
 

Compensation of mode shapes with a piezo electric actuator
for an optical drive
Citation for published version (APA):
Cloosterman, M. B. G., Goossens, H. J., Steinbuch, M., & Schneiders, M. G. E. (2003). Compensation of mode
shapes with a piezo electric actuator for an optical drive. In Proceedings of the 2003 American control
conference, ACC : June 4-6, 2003, Denver, Colorado, USA (Vol. 1, pp. 725-730). Institute of Electrical and
Electronics Engineers. https://doi.org/10.1109/ACC.2003.1239107

DOI:
10.1109/ACC.2003.1239107

Document status and date:
Published: 01/01/2003

Document Version:
Accepted manuscript including changes made at the peer-review stage

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 04. Oct. 2023

https://doi.org/10.1109/ACC.2003.1239107
https://doi.org/10.1109/ACC.2003.1239107
https://research.tue.nl/en/publications/ba8e5357-394b-48fb-abe7-fc1b736ab55b


Compensation of mode shapes with a piezo electric actuator for an
optical drive

Marieke Cloosterman1,2, Henk Goossens1, Maarten Steinbuch2 and Maurice Schneiders2

1 Philips Research, Prof. Holstlaan 4, Eindhoven 5656 AA, the Netherlands

Telephone: +31 40 27 43024 , Fax: +31 40 27 44282 , Email: henk.goossens@philips.com
2 Technical University Eindhoven, Den Dolech 2, Eindhoven, 5600 MB, the Netherlands

Telephone: +31 40 2475444, Fax: +31 40 246 1418 , Email: m.steinbuch@tue.nl

Abstract

In miniaturized systems (e.g. optical disk drives) much ef-
fort is made to design a structure in such a way that the de-
mands on dimensions (height, width) and desired bandwidth
are satisfied. Easier, and often cheaper designs can not be
used, because they suffer from lower resonance frequen-
cies, which limit the bandwidth. A method is presented for
mechatronic structures that compensates unwanted band-
width limiting resonance frequencies with an additional
piezo electric actuator. Advantage of this method is that
no extra sensor is used and that the contribution of the piezo
is much easier to tune (when compared to a notch filter),
since it is part of the structure. Disadvantage is that the
piezo influences the dynamics of the original system, which
complicates the choice of a suitable piezo actuator.

1 Introduction

When using a mechatronic approach, the mechanical struc-
ture and the control system of a device are designed to-
gether. This leads to mechanical structures with high inter-
nal resonance frequencies, i.e. much higher than the speci-
fied closed loop bandwidth of the total system. This means
that the mechanical structure has to be stiff but also becomes
relatively large and heavy. In our application, the lens ac-
tuator of a miniature optical disc drive, the minimal con-
struction space lays a constraint on the size of the actuator
structure and thus on its stiffness and resonance frequencies.

If natural frequencies occur below or near the desired band-
width, notch filters can be used to obtain stability. The dis-
advantage of such filters are that four (2 frequencies and 2
damping) parameters have to be tuned. Due to mass produc-
tion tolerances these bandwidth limiting natural frequencies
slightly differ and exact compensation with a notch filter is
not possible. Moreover, a notch filter is very sensitive to
parameter variations during the lifetime of a product.

In this paper we propose a method to compensate the reso-
nances near the desired bandwidth with an extra piezo elec-
tric actuator. This method provides a small construction de-

sign, a simple controller structure and is easier to tune than
a notch filter.

In literature many examples are given of the use of piezo
actuators to influence the dynamics of a mechanical struc-
ture. For example in [1], [2], [3] and [4] a collocated
piezo actuator-sensor pair is used for active damping us-
ing integrated force feedback in continuous or flexible struc-
tures. Another method of active damping is described in [5],
where a two mode piezoelectric shunt circuit is designed
and tested to reduce the amplitude of structural modes. En-
ergy is dissipated by a shunt resistor which results in damp-
ing. Our method is different in the sense that no piezo elec-
tric sensor is used and that the resonances are eliminated
instead of damped.

A different and often used application of piezo actuators is
found in hard disk drives (see for instance [6], [7], [8]),
where the piezo is used as secondary actuator to increase
the bandwidth of the system. Most times the piezo is active
at high frequencies, while another actuator is active at low
frequencies. A single sensor is used to control both actua-
tors. Our method also uses a single sensor to control two
actuators, but this controller doesn’t drive the two actuators
in separate frequency bands.

Summarized our method works as follows. We start with a
conventional set-up where a lens is positioned by an elec-
tromagnetic actuator. To this we add a piezo electric ac-
tuator that excites the mechanical structure at exactly the
same resonances as the electromagnetic actuator. By excit-
ing the structure with both actuators, resulting in displace-
ments with appropriate amplitudes but opposite phase, the
resonance is cancelled. We will explain this in more detail
in section 4.

First we will describe the field of application in section 2.
The experimental set-up is described in section 3. This de-
sign contains the first (electromagnetic) actuator and shows
the dynamic behavior. The effect of resonance compensa-
tion is explained and experimental results are shown in sec-
tion 4. The increase in bandwidth that the proposed method
provides in this experiment is shown in section 5. Finally
a comparison between the proposed method, a notch filter



and input shaping is given in section 6. Some more details
of the piezo actuator are given in section 7, including its
passive influence on the dynamics. This paper ends with
a conclusion and a discussion on directions for further re-
search.

2 Application

In an optical storage disk drive an actuator and a feedback
control system are needed to position an objective lens such
that the laser spot is kept focused on the centre of the track
with high accuracy, despite the presence of disturbances,
such as disc skew and eccentricity and external shocks.

In the majority of players a linear tracking actuator is used
nowadays, however in miniaturized optical disc players it
has certain advantages to apply a rotational tracking actu-
ator. Such a rotational actuator was also used in the first
models of Philips CD players [9], but for application in a
miniaturized drive one should keep the form factor of rota-
tional actuators as used in hard disk drives in mind [10]. The
movements of the lens actuator system are sketched in fig-
ure 1. The complete swing arm rotates around a pivot to ac-
cess and follow the tracks on the disc. Near the lens an elec-
tromagnetic actuator generates a vertical force to keep the
laser spot focused on the information layer on the disc. As

focussing
radial
tracking

pivot
radial
coil

Figure 1: Tracking and focusing movements of a radial lens ac-
tuator

can be seen in figure 1 a mechanical structure is needed for
straightguiding the focus movement. For this a leaf spring
is used that is stiff in the radial direction, but flexible in
the focus direction. This flexibility leads to undesired low
resonance frequencies. This paper describes a method to
compensate these resonances in focus direction. The radial
movement is not subject of research here.

3 Experimental set-up

For the experiments a single steel swing arm is used. It is
depicted in the photo of figure 2. The arm is actuated in fo-
cus direction with an electromagnetic actuator, which exists
of a coil placed at the left end of the swing arm and a per-
manent magnet placed on the fixed world. At the other side
the arm is clamped. As said, the radial movement of the arm

Figure 2: Experimental set-up

will not be examined here. At the small end an additional
mass is placed, which represents the lens used in the opti-
cal disc drive. In the experiment we measure the vertical
displacement of this mass, which is comparable with mea-
suring through the lens as is done in a real player. Here the
displacement is measured with a laser Doppler set-up.

The dimensions of the swing arm set-up are as follows.
The total length is 12 mm, the width at clamped side is 4
mm. The steel plate has a thickness of 50 �m. The addi-
tional piezo electric element has a thickness of 54 �m and
is placed in the middle of the swing arm.

The frequency response function of this system (the tip dis-
placement induced by the electromagnetic force) was mea-
sured and is given with the dotted line in figure 3. The first
resonance frequency occurs near 100 Hz and corresponds
to the first bending mode. The second resonance frequency,
at 1100 Hz, corresponds to the second bending mode. The
occurrence of an anti-resonance just after this resonance re-
sults in a phase dip of -180o. At 4 kHz another resonance
(third bending mode), anti-resonance pair occurs. Higher
resonances are hardly distinguishable, because their mag-
nitude is comparable to the noise level. Note that we did
not optimize the swing arm and that therefore the resonance
frequencies are not typical for an optical disc player.

When estimating the maximum bandwidth that can be
reached for this system with a lead/lag-controller it turns
out that the gain margin at the resonance frequencies is lim-
iting. This analysis results in a bandwidth of about 450 Hz.
Not only the second, but also the third bending mode is lim-
iting, because if it had a higher eigenfrequency or a smaller
amplitude, it would be possible to place the bandwidth be-
tween the second and the third bending resonances. So, if
the second bending mode could be compensated, only the
third bending mode would be limiting and a bandwidth of
approximately 1000 Hz would be achievable.

4 Compensation

To compensate the second bending mode, a second actu-
ator is added to the system, in our case a piezo electric
element. The resonance frequencies associated with the
transfer function of the piezo actuator to the measured dis-
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Figure 3: Frequency response of the tip displacement over elec-
tromagnetic force and piezo moment

placement are exactly equal to those due to the electromag-
netic actuator with a passive piezo, because they only de-
pend on the characteristics of the mechanical structure. The
frequency response measurements depicted in figure 3 also
show this effect. The anti-resonances have a different value,
because they are dependent on the location of sensor and
actuators on the swing arm.

Since the tip displacement is determined by the superpo-
sition of the contributions of both actuators, the total dis-
placement at the second resonance can be suppressed by
giving both contributions appropriate amplitudes but oppo-
site phases. Therefore an additional gain for the piezo ac-
tuator is necessary. The block diagram of the total system,
which is given in figure 4, shows that the controller struc-
ture stays very simple. The optimal gain is determined by
the ratio between the displacements due to the electromag-
netic and piezo actuator and can be easily tuned in practice.

Electro-
magnetic
actuator

Piezo 
actuator

gain

System
(swing arm)

Controller
uref

-

+

tip displacement

Figure 4: actuation scheme of the swing arm

Theoretically it can be shown that both the second reso-
nance and anti-resonance can be cancelled. For simplic-
ity, two transfer functions with two natural frequencies and
no damping are considered. They represent part of the fre-
quency response functions of our system.

Ha =
s2 + z2

1

(s2 + p2
1
)(s2 + p2

2
)

Hb =
s2 + z2

2

(s2 + p2a)(s
2 + p2b)

(1)

The response functions associated with the piezo and elec-
tromagnetic actuator show the same resonances, because
they are part of the same system. As a consequence the
poles of eq. (1) are corresponding, hence pa = p1 and
pb = p2.

If the second resonance frequency is compensated, the re-
sponse function of the total system will only contain the
first resonance and a different gain (�). Consequently
the corresponding transfer function only contains the poles
(s=�jp1), as is given in equation (2).

Hs =
�

s2 + p2
1

(2)

To obtain Hs an additional gain (G) is introduced, which
gives the ratio between the input of the actuators. To solve
G and � equation (1) and (2) are combined:

s2 + z2
1

(s2 + p2
1
)(s2 + p2

2
)
+G

s2 + z2
2

(s2 + p2
1
)(s2 + p2

2
)
=

�

s2 + p2
1

(3)
Solving this equation for all values of s gives:

G =
p2
2
� z2

1

�p2
2
+ z2

2

(4)

� =
z2
2
� z2

1

z2
2
� p2

2

(5)

Thus both the resonance and anti-resonance are cancelled.

The usefulness of this compensation method will be proven
with measurements on the experimental set-up, described
in section 3. Figure 5 gives the response function of the tip
displacement over electromagnetic force with a piezo gain
of 2.94. A minor peak stays present in the FRF, due to a
small phase shift between piezo and electromagnetic excita-
tion presumably. This is mainly due to a small hysteresis in
the piezo electric element and phase shift of the piezo driver.
This peak will not result in instability if a controller is used.
At the third bending mode the anti-resonance occurs before
the resonance, while without active piezo this was opposite.
This bending mode is ’overcompensated’, therefore a lower
piezo gain (G) will result in compensation of this resonance.

To give an idea of robustness of this method, a gain of 5.0
was applied. The resulting frequency response is shown in
figure 6. This gain results in overcompensation of both the
second and third bending mode. The gain of the third bend-
ing mode is larger than in the previous figure. This over-
compensation will not lead to instability, due to the phase
lead at the resonance frequencies in this case. The reso-
nance frequency remains the same if overcompensation oc-
curs, the anti-resonance frequency is dependent of the used
gain. The larger the gain, the larger the influence of the
piezo on the system. This results in a lower anti-resonance
frequency.
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Figure 5: Response of the system with a piezo gain of 2.94
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Figure 6: Response of the system with a piezo gain of 5.0

5 Improvements on the bandwidth

A controller for the experimental set-up was designed ac-
cording to the scheme of figure 4 when the piezo gain is
2.94. A lead/lag controller is used, which stabilizes the sys-
tem and obtains a large bandwidth. The achieved bandwidth
is about 900 Hz, which is twice as much as without piezo
actuator (450 Hz) . The open loop behavior is given in fig-
ure 7. The time delay caused by the piezo amplifier and
the DSP based controller is now limiting for the bandwidth.
A phase decrease in the order of 30 degrees is measured
just behind the third bending mode, therefore the increase
of bandwidth is not much larger than in the situation when
the third bending mode is not compensated. Without this
time delay a larger bandwidth would be possible, because
the fourth bending frequency near 10 kHz would become
limiting for the bandwidth. Despite of the problems with
time delay the bandwidth is still doubled.
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Figure 7: Open loop response with a piezo gain of 2.94

6 Comparison with a notch filter and input shaping

When the measured frequency responses with a passive (see
the dotted line in figure 3) and an active correctly tuned
(G = 2:94) piezo actuator (see figure 5) are compared, a
serial filter that is equivalent to the extra actuator can be
calculated as follows:

Hfilter =
Hactive

Hpassive

(6)

The FRF of the filter is shown in figure 8. The influence
of the piezo is comparable to a double (skew) notch filter,
around the second and the third bending resonance. The
advantage of the piezo actuator is that for this mechanical
solution the frequency is automatically correct, while for
the notch filter the pole and zero frequencies must be tuned
with high accuracy. For the piezo the gain, and for the notch
filter the damping parameter are tuned to obtain the desired
amplitude of the filter. Moreover a single (skew) notch filter
only suppresses the second bending mode (resonance and
anti-resonance) and has no influence on the other resonance
frequencies. The piezo overcompensates the third bending
mode, which results in an anti-resonance/resonance combi-
nation. The phase remains larger than -1800, therefore this
resonance frequency is not limiting for the bandwidth.

Besides the comparison with a notch filter, the compensa-
tion method can be compared with input shaping. Input
shaping is used to achieve better settling behavior. This is
done by filtering out the resonance frequency of the input
signal, to avoid excitation at this resonance. This method
does not change the bandwidth of the system. In the method
proposed here, the use of the piezo also results in filter-
ing out the resonance frequency to avoid excitation. How-
ever, this is now applied inside the control loop at the out-
put of the controller. Therefore this method can result in
an increase of the bandwidth, as described in section 5.
Advantage of the method is that if resonance frequencies
slightly shift during operation, the resonance frequencies
of the piezo are equal to the system resonances and only
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Figure 8: Equivalent filter action of the piezo actuator

a small change in piezo gain may be necessary to maintain
compensation. If input shaping is used, the resonance fre-
quencies and amplitudes of the filter may differ from the
system dynamics, therefore the resonances may be excited.

7 Piezo actuator

A very thin piezo actuator was used to keep the influence
on the dynamics of the swing arm small. A piezo, with a
thickness of 54�m of SpemH5D (E3c=2 105 V=m, �=8150
kg/m3, d31=290 10�12 C/N, Y11=1.675 1010 N/m2) is used,
with a length of 6 mm and the width equal to the swing
arm. The maximum allowable voltage for this piezo is de-
pendent of the maximum admissible field strength (E3c) and
the thickness (t) and is in this case 10 V. The low voltage use
of this piezo, makes it applicable in consumer electronics.
The piezo actuator is positioned between the hole and the
additional mass.

First the response function with a passive piezo was mea-
sured (the dotted line in figure 9). By comparing this to
the measurement without the piezo actuator, the influence
of the piezo on the swing arm is determined. An increase
of the resonance frequencies, due to the use of the piezo ac-
tuator of approximately 40% is measured. This increase is
expected because the total thickness of the structure is in-
creased. Equation (7) (see [11]) can be used to explain this
increase.

!i = Ai

s
Y I

�Al4
(7)

where !i is the natural frequency associated with mode i,
Ai is a constant dependent of the mode number (i) and the
boundary conditions but independent of the shapes of the
swing arm. Y is the Young’s modulus, I the second moment
of area, A the surface, l the length and � the density. For a
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Figure 9: Frequency response function of the swing arm in focus
direction with and without passive piezo actuator

beam the surface and second moment of area are defined by:

A = bt

I =
bt3

12

(8)

Where b is the width and t the thickness.

Combining equation (7) with (8) gives the relation between
the thickness and natural frequencies:

!i = Ai

s
Y t2

12�l4
(9)

If the total thickness of the stack is doubled, the increase
of the resonance frequencies is smaller than a factor two,
because the Young’s modulus of the piezo is much lower
and the density is larger than steel. This stiffness increase
results in a larger power consumption of the electromagnetic
actuator at low frequencies.

This change in dynamics results in difficulties to determine
a suitable piezo actuator. The maximum allowable strain in
the piezo actuator should be large enough for compensation.
According to [12] these (maximum) strains can be modelled
as an equivalent (maximum) bending moment felt by the
swing arm. Some adaptations in this model are needed, be-
cause the piezo actuator and the swing arm have comparable
thicknesses and the piezo actuator is perfectly glued on one
side of the swing arm. Therefore it is not valid to assume
that the neutral axis of the construction remains. To deter-
mine a suitable piezo, simulations are needed which give
the needed bending moment of the piezo actuator for com-
pensation. This value should be lower than the maximum
allowable bending moment of the piezo actuator. Otherwise
new simulations, with another piezo thickness, are executed
and compared to the maximum bending moment. This com-
plicates piezo design, because the thickness influences both
the needed and maximum allowable bending moment.



8 Conclusion

Resonances of mechanical structures can be compensated
by adding an extra actuator to the construction and adding
only a gain to the controller. We have proven this with mea-
surements on a model of a swing arm for a miniature opti-
cal disc player. The robustness of this method is very good.
This gives the possibility to obtain a high bandwidth with
a mechanical structure, that has suboptimal dynamics but is
lighter and smaller than the optimal structure. The measure-
ments resulted in an increase of the bandwidth with a factor
2.

Only the gain ratio between the piezo actuator and the elec-
tromagnetic actuator has to be tuned to achieve this. The
frequency where the piezo is active is automatically the
same as the resonance frequencies of the complete system,
because the piezo is attached to the mechanism. This sim-
plifies tuning, compared to a notch filter.

The piezo influences besides the compensated resonance
frequency the other resonance frequencies. The first reso-
nance frequency shows a somewhat larger amplitude. For
the third resonance frequency the influence is in this case an
advantage, because it is overcompensated and shows now
an anti-resonance, resonance. Because overcompensation is
possible, the robustness for small changes in resonance fre-
quencies is good if the piezo gain is tuned to slightly over-
compensate all cases.

The use of the piezo results in a stiffer swing arm, therefore
the resonance frequencies are larger than in the case without
piezo. Disadvantage is an increase in power consumption of
the electromagnetic actuator. To decrease this the swing arm
design can be adapted by using a larger hole.

The increase of the stiffness results also in a different
needed bending moment for compensation, which compli-
cates the choice of a suitable piezo actuator.

The used voltage of this piezo actuator is small (� 10 V),
which makes it useful for consumer electronics.

9 Final Remarks

The influence of the position of the piezo on the piezo gain
will be investigated in further research. Mode shapes of the
system and the influence of the piezo on these shapes will
be simulated and measured. This should lead to an optimal
piezo position, with respect to minimal power consumption.

Besides compensation of a bending mode, further research
should determine if it is possible to compensate torsion
modes by using at least two piezo actuators.

Different measurement and amplifier systems should result
in less time delay, which gives the possibility to increase the

bandwidth up to the fourth resonance frequency.
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