 
structure are collected . For example , the eigenvalue may 
include a natural frequency . 
[ 0115 ] In step S603 of the operation method of the virtual 
sensing apparatus of structural vibration , a finite element 
model is created . 
[ 0116 ] In step S604 of the operation method of the virtual 
sensing apparatus of structural vibration , modal updating of 
the finite element model is performed . 
[ 0117 ] That is , the operation method of the virtual sensing 
apparatus of structural vibration includes performing modal 
updating to minimize an error between the natural frequency 
and the eigenvector of the finite element model . 
[ 0118 ] For example , in the operation method of the virtual 
sensing apparatus of structural vibration , a specific variable 
change amount may be calculated using Mathematical Equa 
tion 2 below so as to minimize the natural frequency error : 

[ Mathematical Equation 2 ] 
A0 = 1-29 

?? aM 
- ? ; ?? ?? $ ? 

actually measured data to the physical model in step S433 
thereamong , and may create virtual sensor information on a 
second point , to which a sensor device is not attached , in 
step S434 thereamong . 
[ 0101 ] Accordingly , the present disclosure may design a 
physical model based on the experimental data of the actual 
measurement subject structure such that the finite element 
model and the actual measurement subject structure have the 
same structural vibration characteristics . 
[ 0102 ] In addition , the present disclosure may predict an 
unmeasured point or unmeasured vibration information 
based on minimal measurement information . 
[ 0103 ] FIG . 5 illustrates an operation method of a virtual 
sensing apparatus of structural vibration according to an 
embodiment of the present disclosure . 
[ 0104 ] Referring to FIG . 5 , in step S501 of the operation 
method of the virtual sensing apparatus of structural vibra 
tion , modal data of a measurement subject structure is 
acquired . 
[ 0105 ] That is , the operation method of the virtual sensing 
apparatus of structural vibration according to an embodi 
ment of the present disclosure may include performing a 
modal experiment on a measurement subject structure to 
acquire modal data . 
[ 0106 ] In step S502 of the operation method of the virtual 
sensing apparatus of structural vibration , a finite element 
model for simulating structural vibration characteristics is 
updated . 
[ 0107 ] That is , in step S501 of the operation method of the 
virtual sensing apparatus of structural vibration according to 
an embodiment of the present disclosure , the finite element 
model for simulating structural vibration characteristics of 
the measurement subject structure may be updated using the 
acquired modal data and a reduced modeling technique . 
[ 0108 ] In step S503 of the operation method of the virtual 
sensing apparatus of structural vibration , actual displace 
ment measurement data is measured from a first point . 
[ 0109 ] That is , the operation method of the virtual sensing 
apparatus of structural vibration according to an embodi 
ment of the present disclosure may include radiating laser to 
the first point of the measurement subject structure by the 
actual measurement data measurer , and then analyzing the 
returned laser to measure actual displacement measurement 
data . 

[ 0110 ] In step S504 of the operation method of the virtual 
sensing apparatus of structural vibration , virtual sensor 
information of a second point is created . 
[ 0111 ] That is , using the updated finite element model in 
step S502 of the operation method of the virtual sensing 
apparatus of structural vibration according to an embodi 
ment of the present disclosure and using the actual displace 
ment measurement data and a time integration algorithm in 
step S503 thereof , virtual displacement data at the second 
point of the measurement subject structure may be esti 
mated , and virtual sensor information of the second point 
may be created based on the estimated virtual displacement 
data . 
[ 0112 ] FIG . 6A illustrates a procedure of updating a finite 
element model by an operation method of a virtual sensing 
apparatus of structural vibration according to an embodi 
ment of the present disclosure . 

[ 0119 ] In Mathematical Equation 2 , o may denote an 
arbitrary variable to be updated , ; may denote a natural 
frequency , q may denote an eigenvector , t may denote a 
transpose matrix , t may denote a measured experimental 
value , a may denote a finite element model calculation 
value , i may denote an arbitrary order , K may denote a 
stiffness matrix , and M may denote a mass matrix . 
[ 0120 ] In addition , the operation method of the virtual 
sensing apparatus of structural vibration may use an MAC 
value according to Mathematical Equation 3 below to quan 
tify an error between the eigenvector and the eigenvector 
calculated by the finite element model : 

14.6 ; [ Mathematical Equation 3 ] 
MAC = 

[ 0121 ] In Mathematical Equation 3 , Q may denote an 
eigenvector , t may denote a measured experimental value , a 
may denote a finite element model calculation value , and i 
and j may denote an arbitrary order . 
[ 0122 ] In step S605 of the operation method of the virtual 
sensing apparatus of structural vibration , a reduced model is 
created . 
[ 0123 ] That is , the operation method of the virtual sensing 
apparatus of structural vibration may include creating a 
reduced model to reduce the amount of computation for the 
finite element model . 
[ 0124 ] For example , an original model of the finite ele 
ment model may be assumed to be the same as Mathematical 
Equation 4 , the transformation equation T may be defined by 
applying the Craig - Bampton ( CB ) technique to Mathemati 
cal Equation 4 to minimize the size of matrix as in Math 
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ematical Equation 5 , and a reduced model may be created by 
multiplying the transformation equation T by Mathematical 
Equation 5 which is an original matrix . 

Us [ Mathematical Equation 4 ] Ms Mc 
Mc Mb 

KS KC 
+ | Kc Kpl up - C ) 

[ 0125 ] In Mathematical Equation 4 , M may denote a mass 
matrix , K may denote a stiffness matrix , u may denote a 
displacement vector , f may denote a force vector , subscript 
s may denote internal DOFs , subscript b may denote bound 
ary DOFs , and subscript c may denote coupling DOFs . 

ad Mathematical Equation 5 ] 
Uh [ - + 

+ -13 ** ) 
[ 0126 ] In Mathematical Equation 5 , u may denote a dis 
placement vector , f may denote a force vector , K may denote 
a stiffness matrix , Î may denote a transformation matrix , qd 
may denote a generalized coordinate vector , V , and may 
denote a dominant mode , I may denote a unit matrix , 
subscript s may denote internal DOFs , subscript b may 
denote boundary DOFs , and subscript c may denote cou 
pling DOFs . 
[ 0127 ] In step S606 of the operation method of the virtual 
sensing apparatus of structural vibration , the damping coef 
ficient may be updated . 
[ 0128 ] That is , by the operation method of the virtual 
sensing apparatus of structural vibration , the damping coef 
ficient in the modal region may be updated , and a damping 
coefficient in a higher order region that cannot be measured 
may be updated using a 1 % damping coefficient . 
[ 0129 ] Here , the operation method of the virtual sensing 
apparatus of structural vibration may verify a change in 
response characteristic after updating the damping coeffi 
cient using a Frequency Response Function ( FRF ) according 
to Mathematical Equation 6 below : 

reflecting the modal update , the damping coefficient and the 
frequency response may be created as a finally updated finite 
element model . 
[ 0133 ] FIG . 6B illustrates creation of a reduced model in 
update of a finite element model according to an embodi 
ment of the present disclosure . 
[ 0134 ] FIG . 6B exemplifies a procedure of gradually 
reducing point data for calculating a finite element model for 
a measurement subject structure to an original 600 , a first 
reduced version 610 , and a finally reduced version 620 to 
create a reduced model by the operation method of the 
virtual sensing apparatus of structural vibration . 
[ 0135 ] A considerable calculation time is required to cal 
culate all point data of the original 600 by the operation 
method of the virtual sensing apparatus of structural vibra 
tion , but calculation can be completed in a short time by 
simplifying to the finally reduced version 620 . 
[ 0136 ] In particular , the operation method of the virtual 
sensing apparatus of structural vibration uses a time inte 
gration algorithm upon creation of virtual sensor informa 
tion on the second point . Here , the amount of necessary 
computation may be reduced by using a reduced model such 
as the finally reduced version 620 . 
[ 0137 ] Accordingly , the present disclosure may reduce the 
amount of computation required upon application of the 
time integration algorithm using data measured at a specific 
point of an actual measurement subject structure through 
application of a finite element reduction modeling technique 
and using the finite element model . 
[ 0138 ] FIG . 7 illustrates a procedure of creating virtual 
sensor information of an unmeasured point by an operation 
method of a virtual sensing apparatus of structural vibration 
according to an embodiment of the present disclosure . 
[ 0139 ] Referring to FIG . 7 , in step S701 of the operation 
method of the virtual sensing apparatus of structural vibra 
tion , actual displacement measurement data is measured 
using a sensor attached to a measurement subject structure . 
[ 0140 ] In step S702 of the operation method of the virtual 
sensing apparatus of structural vibration , a first state is 
determined using the actual displacement measurement data 
measured in step S701 . 
[ 0141 ] Here , the first state may represent the state of a 
finite element model before application of a time integration 
algorithm . 
[ 0142 ] In step S703 of the operation method of the virtual 
sensing apparatus of structural vibration , a time integration 
algorithm is applied . 
[ 0143 ] That is , the operation method of the virtual sensing 
apparatus of structural vibration uses a time integration 
algorithm , a load estimation algorithm , and the like as 
methods of solving the finite element model in real time and 
obtaining response of an unmeasured point . As the time 
integration algorithm , the Newmark - ß time integration algo 
rithm or the Bathe time integration algorithm may be used . 
[ 0144 ] In step 704 of the operation method of the virtual 
sensing apparatus of structural vibration , a second state is 
determined . 
[ 0145 ] That is , the operation method of the virtual sensing 
apparatus of structural vibration determines the second state 
or the unmeasured point in consideration of change in time 
and change in position . 
[ 0146 ] Displacement data related to the second state is 
calculated in step S705 of the operation method of the virtual 
sensing apparatus of structural vibration , and an applied 

( vi ) k ( Pi ) [ Mathematical Equation 6 ] dki ( W ) = U ( W ) Fi ( w ) Lie 13 – 602 +2 juli? 

[ 0130 ] In Mathematical Equation 6 , a may denote an FRF , 
w may denote a load frequency applied to a structure , & may 
denote a damping coefficient , hi may denote a natural 
frequency , o may denote an eigenvector , subscript 1 may 
denote a load action point in a modal experiment , subscript 
k may denote a response measurement point , t and j may 
denote an arbitrary order , N may denote DOFs , and F may 
denote structure measurement displacement . 
[ 0131 ] In step S607 of the operation method of the virtual 
sensing apparatus of structural vibration , an updated finite 
element model may be created . 
[ 0132 ] That is , by the operation method of the virtual 
sensing apparatus of structural vibration , the reduced model 
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load , an acceleration or a velocity is estimated in step 8706 
of the operation method of the virtual sensing apparatus of 
structural vibration . 
[ 0147 ] Here , the operation method of the virtual sensing 
apparatus of structural vibration performs a Newmark - ß 
time integration process to which the Newmark - ß time 
integration algorithm is applied . 
[ 0148 ] For example , the Newmark - B time integration pro 
cess may include initial calculation and iterative calculation . 
The initial calculation may include an operation for setting 
a variable to an initial value and Mathematical Equations 7 
and 8 below , and the iterative calculation may include 
Mathematical Equations 9 , 10 , 11 and 12 below : 

1 ?? [ Mathematical Equation 7 ] 
do = ai a A12 ??? 

1 1 
a2 = a3 = 

aAt 2a 
1 , 

?? ?? ? 
04 = -- 1 , a5 = 

Q 2 la 16 -2 ) , 
?? = ?? ( 1 – ? ) , ?? = ??? 

[ 0149 ] In Mathematical Equation 7 , a may denote an 
integration coefficient , a may denote an integration coeffi 
cient , d may denote an integration coefficient , and At may 
denote a time change . 
[ 0150 ] For example , the operation method of the virtual 
sensing apparatus of structural vibration may calculate an 
integration coefficient based on Mathematical Equation 7 . 

? = K + 20M + a1C [ Mathematical Equation 8 ] 

[ 0151 ] In Mathematical Equation 8 , Ã may denote stiff 
ness , a may denote an integration coefficient , K may denote 
a stiffness matrix , M may denote a mass matrix , and C may 
denote a damping matrix . 
[ 0152 ] That is , the operation method of the virtual sensing 
apparatus of structural vibration may calculate stiffness 
applied to the finite element model based on Mathematical 
Equation 8 . 

i + Atq = t + Air + Mau + az'u + az " ü ) + 
C ( a ' u + af'u + as'ü ) [ Mathematical Equation 9 ] 

[ 0153 ] In Mathematical Equation 9 , a may denote an 
integration coefficient , M may denote a mass matrix , C may 
denote a damping matrix , At may denote time change , r may 
denote a time integral force , and u may denote a displace 
ment vector . 
[ 0154 ] That is , the operation method of the virtual sensing 
apparatus of structural vibration may calculate a load 
applied to the finite element model based on Mathematical 
Equation 9 . 

tu = [ K - ji + Atp [ Mathematical Equation 10 ] 

[ 0155 ] In Mathematical Equation 10 , t may denote time , 
At may denote time change , r may denote a time integral 
force , u may denote a displacement vector , and în may 
denote stiffness . 
[ 0156 ] That is , the operation method of the virtual sensing 
apparatus of structural vibration may calculate displacement 
according to a time change applied to the finite element 
model based on Mathematical Equation 10 . 

t + Atü = a . ( * + Afu = " u ) -az'i - az'ü [ Mathematical Equation 11 ] 

[ 0157 ] In Mathematical Equation 11 , t may denote time , At 
may denote time change , u may denote a displacement 
vector , and a may denote an integration coefficient . 
[ 0158 ] That is , the operation method of the virtual sensing 
apparatus of structural vibration may calculate an accelera 
tion according to a time change applied to the finite element 
model based on Mathematical Equation 11 . 

i + A = " - a , ' ü - a , [ Mathematical Equation 12 ] 

[ 0159 ] In Mathematical Equation 12 , t may denote time , 
At may denote time change , u may denote a displacement 
vector , and a may denote an integration coefficient . 
[ 0160 ] That is , the operation method of the virtual sensing 
apparatus of structural vibration may calculate a velocity 
according to time change applied to the finite element model 
based on Mathematical Equation 12 . 
[ 0161 ] In step S707 of the operation method of the virtual 
sensing apparatus of structural vibration , it is determined 
whether real - time estimation for an unmeasured point is 
completed . Step S708 proceeds when the real - time estima 
tion is completed , and the process is returned to step S702 
when the real - time estimation is not completed . 
[ 0162 ] In step S708 of the operation method of the virtual 
sensing apparatus of structural vibration , virtual sensor 
information on an unmeasured point is created according to 
a calculation result using Mathematical Equations 7 to 12 . 
[ 0163 ] FIGS . 8A and 8B illustrate an experiment for 
checking the accuracy of a displacement amount estimated 
by a virtual sensing apparatus of structural vibration accord 
ing to an embodiment of the present disclosure . 
[ 0164 ] Referring to FIG . 8A , an experiment environment 
800 of the virtual sensing apparatus of structural vibration 
includes a virtual sensing apparatus 810 , a first sensor device 
820 , a second sensor device 830 and a measurement subject 
structure . 

[ 0165 ] For example , the measurement subject structure 
may include a first point 840 and a second point 850 . 
[ 0166 ] For example , the experiment environment 800 of 
the virtual sensing apparatus of structural vibration com 
pares an estimation displacement amount 812 of the second 
point 850 with an actual measurement displacement amount 
832 thereof . 
[ 0167 ] In accordance with an embodiment of the present 
disclosure , the virtual sensing apparatus 810 may be con 
nected to the first sensor device 820 to acquire data actually 
measured from the first point 840 through the first sensor 
device 820 , and may calculate the estimation displacement 
amount 812 of the second point 850 using the finite element 
model and the time integration algorithm . 
[ 0168 ] For example , the second sensor device 830 may not 
be connected to the virtual sensing apparatus 810 , and may 
be attached to the second point 850 to verify the accuracy of 
the estimation displacement amount 812 , thereby acquiring 
the actually measured data to provide the actual measure 
ment displacement amount 832 as data . 
[ 0169 ] Referring to FIG . 8B , an estimation displacement 
amount 862 estimated by the virtual sensing apparatus of 
structural vibration is compared with an actual displacement 
amount 864 measured by a second sensor device . 
[ 0170 ) Graph 860 shows that a difference between the 
estimation displacement amount 862 and the actual displace 
ment amount 864 is not large , and the estimation accuracy 
of the estimation displacement amount 862 is high . 

t + At 
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[ 0171 ] FIGS . 9A and 9B illustrate an experiment for 
checking the accuracy of a load estimated by a virtual 
sensing apparatus of structural vibration according to an 
embodiment of the present disclosure . 
[ 0172 ] Referring to FIG . 9A , an experiment environment 
900 of the virtual sensing apparatus of structural vibration 
includes a virtual sensing apparatus 910 , a first sensor device 
920 , a load measurement device 930 and a measurement 
subject structure . 
[ 0173 ] For example , a load may be applied to a first point 
940 of the measurement subject structure . 
[ 0174 ] For example , the experiment environment 900 of 
the virtual sensing apparatus of structural vibration com 
pares an estimation load 912 of the first point 940 with an 
actual measurement load 932 thereof . 
[ 0175 ] In accordance with an embodiment of the present 
disclosure , the virtual sensing apparatus 910 may be con 
nected to the first sensor device 920 to acquire actually 
measured data from the first point through the first sensor 
device 920 , and may calculate the estimation load 912 of the 
first point using the finite element model and the time 
integration algorithm . 
[ 0176 ] For example , the load measurement device 930 
may not be connected to the virtual sensing apparatus 910 , 
and may be connected to the first point to verify the accuracy 
of the estimation load 912 , thereby acquiring the actual 
measurement load 932 to provide the same as data . 
[ 0177 ] Referring to FIG . 9b , an estimation load 952 esti 
mated by the virtual sensing apparatus of structural vibration 
is compared with an actual measurement load 954 measured 
by the load measurement device . 
[ 0178 ] Graph 950 shows that a difference between the 
estimation load 952 and the actual measurement load 954 is 
not large and the estimation accuracy of the estimation load 
952 is high . 
[ 0179 ] FIG . 10 illustrates a comparison result of frequency 
responses according to update of a damping coefficient by a 
virtual sensing apparatus of structural vibration according to 
an embodiment of the present disclosure . 
[ 0180 ] Referring to FIG . 10 , graph 1000 represents an 
update value 1010 , an original value 1020 , and an experi 
mental value 1030 . 
[ 0181 ] That is , graph 1000 shows a difference between the 
original value 1020 wherein damping coefficients of all 
orders have been uniformly assigned to 1 % and the updated 
value 1010 updated utilizing damping coefficients obtained 
in an experiment . 
[ 0182 ] It can be confirmed that , by the damping coefficient 
update of the virtual sensing apparatus of structural vibration 
according to an embodiment of the present disclosure , 
FRAC values at a laser sensor measurement point based on 
an FRF exhibit high frequency response similarity of 0.99 or 
more in all of before update and after updating at 0.53 , 0.83 , 
and 0.69 each in first to third orders . 
[ 0183 ] The present disclosure can reprocess data mea 
sured at a specific point of an actual measurement subject 
structure using a finite element model synchronized and 
updated based on experimental data of the actual measure 
ment subject structure and a virtual sensing algorithm to 
estimate measurement data of an unmeasured point . 
[ 0184 ] The present disclosure can minimize the number of 
sensors attached for actual measurement , thereby being 

capable of preventing change in structural properties due to 
the attached sensors and minimizing installation cost due to 
sensor attachment . 
[ 0185 ] The present disclosure can predict an unmeasured 
point or unmeasured vibration information based on mini 
mal measurement information . 
[ 0186 ] The present disclosure can design a physical model 
based on experimental data of an actual measurement sub 
ject structure such that a finite element model and the actual 
measurement subject structure have the same structural 
vibration characteristics . 
[ 0187 ] The present disclosure can reduce the amount of 
computation required upon application of a time integration 
algorithm using data measured at a specific point of an actual 
measurement subject structure through application of a finite 
element reduction modeling technique , and a finite element 
model . 
[ 0188 ] The apparatus described above may be imple 
mented as a hardware component , a software component , 
and / or a combination of hardware components and software 
components . For example , the apparatus and components 
described in the embodiments may be achieved using one or 
more general purpose or special purpose computers , such as , 
for example , a processor , a controller , an arithmetic logic 
unit ( ALU ) , a digital signal processor , a microcomputer , a 
field programmable gate array ( FPGA ) , a programmable 
logic unit ( PLU ) , a microprocessor , or any other device 
capable of executing and responding to instructions . The 
processing device may execute an operating system ( OS ) 
and one or more software applications executing on the 
operating system . In addition , the processing device may 
access , store , manipulate , process , and create data in 
response to execution of the software . For ease of under 
standing , the processing apparatus may be described as 
being used singly , but those skilled in the art will recognize 
that the processing apparatus may include a plurality of 
processing elements and / or a plurality of types of processing 
elements . For example , the processing apparatus may 
include a plurality of processors or one processor and one 
controller . Other processing configurations , such as a par 
allel processor , are also possible . 
[ 0189 ] The methods according to the embodiments of the 
present disclosure may be implemented in the form of a 
program command that can be executed through various 
computer means and recorded in a computer - readable 
medium . The computer - readable medium can store program 
commands , data files , data structures or combinations 
thereof . The program commands recorded in the medium 
may be specially designed and configured for the present 
disclosure or be known to those skilled in the field of 
computer software . Examples of a computer - readable 
recording medium include magnetic media such as hard 
disks , floppy disks and magnetic tapes , optical media such as 
CD - ROMs and DVDs , magneto - optical media such as flop 
tical disks , or hardware devices such as ROMs , RAMs and 
flash memories , which are specially configured to store and 
execute program commands . Examples of the program com 
mands include machine language code created by a compiler 
and high - level language code executable by a computer 
using an interpreter and the like . The hardware devices 
described above may be configured to operate as one or 
more software modules to perform the operations of the 
embodiments , and vice versa . 
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[ 0190 ] The software may include computer programs , 
code , instructions , or a combination of one or more of the 
foregoing , configure the processing apparatus to operate as 
desired , or command the processing apparatus , either inde 
pendently or collectively . In order to be interpreted by a 
processing device or to provide instructions or data to a 
processing device , the software and / or data may be embod 
ied permanently or temporarily in any type of a machine , a 
component , a physical device , a virtual device , a computer 
storage medium or device , or a transmission signal wave . 
The software may be distributed over a networked computer 
system and stored or executed in a distributed manner . The 
software and data may be stored in one or more computer 
readable recording media . 
[ 0191 ] Although the present disclosure has been described 
with reference to limited embodiments and drawings , it 
should be understood by those skilled in the art that various 
changes and modifications may be made therein . For 
example , the described techniques may be performed in a 
different order than the described methods , and / or compo 
nents of the described systems , structures , devices , circuits , 
etc. , may be combined in a manner that is different from the 
described method , or appropriate results may be achieved 
even if replaced by other components or equivalents . 
[ 0192 ] Therefore , other embodiments , other examples , 
and equivalents to the claims are within the scope of the 
following claims . 

DESCRIPTION OF SYMBOLS 

[ 0193 ] 

3. The virtual sensing apparatus according to claim 2 , 
wherein the finite element model updater collects data 
related to mass , damping coefficient , stiffness matrix , dis 
placement , shape and constituent materials of the measure 
ment subject structure and constructs the finite element 
model based on the collected data . 

4. The virtual sensing apparatus according to claim 3 , 
wherein the finite element model updater primarily updates 
the constructed finite element model using the natural fre 
quency and the eigenvector , creates a reduced model for the 
primarily updated finite element model using the reduced 
modeling technique , and secondarily updates the reduced 
model using the damping coefficient and the frequency 
response to create the updated finite element model . 

5. The virtual sensing apparatus according to claim 4 , 
wherein , to minimize differences between the natural fre 
quency and eigenvector of the finite element model and the 
natural frequency and eigenvector based on the performed 
modal experiment using the natural frequency and the 
eigenvector , the finite element model updater adopts a 
Modal Assurance Criterion ( MAC ) value to quantify the 
differences . 

6. The virtual sensing apparatus according to claim 4 , 
wherein the finite element model updater considers internal 
DOFs ( Degrees Of Freedom ) , boundary DOFs and coupling 
DOFs of the primarily updated finite element model using 
the reduced modeling technique , and divides the considered 
internal DOFs into substrates to create the reduced model . 
7. The virtual sensing apparatus according to claim 4 , 

wherein the finite element model updater applies the damp 
ing coefficient to the created reduced model to calculate a 
Frequency Response Function ( FRF ) , and quantifies simi 
larity by comparing the frequency response with the fre 
quency response based on the calculated FRF , thereby 
secondarily updating the reduced model to create the 
updated finite element model . 

8. The virtual sensing apparatus according to claim 7 , 
wherein the finite element model updater compares the 
frequency response with the calculated FRF - based fre 
quency response using a Frequency Response Assurance 
Criterion ( FRAC ) value . 

9. The virtual sensing apparatus according to claim 1 , 
wherein the virtual sensing information creator reflects the 
measured actual displacement measurement data in the 
updated finite element model , and then sets the measured 
actual displacement measurement data , as an initial value , 
based on the time integration algorithm to calculate a finite 
element model calculation value of the updated finite ele 
ment model , and calculates change in any one of stiffness , 
load , displacement , velocity and acceleration , which are 
virtual displacement data at the second point , using the 
calculated finite element model calculation value . 

10. The virtual sensing apparatus according to claim 9 , 
wherein the virtual sensing information creator uses a New 
mark - ß time integration technique as the time integration 
algorithm , and calculates change in the load , the displace 
ment , the velocity or the acceleration through iterative 
calculation after calculating change in the stiffness through 
initial calculation . 

11. The virtual sensing apparatus according to claim 1 , 
wherein the first point is a point which is located at the 
measurement subject structure and to which the actual 
measurement data measurer is attached , and 

100 : virtual sensing apparatus of 
structural vibration 
110 : experimental data acquisitor 
130 : actual measurement data 

120 : finite element model updater 
140 : virtual sensing information 
creator measurer 

What is claimed is : 
1. A virtual sensing apparatus of structural vibration , 

comprising : 
an experimental data acquisitor configured to perform a 
modal experiment on a measurement subject structure 
to acquire modal data ; 

a finite element model updater configured to update a 
finite element model for simulating structural vibration 
characteristics of the measurement subject structure 
using the acquired modal data and a reduced modeling 
technique ; 

an actual measurement data measurer configured to mea 
sure actual displacement measurement data from a first 
point of the measurement subject structure ; and 

a virtual sensing information creator configured to esti 
mate virtual displacement data at a second point of the 
measurement subject structure using the updated finite 
element model , the measured actual displacement mea 
surement data and a time integration algorithm and 
create virtual sensor information of the second point 
based on the estimated virtual displacement data . 

2. The virtual sensing apparatus according to claim 1 , 
wherein the experimental data acquisitor acquires the modal 
data comprising at least one of a natural frequency , an 
eigenvector , a damping coefficient and a frequency response , 
based on the performed modal experiment . 
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the second point is a point which is located at the 
measurement subject structure and from which the 
actual displacement measurement data is not measured . 

12. An operation method of a virtual sensing apparatus of 
structural vibration , the operation method comprising : 

performing , by an experimental data acquisitor , a modal 
experiment on a measurement subject structure to 
acquire modal data ; 

updating , by a finite element model updater , a finite 
element model for simulating structural vibration char 
acteristics of the measurement subject structure using 
the acquired modal data and a reduced modeling tech 
nique ; 

measuring , by an actual measurement data measurer , 
actual displacement measurement data from a first 
point of the measurement subject structure ; and 

estimating , by a virtual sensing information creator , vir 
tual displacement data at a second point of the mea 
surement subject structure using the updated finite 
element model , the measured actual displacement mea 
surement data and a time integration algorithm and 
creating virtual sensor information of the second point 
based on the estimated virtual displacement data . 

13. The operation method according to claim 12 , wherein 
the performing comprises acquiring the modal data com 
prising at least one of a natural frequency , an eigenvector , a 
damping coefficient and a frequency response , based on the 
performed modal experiment . 

14. The operation method according to claim 13 , further 
comprising , by the finite element model updater , collecting 
data related to mass , damping coefficient , stiffness matrix , 
displacement , shape and constituent materials of the mea 
surement subject structure and constructing the finite ele 
ment model based on the collected data . 

15. The operation method according to claim 14 , wherein 
the updating comprises : 

primarily updating the constructed finite element model 
using the natural frequency and the eigenvector ; 

creating a reduced model for the primarily updated finite 
element model using the reduced modeling technique ; 
and 

secondarily updating the reduced model using the damp 
ing coefficient and the frequency response to create the 
updated finite element model . 

16. The operation method according to claim 15 , wherein 
the primarily updating comprises introducing a Modal 
Assurance Criterion ( MAC ) value to minimize differences 
between the natural frequency and eigenvector of the finite 
element model and the natural frequency and eigenvector 
based on the performed modal experiment using the natural frequency and the eigenvector , thereby quantifying the dif 
ferences , 

the creating comprises considering internal DOFs ( De 
grees Of Freedom ) , boundary DOFs and coupling 
DOFs of the primarily updated finite element model 
using the reduced modeling technique , and dividing the 
considered internal DOFs into substrates to create the 
reduced model , and 

the secondarily updating comprises applying the damping 
coefficient to the created reduced model to calculate a 
Frequency Response Function ( FRF ) ; and quantifying 
similarity by comparing the frequency response with 
the frequency response based on the calculated FRF , 
thereby secondarily updating the reduced model to 
create the updated finite element model . 

17. The operation method according to claim 12 , wherein 
the estimating and the creating comprises : 

reflecting the measured actual displacement measurement 
data in the updated finite element model , and then 
setting the measured actual displacement measurement 
data , as an initial value , based on the time integration 
algorithm to calculate a finite element model calcula 
tion value of the updated finite element model ; and 

calculating change in any one of stiffness , load , displace 
ment , velocity and acceleration that are virtual dis 
placement data at the second point using the calculated 
finite element model calculation value . 

* * * 


