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3/44Objectives of the Smart Systems Group at the Mechanics InstituteI-1

• Vibration and noise control, shape control 
• Modelling, simulation, overall design tools
• Experimental verification (hardware-in-the-loop realization) and applications
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4/44Overall virtual development of smart systemsII-1

Vibration and noise suppression under different operation conditions

Virtual Systems Design 
1. Selection of appropriate actuators 

and sensors
2. Optimal placement of actuators and 

sensors at the structure 
3. Design of the controller
4. Overall virtual simulation of the 

system
5. Optimisation of the system
6. Hardware-in-the-loop experiments
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5/44Tools for the virtual development process II-2

Large 
movements

MBSMBSMBS
(SIMPACK)

Small 
deformations

FEMFEM
(COSAR, ANSYS,

ABAQUS,...)

ControlControl
(Matlab/SIMULINK)

ActuatorsActuators/ / 
SensorsSensors
(FORTRAN-

Unterprogramme)

AdaptronicsAdaptronicsAdaptronics
PZT, PVDF

SMA
MRF, ERF

Functional Gels
Optical Fibres

…..CAD
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6/44Finite element analysis of piezoelectric smart structuresIII-1

Constitutive Equations
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T – stresses, 
D – el. displacements
S – strains, 
E – electric field

Görnand, A., Gabbert, U.: Finite element analysis of thermopiezoelectric
smart structures. Acta Mechanica 154, 129-140  (2002).  
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7/44Transversal isotropic piezoelectric materialsIII-2

3D constitutive equations

⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

=

00
00

00
0
0

15

15

33

31

31

e
e

e
e0
e0

e

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

=

44

44

66

33

1311

131211

c
csymm

c
c

0cc
0ccc

0.
00
000
00
00

C
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=

33

11

11

0
00

ε
ε

ε

.symm
ε



Otto-von-Guericke-Universität Magdeburg                                                      Institut für Mechanik 
Ulrich Gabbert:

Overall Design and Experimental Verification of Piezoelectric Smart Structures
for Vibration and Noise Control

Linz, 7. Oktober 2005

8/44Basics of thermo-electro-mechanicsIII-3

Balance equations
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9/44Finite element approximationIII-4
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Semi-discrete form of the equations of motion
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10/44Coupling with the acoustic fieldIII-5

The basis is the linear acoustic wave equation (small perturbations related to an ambient 
reference state)
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11/44Vibro-acoustic coupling for smart structuresIII-6
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12/44Finite element software for piezoelectric smart systemsIII-7
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13/44Modelling piezoelectric fibres IV-1

Piezoelectric fibres
Piezoelectric fiber composites

Draft of a piezoelectric fiber composite
FhG’s Würzburg, Dresden, Bremen
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14/44Calculation of effective coefficients of PZT compositesIV-2
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15/44ExampleIV-3

Piezoelectric fibres made from PZT 5A (N/m2, C/m2 and F/m)

Matrixmaterial: Polymermaterial with E=1.806 E9 N/m2, ν= 0.3994

C11 * E10 C 12* E10 C 13 * E10 C 33 * E10 C 44 * E10
PZT 12.1 7.54 7.52 11.1 2.11

e15 e31 e33 ε11 * E-9 ε33* E-9
PZT 12.3 -5.4 15.8 8.11 7.35

Fibre volume fraction

0.111 0.222 0.333 0.444 0.556 0.667
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16/44Example: ResultsIV-4
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17/44Shell type models for piezoelectric compositesV-1
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18/44Modelling of piezoelectric composites based on CLTV-2

• Basis: Discrete-Kirchhoff Theory (DKT)
• Lagrangian and Legendre polynomials
• Tangential rotations only

Classical SemiLoof shell element

Quadrilateral element with 32 dof’s

Triangular element with 24 dof’s
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19/44Extension to an active piezoelectric composite shell elementV-3
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The assumption of the electric field has been intensively investigated!  
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20/44VI-1 Controller design
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21/44VI-2 Data exchange FEA and controller design software

FE system COSAR

Mq+Dd q+Kq=Ef(t)+Bu(t)¨ ˙ ¯ ¯

Eigenvalue analysis,
modal reduction and 

transformation into the
state space form

x=Ax+Bu(t)+Ef(t)
y=Cx+Du(t)+Ff(t)
˙

Matlab/Simulink

Controller 
design

u(t) = –Lx

FE / control interface

Modal state space
matrices

A, B, C, D, E, F

Controller matrix
L
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22/44LQ-Controller with observer and additional dynamicsVI-3

y[k]

−

−L1

x[k+1]=Φx[k]+Γu[k]+εf[k]

y[k]=Cx[k]

f [k]

Σ
r[k]

Σ (Φ, Γ, L2)¯ ¯

x[k]=x[k]+Lest(y[k]−Cx[k])

x[k+1]=Φx[k]+Γu[k]

ˆ ¯ ¯

¯ ˆ

u[k] y[k]

Estimator

x[k]ˆ

Discrete-time tracking system

see: T. Nestorović,  PhD thesis, Uni Magdeburg, VDI Düsseldorf, 2005 
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23/44Best positions of actuators/sensors at structuresVII-1

?

I) Discrete continuous  optimization (gradient based methods)
[see the Weber/Gabbert (1998,99); Schulz/Gabbert(2001)]

II) Controllability and observeability index
[see Seeger/Köppe/Gabbert (2002)] 

III) Continuous optimization (gradient based methods)
[see Seeger/Gabbert (2003)]

IV) Evolutionary  optimization
[see  Bohn/Gabbert (2004), WCCM VI]
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24/44Automatic integration of a patch mesh in a base meshVII-2

• Projection of the FE-mesh of the piezoelectric patch into the host structure
• Identification of overlapping elements
• Local remeshing of the host structure with embedded piezoelectric patch

Patch actuators Patch actuators 

Patch 
actuators 
Patch 
actuators 
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25/44Accuracy of the model for gradient based optimizationVII-3

Sensitivity

Accuracy
Objective function: accuracy sufficient with mesh a) and b) 
Gradients:              accuracy not sufficient with mesh a)

accuracy sufficient with mesh b)  

see: F. Seeger,  PhD thesis, Uni Magdeburg, VDI Düsseldorf, 2004 
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26/44Gradient based optimisation in the frequency domainVII-4

Starting point is the state space formulation 
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27/44Gradient based optimisationVII-5

The transfer function can be calculated by solving the linear system of equations

EZBKAI =+− )(ˆ)( ωω jj

)(ˆ)( ωω jj ZCH =

For the optimization based on the frequency response function an objective function
can be created, such as
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In the gradient based optimization the gradients are required: 
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28/44Test example: Optimal actuator and sensor positioningVIII-1

3: 275-325 Hz
2: 150-350 Hz
1:  0-600 Hz 

A11

A12

A13

A23

A22

A21

E

K

E

K

Clamped plate: 
Two actuators to controlling the eigenmodes in a given 

frequency band
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29/44Test example: ResultsVIII-2

no control
0: Start
1:  0-600 Hz
2: 150-350 Hz
3: 275-325 Hz
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30/44Placement based on a simple criterionVIII-3

Modal Controllability Index

This index can be quite simple evaluated based on a finite element model. It can be seen as the signal 
(voltage of a patch actuator at one point of the mesh, if the structure is excited in one eigenmode). For 
one mesh point i and the kth eigenmode we receive:

T
kk Bφ=µ kφBT

2
kiki ϕµ =

Example 3: Clamped plate
Modal controllability indices of the first five modes of a rectangular clamped plate

Optimal actuator
positions

Optimal actuator
positions

Optimal actuator
positions
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31/44Test example 3: Experimental setup VIII-4

A smart clamped plate

Thin ceramic patches made of PZT

Thin plate made of Al 
(or steel, or GFC)

Connection between the ceramic patches and the control unit



Otto-von-Guericke-Universität Magdeburg                                                      Institut für Mechanik 
Ulrich Gabbert:

Overall Design and Experimental Verification of Piezoelectric Smart Structures
for Vibration and Noise Control

Linz, 7. Oktober 2005

32/44Test example: Measurement, impulse excitation and LQ-controllerVIII-5

Impulse excitation
Amplitudengang Impulsbelastung - Sensor 1

0,00E+00

1,00E+01

2,00E+01

3,00E+01

4,00E+01

5,00E+01

6,00E+01

7,00E+01

8,00E+01

0,00E+00 2,00E+01 4,00E+01 6,00E+01 8,00E+01 1,00E+02 1,20E+02

Frequenz [Hz]

A
m

pl
itu

de
 [d

B
]

ungeregelt geregelt geregelt+kompens.
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33/44Test example: Optimal angel of patch actuatorVIII-6
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34/44Test example: Acoustic boxVIII-7

 

3l

l2

F(t)

1xx2

l 1 

h 

sensor/actuator pairs

x   3

Plate/Cavity System Actuators/Sensors
l1 600mm Length in x1-direction 100mm

l2 400mm Length in x2-direction 50mm

l3 400mm Patch thickness 0.2mm
h (Plate thickness) 2mm

Young’s modulus E 210000N/mm²

Poisson’s ratio ν 0.3

Density ρP 2.63⋅10-9Ns²/mm4

Speed of sound c 340000mm/s

Fluid density ρ0 1.29⋅10-12Ns²/mm4

Elastic Constants Piezoelectric Constants Dielectric Constants
c11 107600N/mm² c33 100400N/mm² e15 1.20⋅10-5N/(mV)mm κ11 1.74⋅10-14N/(mV)²

c12 63120N/mm² c44 19620N/mm² e31 -9.60⋅10-6N/(mV)mm κ33 1.87⋅10-14N/(mV)²

c13 63850N/mm² c66 22200N/mm² e33 1.51⋅10-5N/(mV)mm Density ρ 7.80⋅10-9Ns²/mm4

BC: Bottom: p=0
Sidewalls: v=0

Excitation with a sin-signal containing the
first two eigenfrequencies of the system
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35/44Test example:  Acoustic box, resultsVIII-8
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36/44Industrial example: Active vibration control of a MRTIX-3

Funnel of a Siemens MRT

Sensor 1

Excitation point 1

Sensor 5

Sensor 6

Sensor 2

Sensor 4

Sensor 3

Excitation point 2

Actuator 1
Actuator 2

Actuator 6 Actuator 5

Actuator 4
Actuator 3

FEA-model for optimizing the 
Actuator/sensor position

Eigenfrequencies of Interest
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37/44Active vibration reduction of a funnel of a MRTIX-4

61

35

3R

2R

1R

3L

1L

2L

Actuator
group

Sensor
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38/44Active vibration reduction of a funnel of a MRTIX-5

Shaker

Accelerometer
Experimental rig for the modal 
analysis
with the funnel and
LMS CADA-X system

Hardware-in-the-loop experiments

35 61

Amplifier

AmplifierD/A

A/D

A/D

A/D

±5V

±5V

Funnel

LMS CADA-X
Shaker

TIRA 
TV 50009

vib
Shaker

TIRA 
TV 50018

vib

Impedance Head
B&K Type 8001

(Force gauge)

Impedance Head
B&K Type 8001

(Force gauge)

Out 1

Out 2

In 1

In 2

In 3

Accelerometer
B&K Type 4393

TIRA E60

TIRA E60

The scheme of the funnel
experimental rig
for the modal analysis



Otto-von-Guericke-Universität Magdeburg                                                      Institut für Mechanik 
Ulrich Gabbert:

Overall Design and Experimental Verification of Piezoelectric Smart Structures
for Vibration and Noise Control

Linz, 7. Oktober 2005

39/44Active vibration reduction of a funnel of a MRTIX-6

Measured and identified Frequency Response Functions
for actuator/sensor pairs A1R-S1L

A2R-S1R A1R-S1L
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40/44Active vibration reduction of a funnel of a MRTIX-7

Optimal LQ control

35 61

Shaker
TIRA vib

Impedance
Head B&K
Type 8001

Power amplifie r

B&K
Type 2706

B&K
Type 2626

Conditioning
Amplifier

Low-pass
Filter
Kemo

21.5 Rack   

Sensor

Actuator

PI Amplifier
Modell E-500.00

DS2102
DAC

dSPACE

DS2001
ADC
1

2

3

1

2

Low-pass filter / Amplifier
Kemo VB21M

In 1

Out 2

Out 1

In 2

Matlab / Simulink



Otto-von-Guericke-Universität Magdeburg                                                      Institut für Mechanik 
Ulrich Gabbert:

Overall Design and Experimental Verification of Piezoelectric Smart Structures
for Vibration and Noise Control

Linz, 7. Oktober 2005

41/44IX-9 Industrial Example: Control of the first eigenfrequency

Actuator/sensor pairs A1R–S1LActuator/sensor pairs A2R–S1R
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42/44SummarySummaryX-1

In the presentation  it was shown, that an overall virtual development approach to 
design and to evaluate smart structures concepts is required. 

For smart structures design a finite element approach coupled with controller design 
software Matlab/Simulink was discussed.

For piezoelectric fibre composites a homogenisation technique based on a RVE 
approach to evaluate effective material properties was presented.

For thin-walled structures shell type finite elements were shown, which are an effective 
approach for an overall design procedure. 

In controller design we have used model based optimal LQ (FE-model and/or identified 
model) with Kalman estimator and additional dynamics, which was briefly discussed 
only.

For calculating best positions of actuators/sensors at structures a gradient based 
optimization was presented. But simpler methods based on a modal criterion have 
shown to result in a first acceptable solution.

The design procedure was applied to several test cases and industrial applications, 
where also hardware-in-the-loop realizations have been performed to evaluate the 
results.

Recent activities are also focused on smart machine systems, which perform large 
motion, where as design basis an multi-body systems (MBS) approach is used. 


