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Abstract
Reduction of structural vibrations are of major interest in mechanical engineering for lower-
ing sound emission of vibrating structures, improving accuracy of machinesand increasing
structure durability. Besides optimal passive design, this problem can be tackled by structural
vibration control concepts, which become more and more important as lightweight construc-
tions evolve. In this contribution, a semi–active control concepts for the adaptive control of
the normal force of friction dampers attached to a vibrating structure are presented. In con-
trast to purely active control strategies, semi-active control algorithms have the advantage of
yielding intrinsically stable closed–loop systems and low energy consumption. In this work,
the normal force applied to the frictional interfaces between structure anddamper elements
is applied by piezoelectric stack actuators and controlled accordingly to the measured struc-
tural vibrations for optimal damping. The control design is based on simplifiedfinite–element
models of the structural dynamics. Experimental results for a test structureare presented.

1 Introduction

Semi–active control strategies in structural vibration control offer various advantages com-
pared to passive measures of vibration reduction and active vibration control (AVC). Hereby
semi–active means, that the passive properties of damping elements are actively controlled.
From this it follows that semi–active control in contrast to AVC feeds no energy into the struc-
ture under control. This in turn eliminates the important problem of system destabilization due
to spillover effects which often limits the applicability of AVC of flexible structures[1, 2].
Hence, semi–active control concepts yield guaranteed stable closed–loopsystems. On the
other hand, because semi–active control concepts rely generally on passive damping mecha-
nisms, the maximal achievable damping is limited. Though, they outperform passive vibration
reduction means due to the ability to adapt to the instantaneous vibration state of the structure.
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Figure 1: Experimental setup of the investigated structure with adaptive friction dampers (am-
plifiers are not shown for sake of clarity).

property beam damper
length 775 mm 160 mm
width 40 mm 40 mm
thickness 3 mm 3 mm
material steel steel

manufacturer PI ceramics
type 306.20
maximum displacement 20µm
stiffness 180 N/µm
operating voltage -750 V .. 250 V

Table 1: Properties of structure and piezoelectric stack actuator (cf. withFig. 1).

Therefore, semi–active structural control is related to the context of adaptive structures. The
idea of using friction in joints to damp structural vibrations by semi–active normal force con-
trol can be found in [3, 4]. Hereby, only discrete joints and idealized structures are considered.
The concept of semi–active control is most popular in the context of magnetorheological or
electrorheological dampers and variable–stiffness dampers, see e.g. [5, 6]. In this contribu-
tion, strategies for the semi–active control of the applied normal force on frictional interfaces
between a beam structure and an added damper element are investigated in order to optimally
damp structural. Experiments are conducted with a test structure depicted in Fig. 1. The at-
tached friction damper is fixed on it left side to the beam structure by a high clamping force
whereas the normal force can be controlled on the other side.

2 Semi–active Vibration Control

Experimental investigations of structures with joints have shown that relatively simple dy-
namical friction models are capable to model the dominant effects [7]. From experiments,
e.g. see [8], the Masing model shown in Fig. 2 has proven its usability for bolted joints. From
this discrete models, two control strategies are derived in the following.

2.1 Hysteresis–optimal Control

For the adaptive damping of structural vibrations, only approximately mono–frequent excita-
tions are considered, which represents no limitation in most applications. Additionally, it is
assumed that the dominant damping effects originate from the contact area below the normal
force actuator. A discrete friction model captures the dominant effects. Then, the frictional
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Figure 2: Hysteresis for Coulomb and Masing friction model with tangential stiffnesskT.

work Wd during one vibration cycle is maximized. This corresponds to maximizing the en-
closed hysteresis area, hence the resulting control law is shortly denotedas hysteresis–optimal
control. The normal force that maximizes the dissipated workWd can be determined off-line
with respect to the friction model parameters and the vibration amplitude. For theMasing
model (see Fig. 2), the dissipated energy per cycle evaluates to

Wd = 4

(

u0 −
FC

kT

)

FC with FC = µ FN. (1)

Maximizing Wd yields the optimal normal forceFN as function of the tangential contact
stiffnesskT, the friction coefficientµ and the amplitude of the relative sliding oscillation
amplitudeu0,

FN = f(u0) =
kT u0

2µ
. (2)

The expression (2) can now be used to derive a control algorithm. First,the vibration ampli-
tude must be estimated from vibration measurements which are performed in this contribution
by accelerometers. The relative displacement beneath the actuator is estimated by a modal fil-
ter whose inputs are the twice integrated measured accelerationsymeas(t),

x̂ = C−1
meas

∫ t

0

∫ t

0

ymeasdt dt, û = cT

rel x̂. (3)

Hereby the inverse matrixC−1
meas represents the modal analyzer andcT

rel
represents the modal

synthesizer (or output matrix) for the relative displacement; for details of the classical inde-
pendent modal control see [2]. All matrices are derived from a finite–element (FE) model
for the linear limit case without friction. The FE model parameters are updatedby exper-
imental modal analysis of the test structure. Altogether, this model–based approach allows
the efficient estimation of non–measureable relative movements. Note that foreach mode to
be controlled, at least one sensor must be used. From this, the actual vibration amplitude is
estimated by

û0(t) ≈
π

2T

∫ t

t−T

|û(t)| dt. (4)
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Figure 3: Closed control loop schematic of the proposed hysteresis–optimal control law.

Note that for this, the signalu(t) must have zero mean, which is fullfilled due to the use of
accelerometers. For sensors with static components, the mean value must be treated similar
to (4) and subtracted in the integral.

Because the integral evaluation needs large memory to store the signalû(t) for [t−T, t]

for a reasonable integration timeT much bigger than the vibration period, (4) is approximated
for efficient implementation by a PT1 element according to

T0
˙̂u0(t) + û0(t) =

π

2
|û(t)|. (5)

Hereby, the time constantT0 prescribes how fast the controller reacts to a change in the
amplitude. The obtained closed loop is depicted in Fig. 3.

2.2 Lyapunov–type Control

In [4], a Lyapunov function method is used to derive an optimal control lawfrom the discrete
friction model. If the Masing friction model is used for the derivation, the obtained control law
depends on the friction force, which is not measureable or observeablefor the investigated test
structure. Hence the Coulomb model is used which approximates well the Masing model for
high tangential stiffness valueskT and yields the control law (6). Using the Lyapunov design
procedure for the Coulomb friction model, the derived control law is a velocity–dependent
bang–bang controller. Because the bang–bang behavior leads to chatter, it is regularized with
a boundary layerǫ yielding

FN =

{

FN,min

(

1 − |u̇|
ǫ

)

+ FN,max
|u̇|
ǫ

for |u̇| < ǫ

FN,max for |u̇| ≥ ǫ
(6)

The relative tangential velocity in the interface beneath the normal force actuator is estimated
in an similar way to (3). Note that in the case of piezoelectric actuators, the minimaland
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Figure 4: Measured stroke of the stack actuator for different preclamping forces.

maximal normal forcesFN,min andFN,max are determined by the mechanical properties of
the actuator configuration.

3 Experimental Results

The proposed control laws are implemented and experimentally investigated for a beam–
like test structure depicted in Fig. 1 with properties given in Tab. 1. For the modal filter,
four accelerometers are attached to the structure, hence the first four modes are included
in the relative displacement estimation and can be controlled. The control algorithms are
implemented on aLabView PXIreal–time system running at 5 kHz.

3.1 Normal Force Actuator

For application of the normal force, a hollow piezoelectric stack actuator clamped by a bolt is
used as shown in Fig. 1 (technical data are given Tab. 1). The applied normal force is measured
by a strain–gage based load cell sensor, that allows measuring static force signal components,
which is essential for this application. Hereby, the maximum achieveable actuator force stroke
depends on the stiffness of the clamping and the actuator stiffness itself. Details of modeling of
piezoelectric materials can be found in [2]. Note that the actuator block force of 3600 N is only
theoretically obtained for infinite clamping stiffness, i.e. zero displacement. Hence, the force–
voltage dependency for different clamping forces applied by tightening of the screw must
be determined experimentally. One example of such a measurement is presented in Fig. 4.
The measurements clearly reveal a nonlinear stiffness of the structure in normal direction
depending on the clamping normal force. This effect is mainly due to the multiple contact
pairs introduced between the screw, force measurement cell, washers,the structure but also
some nonlinearities for high–voltage operation of the piezoelectric stack actuator come into
play. This nonlinear relation makes an underlying control of the applied normal force for
the hysteresis–optimal control necessary, which is performed by a proportional-integral (PI)
controller that controls the applied normal forceFN given from the hysteresis–optimal control
law. Because the Lyapunov–type control possesses very high dynamics, a underlaying PI
control would be too slow for high frequencies. Therefore a correction based on the force–
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Figure 5: Comparison of measured accelerance FRFs for controlled sine–sweep excitation of
different amplitudes with passive damping, i.e. control off, and hysteresis–optimal control.

voltage relation is used instead which is measured for each new configuration or preclamping
force during an initialization step. This relation is then used to calculate the required actuator
voltage for the prescribed normal force obtained from the Lyapunov–type control law.

3.2 Results

For experimental investigation of the presented control algorithms of the teststructure, the pa-
rameters for the control laws are determined experimentally and are kept constant for all pre-
sented measurements. The multi–modal controllers are compared by measuringaccelerance
frequency response functions (FRFs). However, for nonlinear mechanical structures such as
structures with friction, measuring and comparing FRFs needs special attention. The main ob-
stacle (and difference to linear systems) is the dependence of the obtained(equivalent) eigen-
frequencies, the (equivalent) modal damping ratios and hence the peak amplitudes on the vi-
bration amplitude magnitude. Hence, sine sweep measurements of very low speed (0.1 Hz/s)
are conducted with controlled excitation force amplitudeFext during the sweep to eliminate
the back–EMF effect. Because of the very low sweep speed, the FRFs yield results identical
to stepped–sine measurements for the test structure, but the FRFs are recorded for each peak
separately due to the large amount of data and long measurement time. The results of Figs. 5
and 6 for example show the accelerance FRFs measured by one accelerometer under control
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Figure 6: Comparison of measured accelerance FRFs for controlled sine–sweep excitation of
different amplitudes with passive damping, i.e. control off, and Lyapunov–type control.

and without control (passive), all accelerometers yield identical resultswith the only differ-
ence that they have different absolute amplitudes due to their individual modal contribution
factors. It is seen from the peak widths and the peak amplitudes that the (equivalent) modal
damping ratios are strongly increased by the control. Furthermore, the hysteresis–optimal
control significantly shifts the resonance amplitudes whereas this effect isonly weakly pro-
nounced for the Lyapunov–type control. It is concluded from the experimental results that the
Lyapunov–type control is more effective in vibration damping than the hysteresis–optimal
control. Even higher damping is achieved by the Lyapunov–type control ifa smaller bound-
ary layersǫ is implemented, but the performance of the excitation amplitude control degrades
strongly for certain excitation forces complicating a fair comparison. It is worth mentioning
that both controllers do not only increase the normal force but also decreases the normal force
below the applied preclamping force if it applies negative voltages to the piezoelectric stack.

Note that the fluctuations observable in the measured FRFs of Fig. 5a can mainly be
tracked to the influence of the shaker controller and its interaction with the vibration con-
troller. It is not capable to exactly keep the excitation amplitude constant during the sweep
due to the nonlinearities of the structure under control. They can be seen most in FRFs around
mode 4 because its nonlinear resonance shift effect is more pronounced than that of mode 3.
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4 Conclusion and Outlook

Two control algorithms for semi–active vibration control of structures with friction dampers
and normal forces adjustable by piezoelectric actuators are derived and experimentally tested.
It is shown that semi–active damping can be very effective in structural vibration damping.
The velocity–dependent Lyapunov–type control has its advantage in being the most effective
control law, but – contrary to the hysteresis–optimal control – its high outputdynamics require
high–bandwith high–voltage amplifiers which leads to relatively high power consumption
and heat generation depending on the vibration frequency. The hysteresis–optimal control is
restricted in theory to mono–frequent vibrations, but can also be implementedwith actuators
of low dynamics, i.e. actuators of different working principles than piezoelectricity.

In summary, the choice which controller type suits best for a certain application de-
pends mainly on the frequency range of interest, the used force actuatorand the type of
excitations. In contrast to fully active control methods, semi–active control is fail–safe and
guaranteed stable, i.e. significant passive damping is always present inthe mechanical system
and wrong parameterization can not destabilize the system.
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