Reduction of Structural Vibrations by Passive
and Semi-Actively Controlled Friction Dampers
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Abstract Reduction of structural vibrations is of major interest iachanical engi-
neering for lowering sound emission of vibrating strucgjienproving accuracy of
machines and increasing structure durability. Besideisnmgdtion of the mechani-
cal design or various types of passive damping treatmetttgeastructural vibration
control concepts are efficient means to reduce unwanteedtiobs.

In this contribution, two different semi-active controlrezepts for vibration reduc-
tion are proposed that adapt the normal force of attachetitfini dampers. Thereby,
semi-active control concepts generally possess the aatyaoter active control that
the closed loop is intrinsically stable and that less energyquired for the actuation
than in active control. In the chosen experimental impleiatm, a piezoelectric
stack actuators is used to apply adjustable normal forcegclea a structure and
an attached friction damper. Simulation and experimemsiilts of a benchmark
structure with passive and semi-actively controlled foistdampers are compared
for stationary narrow-band excitation.

For simulations of the control performance, transient $ations must be employed
to predict the achieved vibration damping. It is well knowatttransient simulation
of systems with friction and normal contact requires exgessomputational power
due to the nonlinear constitutive laws and the high contaffhesses involved.
However, commercial finite element codes do not allow to ateufeedback con-
trol in a general way. As a remedy, a special simulation fraark is developed
which allows to efficiently model interfaces with frictiom@normal contact by ap-
propriate constitutive laws which are implemented by conédements in a finite
element model. Furthermore, special model reduction igales using a substruc-
turing approach are employed for faster simulation.
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1 Introduction

Semi-active control strategies for vibration reductiofepinteresting alternatives
to passive means of damping enhancement or fully activatidr control (AVC).
Hereby, the term semi-active means that passive systenrerpieg such as friction,
material damping or fluid viscosity, are actively contrdll&his intrinsically elim-
inates the problem of system destabilization due to smh@ffects encountered in
AVC applied to flexible structures [1, 4]. Furthermore, sexiive control is more
energy-efficient than fully active ones in general whichrisraportant aspect from
an application point of view. In exchange of these advargatie achievable per-
formance is limited by the effectiveness of the underlyiaggive damping mecha-
nism. Though, they outperform passive vibration reducti@ans due to their abil-
ity to adapt to the instantaneous vibration state of thec&ire. This property links
semi-active control concepts to the research area of saadapifive structures and
adaptronics. Advantages over fully active control are igauhi-active control is in-
herently fail-safe, guarantees stability and introdudgsificant passive damping
into the mechanical system, e.g. by the attached frictionpda in this contribution.

Semi-active control concepts are probably most often edpldo magneto- or
electrorheological dampers, friction damping devices aiivaly tuned absorbers
with variable-stiffness dampers, see [11, 6, 3, 10, 9] fonsexamples. The specific
idea of using friction in joints for vibration damping by moal force control is
reported first in [7], which subsequently inspired sevegakarchers, see e.g. [8].

In this contribution, two control algorithms for the senutise vibration control
of the normal force between a main structure and attachegbeiaexploiting dry
friction damping are investigated.

Generic Benchmark Sructure

A beam-like friction damper element is attached to a be&m4tnetal benchmark
structure by a normal screw and a adaptive screw. The pliisiplepicted schemat-
ically in Fig. 1, a picture of the experimental realizatiashown in Fig. 2. The
screwFy 2 is strongly tightenedHy » = 6000 N) whereas the normal forég ; of
the adaptive screw can be controlled by means of a piezoeleog stack actuator.
For that purpose, the control measures the acceleratisa tiathe tip.
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Fig. 1 Sketch of the benchmark structure (steel, 775 mm length, 40 mniyw8dihm thickness)
with adaptive friction damper beam (steel, 160 mm length, 40 mdthyB mm thickness).
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Fig. 2 Photograph of the experimental setup with structure, dampen bpiezoelectric stack,
force cell, accelerometers and attached shaker stinger ¢cfl1)-i

2 Finite-Element M odeling

The structure is discretized by the finite-element (FE) methnd node-node con-
tact elements for the normal and tangential contact (Figlr3a generic way, the
discretized structural dynamics of the two substructurasjely the main structure
and the attached friction damper beam, is given as

MO o 1. KO o
{ 0 M(Z>}X+|: 0 K(Z)]er

where the nodal normal contact forde§ and tangential friction forceB$ act as
internal forces on the contact interface between main stre@nd damper beam.
On the right-hand side, the external forces appear, narelito pairs of clamping
forcesky 1, Fn 2 and dynamic excitation loadgy. (later,Fy 1 is controlled).

Constitutive equations are implemented for the normalaxdrénd the tangential
contact in the interface by node-to-node contact elem@ihts.former is a bilinear
stiffness relationship that allows separation but peeralizenetration. The latter is
an elasto-plastic friction law, which can be seen as two dsimal version of a
Jenkins element model depicted in Fig. 4 for the one-dinmeradicase, i.e. a series
combination of a spring and a Coulomb element.

The nonlinear system of Eq. 1 is solved with the Newmark sehand Newton
equilibrium iterations at each fixed time step. Beforehadhstructure model re-
duction techniques are employed to reduce the dimensiotitedystem. For that
purpose, an in-house simulation tool [2] is developed tdifate general feedback
control simulation, which is not supported by commercialdedes.

The model parameters including the contact parameterspaie@ed by compar-
ison of experimentally and numerically obtained FRFs (fiextcy response func-
tion) with impulse hammer excitation that cover a large mafjconstant clamping
forces. An exemplary FRFs is shown in Fig. 5 where the noalirdfects become
visible by some unsymmetric peak forms (e.g. at 230 Hz) antesaigher harmon-
ics peaks. From the FRF, the damping ratios are identifiethevbending modes,
see Fig. 5. They show good agreement between simulationgedisment and that
significant damping is introduced by the friction dampehiy are compared to the
modal damping ratios of less tharl§% found without attached damper.
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Fig. 3 Finite-element modek¢ 30000 DOFs and 632 nodes in contact) in typical bending defor
mation with the two screws that impose the external clamping foagesFy 1 andFy 2.
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Fig. 4 1-D Jenkins friction model and its hysteresis loop (thick) in cangon to the Coulomb

friction hysteresis (thin). Note, that for increasing tang@rstiffness, the hysteresis approximates
the Coulomb model hysteresis.
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Fig. 5 Measured and simulated FRFs for impulse excitation lapg = 100 N, Fy 2 = 6000 N
(excitation and measurement close to tip on the mid-axis) andndieted modal damping ratios.

3 Semi-active Vibration Control

Two controllers each consisting of an appropriate nontigeatrol law plus an ob-
server to estimate non-measurable variables requiredebgahtrol are introduced
in the following. The first control is denoted hysteresisiml control and is mo-
tivated by experimental investigations. They show thadtietly simple dynamical
friction models are often capable to model the most domiffiaction effects in

structures with local joints [5]. Among others, the Jenkéhsment as depicted in

Fig. 4, has proven its usability for that purpose and sergeisase for the control
derivation.
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Hysteresis-optimal Control

For that, it is assumed that the dominant damping effecttoaeted in the contact
area close to the adaptive screw and can be modeled by atdificdon model.
Then, the dissipated wokky due to friction during one vibration cycle is maximized
to find the control. For the chosen model, the dissipatedygner

F .
Wy=4 (Urel,o — k'(r:) Fc with Fc=uky (2)

is maximized to yield the optimal normal forég as a function of the tangential
contact stiffnesskr, the friction coefficientu and the relative sliding oscillation
amplitudeuye| o

Py = f(ureI,O) = kT2UreI,0 = k'T‘ Urel,0- (3)

u

Note that similar algebraic expressions could be derived bhsed on hysteresis
loops of more complex friction models involving more paraens. Eq. 3 is inter-
preted as control law to adjust the normal foFge= Fy 1 according to Fig. 1 to the
structural vibration tangential amplitude. The requiretial vibration displacement
amplitudeure o can be found under the assumption of mono-frequent displece
(with zero mean) byrelo ~ % ﬁt_T |urer] d7.from the estimated signake. The
evaluation of the integral would need large memory storagetfe required inte-
gration time much larger than the largest vibration peribéhterest, hence it is
efficiently approximated by a RTelement, where the time constantprescribes
how fast the signalie| o follows a change in the vibration amplitude

. T
Ty Urel,0 + Urel,o = 2 |Urel]- 4)

Model-based Design of Nonlinear Observer

In general, the required tangential displacemeggiat the adaptive screw can not be
measured which makes the design of a nonlinear observessagavhich estimates
it from available measurements such as displacements)straaccelerations and
a simplified approximate simulation model (without haviny énformation about
the excitation forces).

This model is derived by rigid connection of the damper betiona end y 2)
and neglection of the normal contact between damper anddtaseure, instead
appropriate spring elements are introduced in normal timeén some distance
around the adaptive screw. The relative motion at the agaptirew is used for the
output definition ofure. The nonlinear observer is of the form

.2 = A2—|— BT ffriction ('ir, ljrel; FN) + Bechexc+ I (ymeas— )A’meas)> (5)
Wlth ymeaS: Cz and u’;‘e| = Cre| 2.

Hereby, the the measurement outpgitas denotes the velocity measurement ob-
tained by integration of the acceleration in the experim&he estimated output
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Urel replaces the required variahlg, by the nonlinear control law (Eqg. 3). A simple
dynamic friction modelficion(+) is used to model the frictiofr at the adaptive
screw, namely a regularized Coulomb friction model

. 2 .
Fr = ffriction (Orel, in) = UFN Earctanjaﬁra), (6)

which depends on the relative velociiy, with the regularization parameterde-
termined by simulation studies. Theoretically, the use ofencomplex dynamic
friction models would be of interest, the hard real-timeitations imposed by the
fixed-step time-integration in the experiment and the atersid high frequencies
forbids their application for the investigated problemeTdbtained estimation ac-
curacy has been verified in simulations that are also usegtimize the observer.
The linear system parts in Eq. 5 are obtained from an simglifirear FE model
after modal truncation plus a static correction step fortthasfer path betweefr
and (. With the required output variables, mass and stiffnessioestM, K and
load vector ¢4, this simplified model reads

MX+KX+F| = BeyFexes Ymeas= YmeasX and Urel = Yo X- (7)

Solving the associated eigenvalue probl(alm— wZM) ¢ = 0 yields the eigenfre-
quenciesax and eigenvectorgx(k € INT) which allows a modal truncation to
the first N important bending modes by the transformatior- T x* with T =

(@1, @5, .., @y]- This transforms the system matrices; TTKT andQ =TTKT =
diag{w?, w3,...,wi}, as well as the other matrices in Eq. 5. With the state vector

Z' = [x*T,x*T] and some damping matri, these linear system parts read
-A-Q —oTyl o’
A: |: I 0 :| 7BT = |: g)/re|:| 7Bexc: |: geXC:| (8)
Crel = [0,¥1e1©], Cmeas= [0, ¥mea?], %)

After linearization aroundye = 0, Fy = 0, the observer gairlsin Eq. 5 are deter-
mined by a Kalman design procedure from the solution of tle®@ated Riccati
equation for appropriate state and measurement noisencariaatrices. The ob-
tained control loop is shown in Fig. 6.

Lyapunov-type Control

For the second proposed control law, Lyapunov’s direct oeth applied by choos-

ing the mechanical system energy as Lyapunov funatiog and under the assump-
tion of a discrete friction model with controlled normal éer[8]. It is imposed that

its time derivative/ (x) must be semi-negative, which is directly related to theegiff

ential form of the passivity condition. Its absolute valadtrthermore maximized

for optimality in the Lyapunov sense. Recalling the dynaawita 1-DOF system

Mgl + KUrei + Fr =0, (10)
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Fig. 6 Closed control loop with hysteresis-optimal control law.

the passivity condition in terms of the friction forEe and the relative velocity,e

ensures a power flow outwards of the controlled structurenforce Eq. 11, a con-
trol law based on a Jenkins friction model must depend on ¢heabfriction force
Fr. However, in practice, for structures as the investigateglibis almost impossi-
ble to measure or estimate this force because of the disdbtiction interface and
the high stiffnesses in combination with the hard real-tooastraints. Hence, the
Coulomb friction model according ter = Ry sign(Ure) is assumed as a good ap-
proximation instead. For this, it can be shown that a veyedépendent bang-bang
controller is optimal in the Lyapunov sense [Bj, = O for |Uyei| = 0 andFy = Fy max
for |Urel| > 0. This approach is appropriate in view of the high valuedtertangen-
tial stiffnesskr found in the model updating before. Additional regulatizatvith a
boundary layek to avoid chattering effects and introduction of the minimatmal
force yields the sub-optimal law

|Urel‘ . N
max{ Fn,max Fnmin} — for [Urel| < €
= € et . 12

h { FN,max for |Urel| > € (12)

Again, the required tangential relative motion must benested by the previously
introduced observer which now estimated the relative Wglage instead of the
displacementye. Note that the minimal and maximal normal ford&gmin and
Fnmax are determined by the mechanical properties of the adagxtiesv.

4 Experimentsand Simulation Results

The proposed controls are investigated for the benchmauktate with a damper
beam atxg = 0.545 m away from the fixture. For this position, significanatie



8 Jens Becker and Lothar Gaul

displacement between structure and damper is expectedddyending modes 3,
4 and higher. For mode 2, much less relative motion is expestd@ch explains
the small damping values obtained in the experiment andlations, e.g. for the
passive results in Fig. 5. The first mode is not considereculse it can not be
excited by the available shaker. For evaluation, acceter&RFs from the excitation
force (atx = 0.325 m) to the measured accelerationqat 0.45 m) are compared.

Controller Implementation

A dSpace system running at 21 kHz sampling frequency is used for thktime
implementation. The observer is designed based on 7 normdésnand uses the
out-of-plane tip acceleration at= 0.765 m as measurement variallg.as

In the experiment, the prescribed foreg for the adaptive screw from Eq. 3 or
Eqg. 12 must be tracked by an underlying force feedback cbiotwp to compensate
nonlinearities, large-signal piezoelectric effectsegpreffects in the screw threads
as well as to decrease the inertia forces of the actuatorearsbsmasses due to the
structural vibrations. For that, a tracking controller isgoyed which is combined
from a feedforward term derived from the static actuatotage-force relationship
and a PID feedback control of the measured force. The olutaicteiator signdlp is
filtered by a 30 kHz low-pass to decrease the digitizatios@biefore it is amplified
for the piezoelectric stack actuator. To maximize therstiis of the clamping of the
piezoelectric actuators determining the achieveablésti4)], strain gages directly
embedded in the bolt shaft (see Fig. 6) measure the actuad fostead of strain-
gage based ring force cells that would significantly weakenconfiguration. The
applicable actuator stroke lies betwd&inin = 40 N andFy max~ 600 N.

For the Lyapunov-type control, a piezoelectric force célhmh sensitivity and
bandwidth is added (cf. Fig. 2) because its high actuatioradycs requires a very
high control bandwidth which is difficult to realize with ain-gage based force
measurements due to the found signal-to-noise ratio agsletiginating from the
necessary amplifiers.

Shaker Test Setup with Excitation Force Control

For nonlinear mechanical structures, comparing FRFs regjgpecial care because
the obtained FRFs are nonlinear. More specifically, thesomance frequencies,
peak amplitudes and peak forms depend on the excitatiomlssgrwell as ampli-
tudes. Consequently, the amplitude is controlled during sweep measurements
to make the excitation independent of the structural impeédor consistent com-
parisons. Very low sweep velocities.{0Hz/s) are employed to obtain steady-state
conditions which approximates step-sine testing and tedaweraction between
the interesting effects of the semi-active structural adrand the shaker control.
Due to the very small relative displacements outside resmes the control is only
effective close to resonances which allows to restrict tluation around the res-
onance frequencies to save simulation and measurement time

In Figs. 7 to 8, FRFs with and without semi-active control stiewn for some typ-
ical excitation amplitudes for the two control conceptsnifr results are obtained
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Fig. 7 hysteresis-optimal control: Measured (top) and simulated (bottmoglerance FRFs for
controlled sine-sweep excitation with (solid) and withoutsuizd) controlK; = 2.5- 107 Nim).
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Fig. 8 Lyapunov-type control: Measured (top) and simulated (bottarogkerance FRFs for con-
trolled sine-sweep excitation with (solid) and without (daghmhtrol € = 2—30 ms).

for other amplitudes. It can always be seen that the corntnahgly reduces the res-
onance amplitudes of multiple modes. Note that in the passase, the minimal
possible forcey = Fymin is applied to the adaptive screw which still introduces
significant structural damping compared to the case witattached damper. Ex-
periments and simulation additionally prove that the santive control never de-
creases the passive damping effect at lower excitationiardps. Generally, the
agreement obtained between experiment and simulatioated very good in view
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of the well-known difficulties encountered in the prediatiof nonlinear damping
of structures, especially for distributed friction witthimmogeneous normal contact
pressure distribution. Furthermore some imperfectiorti@excitation control can
not be avoided as well as some changes in the contact paramEte Lyapunov-
type control achieves higher vibration reduction than ty&dresis-optimal in both
experiments and simulations, especially at smaller vitmaamplitudes. It is also
suited to suppress broadband vibrations, is relativelysbto errors in the estima-
tion but, as a drawback, its high-dynamical actuation negumnore power. Advan-
tageously, the hysteresis-optimal control could be impgletad with low dynamical
actuators, e.g. of different actuation principles.

5 Conclusion

Multi-modal, semi-active vibration controllers that atiige normal force applied to
friction damper beams by piezoelectric stack actuatorgasstigated for a generic
benchmark structure in experiments and simulations. Theglaown to efficiently
damp structural resonances for different excitation atugidéis and vibration modes.

Which of the investigated controller concepts suits besafoertain application
depends mainly on the actuator principle, the power coraiias and if the exci-
tation is rather broadband or narrowband.

Acknowledgements The support of the DFG (German Research Foundation) with pigfee 1156
is gratefully acknowledged.

References

1. Balas, M.: Feedback control of flexible systems. IEEE Trans. fat@ Control23(4), 673—
679 (1978)

2. Becker, J., Gaul, L.: CMS methods for efficient damping preaticfor structures wit h fric-
tion. In: Proc. of the IMAC-XXVI. Orlando, Florida USA (2008

3. Dupont, P., Kasturi, P., Stokes, A.: Semi-active controfiotibn dampers. Journal of Sound
and Vibration202(2), 203—-218 (1997)

4. Fuller, C., Elliott, S., Nelson, P.: Active Control of Vétion. Academic Press (1996)

5. Gaul, L., Nitsche, R.: Role of friction in mechanical joinfgppl. Mechanics Rews4, 93-105
(2001)

6. Jansen, L.M., Dyke, S.J.: Semi-active control strategies Rdsimpers: A comparative study.
ASCE Journal of Engineering Mechanit26(8), 795-803 (2000)

7. Lane, J.S., Ferri, AA., Heck, B.S.: Vibration control ugsemi-active friction damping. In:
Proceedings of the Winter Annual Meeting of the ASME, vol, gf. 165-171 (1992)

8. Nitsche, R., Gaul, L.: Lyapunov design of damping contrsllérchive of Applied Mechanics
72, 865-874 (2003)

9. Nitzsche, F., Zimcik, D.G., Wickramasinghe, V.K., Yong, Conirol laws for an an active tun-
able vibration absorber designed for rotor blade damping augti@n. Aeronautical Journal
108(1079), 35-42 (2003)

10. Patten, W.N., Mo, C., Kuehn, J., Lee, J.: A primer on designmfagtive vibration absorbers
(sava). ASCE Engineering Mechanit?4(1), 61-68 (1998)

11. Symans, M.D., Constantinou, M.C.: Seismic testing of a bugldiructure with a semi-active
fluid damper control system. Earthquake Eng. and Structural Migs®6, 759-777 (1997)



