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MIMO state space models of piezomechanical
systems with exact impedance mapping
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Motivation

Application

Simulation

Integration

Focus

m of piezo sensors and actuators to influence vibration:
m active vibration control

= shunt damping

m to design the control strategy

m to design electrical devices

m in system simulation

m interface of FEM and system simulation

m practical application of simulation methods and models
= based on commercial codes (ANSYS®, Matlab®)
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Motivation

Active spindle support
with piezo stack actuators

measuring
device

piezo __
actuator

machine
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Motivation

measuring
device

machine |
structure " 4

m System description by concentrated parameters
m Only for simple coupling of DOF

B Only for certain multivariable systems

x-Achse ‘Spindel und |
i Werkzeug

Kan x :Hpim,;-li EI‘-FpIm,x-'l' Kanx

B Input/output transfer functions
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Motivation

measuring
device

»

solid-state
joint o

m System description by concentrated parameters m System description by finite element simulation
m Only for simple coupling of DOF m For locally distributed actuation
B Only for certain multivariable systems B For multivariable systems
foAGhss T : .
L —— g U
LT N———————— .2(0)
Reaiiil S : f(t) z(t) % 3(t) y(t)
x-Achse iSpindel und | . C) .
ésvirlgz;ugd E / B y »r L I
T i I
,,,,,,,,,, l.. :—::IZZ:IZI::.'": AxTCP :
| ; A :
i 1 1 1
Kan,x |_—Fpuam,;"l'; -I‘-Fplmx_'” kAN,x : :
""""""""""""" : Cle-mmmadeeee
B Input/output transfer functions B State space representation
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State space model of mechanical systems

Discretized equation of motion with a large number of DOF

M-1i+D-u+Ky-u=F

'

General state space model with a limited number of input and output signals

z=A-z+B-f y=L-z+U-f
State variables
u
Zz =
u
State equation
u 0 | u 0
i —M - Ky =MD u M~
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State space model of piezo-mechanical systems

Discretized equation of motion for piezo-mechanical systems with a large number of DOF

HANA ) (fo () (-

General state space model with a limited number of input and output signals

z=A-z+B-f y=L-z+U-f
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State space model of piezo-mechanical systems

Discretized equation of motion for piezo-mechanical systems with a large number of DOF

HANA ) (fo () (-

General state space model with a limited number of input and output signals
z=A-z+B-f y=L-z4+U-f

State variables, output and input parameters
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State space model of piezo-mechanical systems

Discretized equation of motion for piezo-mechanical systems with a large number of DOF

HANA ) (fo () (-

General state space model with a limited number of input and output signals
z=A-z+B-f y=L-z4+U-f

State variables, output and input parameters
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System and input matrix

State equation according to choosen system variables

u A11 A12 . u n BH B12 . F

i Az A u B21 B2z Q
Equations of motion
M-u+D-u+ Ky u+Kuyp- @ =F
KT(D ut+Kep-® = Q
Elimination of the electrical DOF
O = —Kgpp - Ko - u+ Kgg
M-+ D+ (Ku — Kuo - Ko - Klg) -t =F — Kuo - Kgg

Comparision and determination of the matrices of the system equation

u 0 I u 0 0 F
i) \-MT (K= Kuo - Koo - Kip) =M7T-DJ A1) AMT =M1 Kuo - Ko | \Q
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Output and feedthrough (direct transmission) matrix

Output equation of the state space model according to choosen system variables

w) (L Lz} [u N Uip U} [ F
() L21 Lzz u u21 u22 Q
Equation for eliminiation of ®

® = Koo Kug - U+ Kao -

Comparision and determination of the matrices of the output equation

B (e D0 6.2) ()
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Output and feedthrough (direct transmission) matrix

Output equation of the state space model according to choosen system variables

O Ly Lo u Uy Uy Q

u Ly1 Ly [w N U Uy . F

Equation for eliminiation of ®
® = Koo Kug - U+ Kao -
Comparision and determination of the matrices of the output equation

u | 0 u O O F
— L T . . _|— i .
O —Koo Ko O u 0 Kpo Q

m Use of reduced matrices

m State vector z consist of structural master-DOF and according velocities

\
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Determination of the relevant matrices

m General
Model reduction by superelement generation within finite element code
Definition of structural master-DOF to represent dynamic behaviour
Definition of electrical master-DOF to represent piezo-sensors and -actuators

Definition of »dummy« (unity) forces and charges on all mechanical and electrical
master-DOF, which build input and/or output signals of the state space model

= Load vector as list of master-DOF and as input/output filter for state space model

m Step 1 (dynamic)
Without active electrical master-DOF
All electrical DOF set to zero (short-circuit)
= Determination of the mass (M), damping (D) and stiffness (K,.) matrices

m Step 2 (static)
With active electrical master-DOF
All electrical master-DOF without voltage boundary condition (open-circuit)

= Determination of the full stiffness matrix (E%; Egi)

——
IV European ConferenceEoncC:o%MionzaloMg::(i?a % F ra u n h Ofe r

Palais des Congrés, Paris, France, May 16-21, 2 IwWu




Modal approach

Modal analysis of an undamped, piezo-mechanical system with eliminated electrical DOF
(open-circuit)

M-+ Ke-u=0  with:  Kerr = (Kuw — Kuo - Kgp - Kio)
Diagonal matrix of the eigenvalues
A = diag(w?)
Matrix of the eigenvectors of the mechanical DOF normalized with the mass matrix

VIoM .V, =1

Matrix of the eigenvectors of the electrical DOF according to substitution (with Q = 0)
® = —Kgp - Kuo -1
Vo = Kgo - Klo - Va

Modal coordinates
q=V,'u
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Transformation to modal coordinates |

Transformation of the equation of motion

VM-V Vi 4+ VEKe V- V' ou = VIF =V Ko - Kol - Q

I Nt A . q =VI.F+ VI . Q

Transformation of the state variables, output and input parameters

Transformation of the state space equation

q 0O 1 q 0 O F
s ~A 0 g Ve Vg Q

—
ECCM 2019 %

\

Fraunhofer

IV European Conference on Computational Mechat
Palais des Congres, Paris, France, May 16-21, 2| IWu



Transformation to modal coordinates Il

Output equation for state space model with physical states

B (e @ ) ()

Matrix of the eigenvectors of electrical DOF according to substitution (with Q = 0)

® = —Kgp - Kio -1
Vo = _K;q) ' Kl@ - Vu
Modal coordinates
Vi-q=u

Output equation for state space model with modal states
uy (WO q N 0O 0 F
) Vo 0 iy 0 Kyo Q
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State space model with modal states

State space equation

=000 ) (0 () )
o)) () s) (o)

Output equation
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State space model with modal states

State space equation

=000 ) (0 () )
o)) () s) (o)

m Direct results of a numerical modal analysis

Output equation
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State space model with modal states

State space equation

)= (5 ) () () )
)=o) () (o) ()

m Direct results of a numerical modal analysis

Output equation

m Consideration of modal damping, constant damping and/or Rayleigh damping
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State space model with modal states
o)) ()G )
q —A\ =Dy q v vl Q
)00 () ) )
D Vo 0 q 0 Koo Q

m Direct results of a numerical modal analysis

State space equation

Output equation

m Consideration of modal damping, constant damping and/or Rayleigh damping

m Static stiffness of the electrical subsystem (capacitance matrix)
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Determination of the relevant data

m General
No explicit model reduction necessary
Definition of a component of nodes, the DOF of which build input and/or output
signals of the state space model
m Step 1
Modal analysis of the open-circuit system
= Eigenfrequencies and eigenvectors of the input/output DOF

m Step 2
All mechanical DOF set to zero

Static analysis of the electrical subsystem with loadsteps of unity/zero combinations
for all electrical input/output DOF

= Reaction charges of the loadsteps represent static electric stiffness (Koo)

=
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Frequency response functions of the state space models

B 2D-FE-model with 6 mechanical DOF and 3 electrical DOF

m S1: mass, damping and stiffness matrix
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Comparision of the state space models with FE-results
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Experimental application

50

—0G measured ||
[0 80 ‘

T |6, cakulted |
| | | | | | | | (p('q)( I

Magnitude [dB]

Frequency [HZ]

m Transfer function for tilting about the x-axis

; m Electrical input signal to tilting of the tool center point

i

m [Neugebauer2010]: to be published in CIRP Ann.
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Conclusion
m Two methods to generate MIMO state space models of piezo-mechanical systems
based on a finite-element-discretization
m Correct representation of the electrical impedance

m Method 1: based on superelement matrices
Problem: selection of master-DOF
Consideration of all types of mechanical damping (also discrete damper)

m Method 2: based on modal analysis and static electrical analysis
High efficient
Model reduction based on modal truncation
Consideration of constant, modal and Rayleigh damping

Outlook

m Usage of the state space model for design of shunt damping circuits

m Different kind for model reduction
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MIMO state space models of piezomechanical
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