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Fig. 1 Funnel-shaped structure 
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Abstract. In order to design and apply controller for a funnel-shaped structure with attached 
piezoelectric actuators and sensors the model of the structure was identified using the 
subspace-based system identification. Based on the measured input and output signals from the 
actuators and sensors, the frequency response functions of the appropriate actuator-sensor 
pairs were identified and compared with the frequency response functions obtained from the 
model identified using the subspace identification. Results of the system identification as well as 
of the control based on the identified models are presented in the form of the  appropriate time 
and frequency responses. 
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1. INTRODUCTION 

System identification represents a meaningful tool for development of models in an 
appropriate form when the measurement of the input and output variables of the system is 
possible. Depending on the concrete problem and on 
the system requirements different identification 
approaches are proposed. In compliance with the 
requirements of the concrete problem of the vibration 
control design for a funnel-shaped piezoelectric 
structure, this paper treats the nonparametric 
identification of the frequency response functions 
between appropriate actuators and sensors as well as a 
subspace based identification of the state space 
model. 

Considered funnel-shaped structure represents an 
inlet part of the magnetic resonance image (MRI) 
tomograph used in medical diagnostics. The control 
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problem is aimed at the suppression of the secondary vibrations transmitted from the 
body of the MRI tomograph to the funnel structure, using the piezoelectric actuators and 
sensors attached with the funnel. The funnel together with the attached actuators and 
sensors used for the control as well as for the model identification is represented in Fig. 1. 

2. SUBSPACE-BASED SYSTEM IDENTIFICATION 

Subspace identification problem is considered in its general form, which assumes the 
identification of combined deterministic-stochastic system. Starting from this general 
problem and its solution, pure deterministic and pure stochastic identification problems 
can be derived as special cases depending on the requirements of the particular problem. 
The system to be identified from the input-output measurements is expressed in its 
general discrete-time combined deterministic-stochastic form: 

 ].[][][][],[][][]1[ kkkkkkkk vw ++=++=+ DuCxyΓuΦxx  (1) 

For given s measurements of the input mR∈u  and the output lR∈y  generated by 
the unknown combined system (1) of order n, where the process noise and the 
measurement noise vector sequences w[k] and v[k] are white noise with zero mean and 
with covariance matrix: 
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the problem of the subspace identification is to determine the order n of the unknown 
system and the system matrices nn×∈RΦ , mn×∈RΓ , nl×∈RC , ml×∈RD  as well as the 
covariance matrices nn×∈RQ , ln×∈RS , ll×∈RR  of the noise sequences w[k] and v[k]. 

Measured input and output data are organized into block Hankel matrices. The Hankel 
block matrix of measured inputs is defined in accordance with [7] as: 
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The output block Hankel matrices −+
− fpfpi YYYYY ,,,,120  are defined in a similar 

way. The block Hankel matrix consisting of inputs and outputs is defined as: 
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Subspace identification algorithms make a wide use of the controllability and 
observability matrices. Extended controllability and observability matrices for the system 
(1) are used in the subspace identification algorithm in the following form: 
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Index i represents the number of the block rows which appears also in the definition of 
the Hankel matrix. The number of block rows i is a user-defined index which should be at 
least larger than the state dimension of the system to be identified and smaller than the 
data length. 
 Following the unbiased combined deterministic-stochastic identification algorithm 
presented in [5] and [7] the following oblique and orthogonal projections are calculated: 
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 By inspecting the singular values S obtained from the singular value decomposition 
of the weighted oblique projection 
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the order of the system can be determined as the number of singular values different from 
zero. The extended observability matrix ob

iG  is determined as: 
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where nn×∈RT  is an arbitrary non-singular matrix of  the similarity transformation. 

Introducing the Toeplitz matrix d
iH : 
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the following system can be solved for Φ, C and K : 
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ob
i 1−G  is the extended observability matrix ob

iG  without the last l rows and wρ  and vρ  

are the Kalman filter residuals orthogonal to the row space of  ifp XUW ˆ,, . Matrices  Γ 

and D are determined from K  using the least squares. The covariances Q, S, R are 
approximated from the residuals ρw and ρv in the following way, where for larger i the 
approximation error is smaller: 
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3. RESULTS OF THE SUBSPACE IDENTIFICATION AND CONTROL OF THE FUNNEL 

Described procedure for the subspace identification was applied in order to identify 
the state space model of the funnel-shaped structure in Fig. 1 and subsequently, based on 
the obtained model, to design an optimal controller used for the vibration suppression of 
the structure. This section presents the main results. The piezoelectric patches attached to 
the funnel were used as actuators and sensors. The actuators were excited by random 
signals and the sensor responses were measured as the output data of the system to be 
identified. Data acquisition for both the actuator and sensor signals was performed using 
a Hardware-in-the-Loop realization with the dSPACE system. Random excitation signals 
were generated by the computer and transmitted to the piezoelectric patches via DAC 
board of the dSPACE system. The acquisition of the sensor signals was performed using 
the ACD board of the dSPACE. In the subsequent presentation of the results the 
following notation is used. The notation A and S (which stand for actuator and sensor 
respectively) is followed by a number (1 – 6), which determines the position of the 
actuator/sensor. The notation L and R stands for the left and right hand side of the funnel 
(see Fig. 1). Applying the described subspace identification procedure, the state space 
models were obtained from the measured input/output data. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Frequency responses obtained using the subspace identification 
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Frequency response functions based on the state space models obtained using the 
subspace identification in a SISO case are shown in Fig. 2. For the actuator/sensor pair 
A2R–S1R a good approximation of the measured FRF is obtained with the state space 
model of the order 60, while for the actuator/sensor pair A2R–S2L the comparison of the 
frequency response functions for orders 40 and 60 is represented in the right-hand portion 
of the Fig. 2. 

 
 
 
 
 
 
 
 

Fig. 3 Response of the sensor A2R with the excitation on the sensor S1R 
 
Vibration suppression in terms of the oscillation amplitudes reduction using an 

optimal LQ controller for the actuator/sensor pair A2R–S1R is represented in Fig. 3. 
Left-hand portion of the figure represents time response when the excitation is sinusoidal 
with the frequency equal to one selected lower eigenfrequency of the funnel. The period 
without control is approximately between 2.5 and 6 seconds. The right-hand portion of 
the figure represents time response in the case when the excitation is obtained as a sum of 
the three sinusoidal signals with frequencies corresponding to the eigenfrequencies of the 
funnel. The period without control corresponding to bigger vibration amplitudes is 
between the 3rd and the 8th second. 
 
 
 
 
 
 
 
 

Fig. 4 Response of the sensor A2R with the excitation on the sensor S2L 
left: order 40, right: order 60 

 
For the actuator/sensor pair A2R–S2L two models of different orders (40 and 60) are 

developed using the subspace identification. Controlled responses of the sensor S2L, 
when the actuator A2R is excited by the sinus excitation, for both model orders are 
shown in Fig. 4. Comparison of the frequency response functions obtained on the basis of 
the identified model and from the measurements shows good agreement, especially in the 
higher frequency region. From the settling-time point of view the model of the higher 
order is more convenient. On the other hand it does not require much additional 
computational effort for the controller design in comparison with the lower order model. 

For the multiple-input multiple-output model identification case, the sensors S1R, 
S2L and the actuator A2R were used. Comparison of the identified and measured 
frequency response functions is represented in Fig. 5. The identified model is of order 50. 
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Time responses of the sensors and the controller signal are represented in Fig. 6 (left for 
the sine excitation with the frequency corresponding to an eigenfrequency of the funnel, 
right for the excitation obtained as a sum of three sinusoids with frequencies 
corresponding to eigenfrequencies of the funnel). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Frequency responses functions obtained from the identified model and 
from the measurements using the Fast Fourier Transform (FFT)  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 Actuator and sensor signals for the controlled system designed on the basis of the 

identified model (two excitation cases) 

4. CONCLUSION 

In this paper the subspace based identification method is used for the model 
development of the funnel-shaped piezoelectric structure and applied in the SISO and 
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MIMO control cases. The method is characterized by efficient model development based 
on the measured input and output signals resulting in a state-space realization which is 
convenient for the controller design. This parametric identification method enables thus a 
multiple-input multiple output control with an arbitrary number of actuators and sensors 
and with an appropriate model order, depending on the frequency range of interest. 
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IDENTIFIKACIJA MODELA NA BAZI PODPROSTORA 
MATRICA U CILJU PROJEKTOVANJA UPRAVLJANJA ZA 

STRUKTURU OBLIKA LEVKA  

T. Nestorović, H. Köppe, U. Gabbert 

U cilju projektovanja i primene upravljanja za strukturu u obliku levka sa piezoelektričnim aktuatorima 
i senzorima, identifikovan je model primenom identifikacije na bazi podprostora matrica (subspace-based 
identification). Na osnovu merenih ulaznih i izlaznih signala sa aktuatora i senzora, identifikovani su 
frekventni odzivi za odgovarajuće parove aktuatora i senzora i uporedjeni sa frekventnim odzivima 
dobijenim na osnovu modela identifikovanog primenom identifikacije na bazi podprostora odgovarajućih 
matrica. Rezultati identifikacije i upravljanja, sprovedenog na osnovu identifikovanih modela, prikazani su u 
obliku odgovarajućih vremenskih i frekventnih odziva. 

Ključne reči: identifikacija na bazi podprostora matrica, upravljanje levkastom strukturom 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


