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Motivation

Metro vehicles:

e Lightweight structures
e Simple, modular construction

e Many and large doors & windows
=) Poor ride comfort!

Active damping of vibrations:

e Secondary suspension (safety!),
(Stribersky et.al. 1998, Foo & Goodall 2000)

e Actuators on flexible structure
(Kamada et.al. 2005, Schandl et.al. 2007)
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Elastic Deformations of Car Body

15t vertical bending mode 1°t torsional mode
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Innovative Solution

Measurement

Excitation

A4

Controller

Y v

Amplifier

Control input

B TR
~——___— Structurei ~__

F(t) ™ .
7Yk 1 IO S 1
T | Piezo-actuator I

Console

U-(t)

[ Low power consumption
@ Robust in case of system failure

Small effect on suspension /
| rail/wheel forces

@ Rigid body modes not controllable

GMA/GAMM-Workshops,Sept. 21-26.09.2008, Salzburg



Active Damping Concept |

Piezo-stack actuator mounted in console:

i j

Blocking force F; = 50kN @ 1kV, travel Aw = 0.2mm,

length | = 294mm, diameter d = 45mm, power P, = 150W
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Active Damping Concept Ii

Actuator, sensor, and performance positions:

E, ‘Symbols|
> (e

= ...|Sensor

... Excitation
force
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Analytic Modeling |

Mw + Lw + Kw = f(t) system of ODEs of order n

npnpmlwpd coordinates w

w(t) = Pq(t) = Z ®;q;(t) expressed by eigenvectors @
= and modal coordinates g

g+2(Qq+Q°q=p'®" f(t)  system of modal ODEs

x = [q,q]" definition of state vector

r=Ax+ B1d+ Bou y = Chx state-space equations, order 2n
(Preumont 1997)
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Analytic Modeling li

disturbance actuator input
PR _ 0 -
(} o Input matrices are composed
B, = o1 (wy) | B, = o1(w;) — o1 (w;) of components of ¢ in direction
of w; and Wi, respectively
| d)n (fwl ) | i Q{)-n (’w;]‘ ) — ij??. (’wg ) |

1 Only for collocation!
C, = ZBQ (Preumont 1997)
’ Non-collocation: similar to B,

o L —1
Gy = Ca(sI —A)" By Transfer functions from actuator to sensor

and disturbance to sensor.

G, = Cy(sI — A)"'B,
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Experimental Modeling - Identification

T A B B, T
()] = [Cl Dy, Dm] [d] direct identification of state-space system!
] Cs D31 Dy | Lu

performance measurements
sensor measurements

variables
measured data} M ndsid . TEEENES o
dou zy order 200
2
removal of balanced reduced model for
local modes reduction controller design

(Benatzky et.al. 2007a)
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Identification Results

—— empirical transfer function estimate = —— reduced order state space model
— full order state space model for controller design

—_— e Y . _m o o
1 zods CT:.-ga’» (Tz.-zd.red 1 Zou s (T:.gul 3 (Tz.gau.recl

|G, 4| in dB

|G.,,, | in dB
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Robust H_-Control

NOMINAL SYSTEM
(contains all weights)

UNCERTAINTY
(additive, multiplicative,

INPUTS . OUTPUTS
parametric)
Uncertainties Oy A |9 Uncertainties
Disturbances w Z i tiormance
P » outputs
, — Measurement
Control inputs u Y
h outputs

Standard P-K- A-Structure
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Controller Design

PERFORMANCE
(Accelerations,
control inputs,
etc.)

Power spectrum
densities of INPUT
DISTURBANCES

UNCERTAINTIES Design model of a flexible
(Actuators—multiplicative, structure (e.g. modally reduced
neglected dynamics—additive) model)

Guaranteed robust performance by DK-iteration!
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Controller Comparison

active damping of acceleration (agys s0) in %

controller FI___Ir M _Mr Rl Rr H,-Control vs.
Koor: . 330 347 64 27 414 331 Pole-Placement
K Do . 387 400 6.7 51 472 37.3

K pica.c 102 449 49 18 474 347

Kpp . 16.1 204 -6.2 -3.3 18.0

— oo —Kpp.s = Kibioe

control cost in % of Ky, =
controller u; rMs U2 RMS
KpKi.c 17.2 9.8 .
Kpioe 23.9 13.7 =
Kpks.e 60.0 31.7 o
Kopp . 100.0 100.0
(Benatzky et.al. 2007b) 50

40 50 60 70 80 90 100 120
frequency in Hz
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Full-size actuator

Experimental validation of feasibility:
real-time computer

signal (controller)

conditioning

console

Piezo-stack
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Nonlinear Actuator: Model and Control

Summation of

e Control system displacements
d
Ein-/Ausgangsmodell
[ == e Em S Em Em Em EE E /e e E— -—
| Nichlinearitét %
I ' %{etfoﬂ : Yy
I I | ; > EA U lode
1= i ’ |
PED TR || tinear-inverse
- = = = ===+ pie70 model
V., 1 Lel,soll 1 Ugol]
d3zzn 2 Gr [«
e Hysteresis loops e Force deviation, measured

0.5

Tel i M
o
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10% error
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(Schirrer et.al. 2008b)
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Co-Simulation

Comprehensive and complex co-simulation with MATLAB & SIMPACK:

X

L_0 y_Act
- ~ Scaling
( SIMAT 5.8
AN (SIMPACK Co-Sim y_Act
FI4+®F act  F mBSH-» Kecrae) By MBS  a_Perf p1
T F_ref - . : Sens ,
Sampling period: Yo Accelerations
Extended MBS input mapping 0.0001s MBS output mapping
Actuator —
| Model MBS Dynamic al.ll:-systeg
F_ref K N ¥_Sens

H-infinity controller

Rail iyfegularities, wheel-rail contact, bogies, suspensions, FE-car body

Nonlinear actuator

(Schirrer et.al. 2008b)
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PSIMn (m/s™ ) (He)

A

PSD m (m/s W(Hz)

A,

FSD i (/s W(Hz)

Results of Co-Simulation

PSD - plots for actuator cfg. ,,door/roof” (v=80km/h, DB-High)
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Experimental Validation

Scaled car body (1:10) made from aluminum:

o |

——— iglﬁ
amplifier 2 Piezo-stack shaker (2 Piezo-patch soft coil
actuators sensors) springs
N Ty]u;- Gylu]- G.U‘]_'iil‘l'ﬂd — NED T
0 — ®a @ - # e1ge1.'1111(_;(_1e - wi in H/ | Cg
_ 1 vertical bending 65.66  0.0037
2 torsion 73.91 0.0043

3 diagonal distortion  101.72  0.0030

(Kozek et.al. 2008)

30 5I0 100 120
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Results from experimental model

accelerations at four performance positions:

left right
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Experimental results Il
Verification of unchanged mode shapes using a Laser vibrometer:

Mormentarmert
. ‘f'ﬁ
War, .
a0

torsion @ 71.8Hz:
amplitude reduction
120nm = 40nm

closed-loop

bending @ 91.3Hz:
amplitude reduction
50nm = 30nm

(Popprath et.al. 2007)
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Further Results

 Nonlinear identification of Piezo-hysteresis
(experimental), schirrer & Kozek, ENOC-08.

e laser speckle interferometry for analysis of console
strain, Schirrer et.al., ICSV15.

 Fault dedection and isolation by hardware
redundancy, Benatzky & Kozek, ICSV14.
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Conclusion

Innovative concept for active damping of a flexible car body
using Piezo-actuators

Piezo-stack actuators mounted in consoles
Non-linear actuator model and compensation
Robust H_-control system

Feasibility is validated by

— Complex co-simulation

— Scaled metro model with closed-loop experiment
— Full-size actuator experiments

Very large structure for Piezo application
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