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Summary

The aim of this research was to contribute to the transfer of knowledge and experience of research in HDD dual-
stage actuation to dual-stage actuation in linear drive systems. As a case study, application of dual-stage actuation
to the Fast Component Mounter (FCM) is considered.

Dual-stage actuation is the combination of a first-stage actuator, which has a relative large stroke and small
bandwidth, with a second-stage actuator, which has a relative small stroke and large bandwidth. The combination
of these two actuators can result in a larger bandwidth, compared to using only the first-stage actuator. In literature,
it is reported that the principle of dual-stage actuation is applied to increase the bandwidth of HDDs. As a result, the
response time of positioning the read/write head can be decreased and at the same time, the accuracy of positioning
the read/write head can be increased.

In applying dual-stage actuation to HDDs, decoupled operation of the two actuators is assumed. Consequently,
it is shown that two controllers for each of the actuators can be independently designed using SISO-design method-
ologies. During this research, the topic of decoupling has been investigated. It has been shown that decoupling
occurs only if the load mass to the second-stage actuator is very small. Hence, the SISO-design methodologies
from literature cannot be applied directly to the coupled system. In that case, the dual-stage actuated system be-
comes unstable. Therefore, a tuning procedure is presented to tune the controller parameters of the decoupled
designed controllers, such that the coupled system is stabilized.

Furthermore, attention is paid to the sensory system, which is required for effective dual-stage operation. Since
in HDDs the position of the read/write head is measured, the sensory system need not be adapted for effectively
including a second-stage actuator. However, in case of the FCM, the position of the end-effector is not measured.
For both the coupled and decoupled model it is investigated which changes to the sensory system should be made,
in order to increase the bandwidth of the dual-stage actuated FCM.

Finally, for both models, it was shown how much the sensitivity bandwidth and the closed-loop bandwidth can
be increased by including a piezo-actuator as second-stage actuator. In this analysis, also the load mass to the
second-stage actuator is varied, in order to evaluate the achievable bandwidth.
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Chapter 1

Introduction and Problem definition

1.1 Introduction

In several industrial applications, linear drive systems are used for positioning purposes, e.g. the displacement
of silicium wafers in a lithography process or component placement in an electronic assembly process. Common
linear drive systems consist of either linear motors, see figure 1.1a, or spindle drive systems, see figure 1.1b.
Current industrial research aims to improve the accuracy of these systems. In lithographic stepper stages the
required accuracy of the x-y-table is 20 [nm] or less. In component placement the aim is to increase the throughput
of the system preferably with an increase of the accuracy of the system.

a) b)

Figure 1.1: a) Example of a linear motor for industrial positioning purposes and b) example of the application of a
spindle drive system in positioning a table.

Further improvement of the drive mechanisms and consequently of the overall accuracy might be a possibility
to achieve these requirements. However, this will be either at the cost of the response time of the system or the
costs associated with the application will increase significantly, in order to design and fabricate the mechanics such
that the required accuracy can be achieved. In order to prevent these scenarios, an alternative solution is sought.
Analogous challanges are found in the field of hard disk drives (HDDs), and there it has been shown that dual-stage
actuation may offer a solution.

1.2 Problem definition

The aim of this research is to contribute to the transfer of knowledge and experiences of research in HDD dual-
stage actuation to dual-stage actuation in linear drive systems. It should be investigated which possibilities and
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conditions apply to incorporating a second-stage actuator in an industrial application. Therefore, as a case study,
the application of dual-stage actuation to the Fast Component Mounter (FCM) (Assembleon, 2004) is considered.
In this application the focus is both on the plant model of the dual-stage actuated (DSA) system, as well as on the
location and number of position sensors, which are required for the control system to function. Optimization of
the controllers is not the primary aim.

Therefore the problem definition of this research comes down to answering the following questions:

• can theory of dual-stage actuated HDDs be directly used in general DSA systems and in the FCM in partic-
ular?

• which changes need to be made to a single-stage actuated system in general, and the FCM in particular, if a
second stage is included?

• which benefits may be expected from implementing a second-stage actuator?

• what are the main disadvantages of implementing a second-stage actuator?

1.3 Outline

The outline of this report is as follows.
In chapter 2, the findings of the literature research are presented and related to the case study. From the latter

analysis, the main research topics emerge. It is concluded, that both the coupling between the two stages and the
required sensory system should be investigated.

In chapter 3, a model of the Placement Module of the FCM is derived. This model serves as the model of the
first-stage actuator. In chapter 4, the piezo-actuator is modelled and a controller for this actuator is derived. This
model serves as the model of the second-stage actuator. In chapter 5, it is investigated under which circumstances
decoupling between the two stages occurs. The previously derived models serve as the basis for this analysis.

In chapter 6, the focus is on the sensory systems. For both the coupled and the decoupled model, possible
sensor configurations are presented. For each sensor configuration are the closed-loop transfer and sensitivity
function derived. Subsequently, the resulting closed-loop and sensitivity bandwidths are determined.

Finally, in chapter 7 conclusions of this research are drawn. Furthermore, recommendations for further research
are presented as well.



Chapter 2

Dual Stage Actuation in Hard Disk Drives

2.1 Introduction

Increasing the capacity of hard disk drives (HDDs) using existing magnetic storage technology hits the super-
paramagnetic limit within a couple of years. At this limit, the media grain becomes so tiny that the medium is
not able to retain information stably, due to thermal decay (Wu et al., 2003). The current approach to increase the
capacity of HDDs is to increase the track density (the number of tracks-per-inch in radial direction) rather than the
linear density, i.e. the amount of bits-per-inch along the track (Wu et al., 2003). The HDD industry is targeting
at an areal density of one terabit per square inch. Consequently, the track density increases to 500.000 [TPI] and
results in a track width of 50 [nm] (Horowitz et al., 2004). Since the required accuracy of the positioning system
is equal to 1

10 of the trackwidth, nanometer-level precision of the servo system is required.
Furthermore, in order to increase the data-rate, the rotational velocity has also been increased; nowadays

rotational speeds of 10.000 [RPM] are common. This results in disturbance signals with relative high frequencies,
for example due to eccentricity of the disc. The required accuracy of the high-capacity disk drives results in an
increase of the required bandwidth of the servo controller (Sasaki et al., 1998). However, according to Suthasun
et al. (2004) in single-stage actuated HDDs a servo-bandwidth of 1 kHz can hardly be achieved. Sasaki et al.
(1998) call for a servo-bandwidth of 3-4 kHz when the HDD rotates at 10.000 [RPM].

The call for more precision and a higher response speed, thus requires an increase in HDD servo-bandwidth.
This has lead to the development of DSA HDDs, where apart from the conventional single actuator a second
actuator is placed near the read-write head.

From literature it becomes clear that the main problem of dual-stage actuation lies in finding a suitable con-
troller structure that is able to generate separate control signals for both the voice coil motor (VCM) and the
second-stage actuator from one position measurement (Wu et al., 2003).

This chapter gives an overview of the main topics found in literature on DSA HDDs. First, in section 2.2
attention is paid to the single-stage actuated HDD. From this section the problems in single-stage actuated HDDs
become apparent. Then in section 2.3 three principles for implementing a second-stage actuator in HDDs are pre-
sented. Followed in section 2.4 by a short discussion on the models that are used to describe the frequency response
of both actuators. Next, in section 2.5 two approaches to designing controllers for the dual-stage actuated (DSA)
system are discussed. It was found that researchers have applied both MIMO design methodologies, as well as
decoupled or sequential SISO design methodologies in order to control the DSA-system. The latter methodologies
are discussed in detail. Finally, in section 2.6 the findings of the literature research are related to the application.
From this discussion, analogies and differences between literature and the application become clear and from this,
the main research topics become apparent.

2.2 Single-stage actuated HDDs

Before going into detail on dual-stage actuation, first the problems associated with single-stage actuated HDDs are
discussed in more detail. This discussion is illustrated by figure 2.1 in which a schematic overview of a HDD with
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a single-stage actuator is shown.
The positioning of the read-write head over the disk surface is done by sweeping the arm over the disk by

actuating the voice coil motor (VCM). The arm consists of a pivot around which it rotates, an E-block and a
suspension which are designed to suspend the read-write head. The suspension is shaped such that it is able to
transfer the lateral force from the E-block to the slider, in which the read-write head is positioned. But it also
provides a downward force, which is required to balance the lift generated by the flying slider and to preserve a
certain distance to the disk itself. The slider is used to physically support the head and hold it in the correct position
relative to the disc as the head floats over its surface. Such a slider is necessary since the read/write heads are too
small to be used without attaching them to a larger unit; this is the function the slider fulfills.

Figure 2.1: Schematic overview of a HDD. In the lower part of the figure the single-stage VCM actuator is shown.
This figure is adapted from a figure in Horowitz et al. (2004).

When the actuator in figure 2.1 is used in practice, multiple mechanical resonance modes of the pivot, the
E-block and the suspension between the VCM and the head are observed. Furthermore, nonlinear friction of the
pivot bearing puts limits on the servo precision (Horowitz et al., 2004). Also, the large inertia of the VCM limits
the achievable bandwidth (Suthasun et al., 2004).

In Kobayashi and Horowitz (2001) alternatives for increasing the bandwidth of single-stage actuated HDDs are
given. First the use of robust control systems for controlling the mechanical resonance modes is suggested. Also
the use of multi-sensing control systems, which use an accelerometer or strain gauge as a vibration sensor have
been presented. However, dual-stage actuation has shown to be a relatively simple and effective way to overcome
the limitations of single-stage actuated HDDs.

2.3 Dual-stage actuated HDDs

In the previous section the limitations of the single-stage actuated HDDs have become clear. In this section atten-
tion is paid to implementing a dual-stage actuator in HDDs. A clear advantage of using dual-stage actuation in
HDDs is that only one additional actuator and some modifications of the control system are required. Dual-stage
actuation in HDDs can be categorized in three groups: (Horowitz et al., 2004; Wu et al., 2003)

Actuated suspension: In this case the suspension is redesigned, such that it contains a piezo-electric actuator,
which is used to position the slider and magnetic head. A possible implementation of this type is shown in
figure 2.2. For track-following, the two piezo-actuators are driven such that one actuator stretches, while
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the other contracts. Since the suspension is located relatively far from the read/write head, by means of
mechanical amplification the displacement range of the piezo-actuators is increased (Niu et al., 2000). A
major drawback of this approach is according to both Horowitz et al. (2004) and Niu et al. (2000) that
the system is still susceptible to instabilities due to the excitation of one of the suspension resonance modes.
According to Kim and Lee (2004) this type of dual-stage actuators is one of the two types which is considered
mostly in industry.

Figure 2.2: Schematic drawing of the actuated suspension (Niu et al., 2000).

Actuated slider : In this case a micro-actuator is placed between the slider and suspension to position the slider
and consequently the magnetic head. An example of this approach is shown in figure 2.3. In this example,
the beam parts consist of stacked piezoelectric layers, which are actuated in opposing directions. As a result,
the slider bends and the moveable part, to which the read/write head is attached, is displaced (Soeno et al.,
1999). An advantage of this approach over the previous one is that this system is able to suppress the
mechanical resonance modes of the suspension. However, a redesign of the suspension is necessary in order
to retain flying stability of the slider (Horowitz et al., 2004; Niu et al., 2000). Kim and Lee (2004) state that
this is the second type of dual-stage actuators which is considered most in industry.

Figure 2.3: Schematic drawing of the actuated slider (Soeno et al., 1999)

Actuated head : In this principle it is necessary to redesign the slider in order to incorporate the micro-actuator
in the slider block. As a result, the read/write head can be actuated with respect to the rest of the slider body.
An example of this principle is shown in figure 2.4. It can easily be seen that the driving principle of this
second-stage actuator is comparable with the previous two approaches. The main advantage of this approach
is that in this case the lowest mass should be displaced by the second-stage actuator, which normally results
in the largest achievable bandwidth (Soeno et al., 1999). Furthermore, the second-stage actuators can be very
light, such that the slider weight is increased only slightly. As a result, the slider suspension does not need to
be redesigned (Horowitz et al., 2004). This approach has also the advantage of bypassing the suspension and
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does therefore not excite one of the suspension resonance modes. Although researchers have implemented
this type of dual-stage actuation in HDDs (Horowitz et al., 2004; Fujita et al., 1999), according to Kim and
Lee (2004) this type of dual-stage actuators is not considered much in industry.

Figure 2.4: Schematic drawing of the actuated head (Fujita et al., 1999).

It can be concluded that mostly piezoelectric micro-actuators are used, since these actuators do not interfere
with the magnetic field of the read/write head as electromagnetic actuators would do. It should also be mentioned
that by implementation of the second-stage the measurement system has not been adapted since the read/write head
of the HDD serves as the single positional sensor of the system.

2.4 Modelling dual-stage actuated HDDs

For both the design of servo-controllers and assessing the appropriateness of the designed servo-controllers, models
of both actuators in the DSA system are required. In literature models for DSA HDDs are mainly obtained by
means of system identification. Mostly, models for the first and second actuator are obtained separately under the
assumption that there is no mechanical coupling between the two actuators. Consequently, the output position of
the system is regarded as a summation of the displacement of the VCM and the micro-actuator; throughout this
research this modelling approach is denoted as thedecoupled model.

In general, the transfer function from the VCM input current to the VCM to the position of the read/write head
of a single-stage actuated HDD consists of a double-integrator model for low frequencies, followed by one or more
resonances. A typical magnitude plot is shown in figure 2.5a.

Considering the frequency response of the micro-actuator, it can be concluded that the plant transfer function
from the applied voltage to the displacement shows a constant gain over a large frequency range up to the first
resonance frequency. As example, in figure 2.5b a typical response of a piezo-actuator is given. Furthermore,
concerning the the plant model of the micro-actuator, in the model the saturation of the second-stage actuator
should be taken into account (Guo. et al., 2003), since this causes stability problems in the control system.

2.5 Controllers for dual-stage actuated HDDs

In Horowitz et al. (2004) an overview of controllers for DSA HDDs is given. The controller types can roughly
be divided into two groups. The first group is based on decoupled or sequential SISO design. The second group
is based on optimal design methodologies such as LQG/LTR,H∞ andµ-synthesis. In this latter approach, the
controllers for both stages are obtained simultaneously.

2.5.1 SISO design methodologies

In literature, four approaches to transform the dual-stage control problem into two decoupled or sequential SISO
control problem have been proposed (Horowitz et al., 2004). These approaches are displayed in figure 2.6 and are
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a) b)

Figure 2.5: Typical Bode magnitude plots of a) the plant transfer function from the applied current to the resulting
position of a single-stage actuated HDD and b) the plant transfer function from the applied voltage to the output
position of the piezo-actuator (Suthasun et al., 2004).

Figure 2.6: Four possible SISO control structures that result from transformations on the actual system. In all
figures,G1 comprises the VCM andG2 the second-stage actuator. In this figure the following SISO design
methodologies are shown: a) master-slave design, b) decoupled control design, c) PQ control design and d) parallel
control design.

discussed in more detail in the course of this section.

Master-slave control approach : As can be seen in figure 2.6a, in this approach the positional error,xp−r, is fed
to the controllerC2 of the second-stage actuator. The resulting displacement of this second-stage actuator,
xr, is fed as a signal to the input ofC1 of the VCM controller, which as a result follows the second-stage
actuator in order to prevent saturation (Horowitz et al., 2004).

Decoupled control approach : Figure 2.6b shows the decoupled control approach as it was presented by Mori
et al. (1991). In contrast with the first approach, the positional error,xp − r, is fed to both the controller
of the VCM and the second-stage actuator. Furthermore, the output of the second-stage,xr, is added to the
positional error applied to the VCM controller, such that this error signal equals the positional error of the
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VCM. In Li and Horowitz (2001) an important property of this system for controller design is given; they
have shown that the sensitivity function of the DSA system is a multiplication of the sensitivity functions of
the independent control loops.

PQ control approach : This approach to controlling a dual-stage actuator is presented in Schroeck et al. (2001),
a block diagram is given in figure 2.6c. The first step in this design methodology is to define a new SISO-
systemP = G1

G2
. Then a controllerQ = C1

C2
is designed to parameterize the relative contribution of both

actuators. The controllerQ determines the cross-over frequency and phase margin of the SISO systemPQ.
The controllerQ is designed such that the output of the SISO-system is dominated in the high frequency
range by the second-stage actuator and by the VCM in the low frequency range.

In the second step a third controllerC0 is designed, such that both the gain and phase margin and the error
rejection requirements of the overall control system are satisfied.

A drawback of this approach is that there is no guarantee on the stability of the VCM feedback loop. This is
especially a problem when the second-stage actuator is not activated (Numasato and Tomizuka, 2003).

Parallel control approach : This approach is presented in Semba et al. (1999) and is shown in figure 2.6d. The
two controllers in this approach are designed by two design constraints and by sequential loop closing.
The design contraints are such that for high frequencies the open loop frequency response equals that of the
second-stage actuator. Whereas for low frequencies the controllerC1 is designed to satisfy the low frequency
constraint and overall stability requirements.

2.5.2 MIMO design methodologies

Since the dual-stage actuator in HDD servo systems is a MIMO-system, it seems logical to use MIMO design
tools. Methods that have been extensively discussed are LQG/LTR control, for example Suh et al. (2001),H∞ and
µ-synthesis, for example Semba et al. (1999); Herrmann and Guo (2004). From these references it became clear
that using these techniques to design controllers for the DSA system have important drawbacks. First, the required
computational capabilities for implementation exceed the practically available capacity and the required accuracy
of modelling the disturbances can hardly be achieved.

However, the robustness analysis that can be performed by using these techniques can be of importantance,
since resonance frequencies of PZT-elements tend to variate 15% as a result of the fabrication process (Horowitz
et al., 2004). When this is not taken into account in the controller design, the controller performance degrades.

Apart from these optimal control approaches, also approaches likesliding mode control(Lee et al., 2000),
neural networks(Sasaki et al., 1998) andmode switching control(Numasato and Tomizuka, 2003) have been
presented in literature.

2.6 Conclusions for dual-stage application in the FCM

In the previous sections, results from the literature research on DSA HDDs are presented. From this research we
have gained insight into the four elements that make up a DSA system:

1. dual-stage plant model

2. second-stage actuator model

3. sensor configuration

4. controller structure

In this section, it is discussed how these elements are related between DSA HDDs and the FCM.
Concerning the plant model of the DSA system, in literature on DSA HDDs, except for some exceptions,

decoupling of the first and second-stage is assumed. However, in this case the authors have assumed that the two
stages do not influence each other. In order to investigate whether this assumption is realistic, in chapter 5, models
of both the first and second-stage are used to determined transfer functions of both the coupled and decoupled
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model. Subsequently, it is determined for which values of the second-stage parametersc13 andm3 decoupling
occurs. Furthermore, in chapter 6 it is shown that it is not necessary to have a decoupled system in order to use
similar SISO design methodologies as in section 2.5.1.

Furthermore, in case of DSA HDDs, the measurement setup needs not to be adapted; the measurement setup
of the single-stage actuated system measures the position of the read/write head. It is not necessary to change this
implementation after including a second-stage actuator. However, in the case of the single-stage actuated FCM
we do not have a measurement of the end-effector position. Instead, the position of the first-stage actuator is
measured and used for feedback (Coelingh, 2000). Therefore, in chapter 6 possible position sensor configurations
are given for implementation in the DSA FCM. Subsequently, these sensor configurations are evaluated in terms
of the closed-loop bandwidth as well as the sensitivity function.

With respect to the controller structure that is found in literature on DSA HDDs, it was already concluded that
this can be roughly split into sequential or decoupled SISO design methodologies and MIMO design methodolo-
gies. Furthermore, it is revealed that the MIMO design methodologies have certain major drawbacks. The first
being that the required computational capabilities for implementation exceed that of what is practically available.
Secondly, these methods require accurate modelling of disturbances which can hardly be achieved. The SISO
design methodologies are insightful and relatively simple to implement. It is desired to implement the controllers
for the DSA system as one of the given SISO design methodologies. Therefore, in chapter 6 the decoupled control
approach and the parallel control approach are applied to the decoupled model of the DSA FCM. These controller
structures have the advantage of being easy to implement, ensure stability of both stages and are expected to result
in the largest bandwidth of the DSA system compared to the other two SISO design methodologies in section 2.5.1.

Finally, concerning the type of second-stage actuation in DSA HDDs it is found in literature on DSA HDDs,
that mainly piezo-electric actuators are used. However, depending on the way in which the second-stage actuator is
implemented in the HDD the possible actuator type differs. It is seen, that in case of the actuated head implementa-
tion either a piezo-actuator or an electrostatic actuator is used. The main reason is that these actuation principles do
not interfere with the magnetic field which should be picked up by the read/write head. It should be mentioned that
this implementation has an important advantage; since in this case the smallest mass should be displaced by the
second-stage actuator, the largest bandwidth results. For the FCM a comparable solution is suggested. In this case,
(part of) the end-effector should be actuated by the second-stage actuator, in order to displace the smallest mass.
In case of dual-stage actuation in the FCM, compared to the topic of magnetic interference in the HDD case, it is
of less importance which actuation principle is used, as long as the actuator has a sufficient stroke and relatively
large bandwidth. Using this as starting point, then it can be concluded that piezo-actuators or electromagnetic
actuators are most suitable for implementation as second-stage actuators in the FCM. During this research only the
implementation of a piezo-actuator as a second-stage actuator is considered.
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Chapter 3

Modelling the FCM’s Placement Module

3.1 Introduction

In the previous chapter an overview of literature on dual-stage actuated (DSA) systems is given. By modelling the
single-stage actuated HDD, it became clear that the resonance between the actuator and the read/write head limits
the achievable bandwidth of this system. In this chapter a model of the single-stage actuated Placement Module
(PM) of the Fast Component Mounter (FCM) (Assembleon, 2004) is derived.

The FCM is a machine which is used for assembly operations; it is used to place electric components on a
Printed Circuit Board (PCB). Regarding the capacity of the machine, the FCM is capable of placing up to 100.000
components per hour. In order to achieve this capacity, a maximum of 16 PM modules are placed in parallel. An
impression of the FCM is shown in figure 3.1.

Figure 3.1: Impression of the FCM as it was originally designed by Philips (Coelingh, 2000).

The PM module, which is considered in this report, is a servo-controlled pick-and-place robot. The main drive
of a PM module consists of an actuator, which drives a spindle-drive via a gear-belt. The direction of motion of this
main drive is in y-direction. The spindle-drive subsequently drives a carriage, on which the pipette, or end-effector,
is attached. The motion of this pipette is in z-direction, such that it can move up and down to pick and place the
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components on the PCB. The carriage can also perform a small stroke motion in the x-direction. An impression of
the PM module is shown in figure 3.2. It should be mentioned that (the improvement of) the motion of the pipette
in y-direction is considered in this report.

Figure 3.2: Impression of the PM module. The FCM consists of up to 16 of these modules placed in paral-
lel.(Coelingh, 2000)

The aim of modelling the PM is to investigate whether the achievable bandwidth of the PM is also limited by
a resonance. If that is the case, then it is useful to investigate the application of dual-stage actuation to the PM. In
section 3.2 a model of the PM and the model parameters are derived. In section 3.3 conclusions on the resulting
model are drawn.

3.2 Modelling the Placement Module

In figure 3.3, a schematic diagram of the placement module of the FCM is given. A motor drives a set of pulleys by
means of a timing belt. The lower pulley is connected directly to a spindle. When the spindle rotates, the carriage
is displaced via a ball screw. To this carriage a pipette, or end-effector, is attached, which is used for picking up
electronic components and placing them on the PCB. It should finally be noted that a linear guiding is used to fix
the position and the orientation of the carriage in z-direction (Coelingh, 2000).

Figure 3.3: Schematic diagram of the placement module of the FCM (Coelingh, 2000).

Using the bondgraph model from Coelingh (2000), an iconic model of the FCM’s placement module is ob-
tained, see figure 3.4. It can be seen that in this model the displacement of the end-effector is a summation of the
movements of the frame and the spindle drive, assuming that frame vibrations remain small and hence superposi-
tion because of linearity applies.

The model in figure 3.4 will be simplified for three reasons. First, applying model reduction to this model will
result in a fourth order model, which is much more simple to analyze compared to the model in figure 3.4. In the



MODELLING THE PLACEMENT MODULE 13

Figure 3.4: Iconic diagram of the PM module.

resulting model, the performance limiting resonance becomes apparent. Secondly, reducing the model to a fourth-
order system makes it possible to use the assessment method from Coelingh (2000) for designing controllers to this
model. Finally, for the sake of our research aim, we motivate the simplification from the desire to obtain analogy
to the HDD case, rather than from actual system properties.

In the HDD case, the end-effector is connected to the motor mass by means of a flexible suspension. Therefore,
the stiffness of the frame of the FCM is assumed to be infinite. Using the superposition principle as before, the
frame resonances can be seen as an output. Then a model simplification is carried out on the remaining model by
removing the transformation ratio’s of the spindle and both pulleys, as well as combining dependent inertias. The
result is shown in figure 3.5.

Figure 3.5: Simplified model from figure 3.4 after removing the transmission ratio’s and combining the inertias.

After the first model reduction, the new numerical values of the model parameters should be calculated. First,
we define the transmission ratioi of the spindle with pitchp as

i =
p

2π
[m/rad] (3.1)

and the transmission ratio of the pulleys asr [m]. Using these definitions and the parameters from Coelingh (2000),
the parameters of the sixth order model are calculated as

m3 =
Jmotor + Jpulley

i2
= 3.33 [kg]

c23 =
cbeltr

−2

i2
= 4.6 · 107 [N/m]

m2 =
Jpulley + 1

2Jspindle

i2
= 1.66 [kg] (3.2)

c12 =
kspindle

i2
= 4.0 · 107 [N/m]

m1 =
1
2Jspindle

i2
+ me = 1.54 + 2.3 = 3.84 [kg]

This model can be further reduced by using the intuitive model reduction approach (Van Lochem, 1997). This
approach uses the diagram in figure 3.6 in order to determine which of the elementsm2, c12 or c23 can be removed
from the model, such that the resonance frequency of the reduced order model differs at maximum 4% from the
sixth-order model.
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For this approach two ratios should be calculated:

m1

m2
= 2.3 (3.3)

c12

c23
= 0.87 (3.4)

These numerical values are plotted as the dotted lines in figure 3.6. It can be concluded that leaving outm2 results
in a fourth order model with the smallest deviation in resonance frequency from the sixth order model. Leaving
out this mass means that the springsc12 andc23 should be combined to one spring. The resulting stiffness of this
spring equals

c =
c12 · c23

c12 + c23
= 21.4 · 106 [N/m] (3.5)

Figure 3.6: The 4% error boundaries in resonance frequency when the indicated parameter is removed from the
sixth order system (Van Lochem, 1997).

Figure 3.7: Reduced-order model after the intuitive model reduction approach is carried out.

The parameters of the resulting fourth order model in figure 3.7 are summarized as

m2 = 3.33 [kg]

c = 21.4 · 106 [N/m]

m1 = 3.84 [kg]

In the remainder of this report, the stiffnessc betweenm1 andm2 is denoted asc12.
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3.3 Conclusions

The aim in modelling the PM module was to check whether the model of the single-stage actuated PM is analogous
to that of the HDD. From chapter 2 it is known that the transfer function of the VCMs input current to the position
of the read/write head can be seen as a double integrator plus at least one lightly damped resonance mode. The
plant transfer function from the forceF to the output positionx1 of m1 of the plant in figure 3.7 is given as:

P (s) =
x1

F
=

c12

s2
(
m1m2s2 + (m1 + m2)c12

) [m/N] (3.6)

By substituting the model parameters, the magnitude plot of the plant transfer function is shown in figure 3.8a. It
can easily be seen that this plant transfer function has double integrator behavior (1

s2 ), as well as a resonance due
to the pole-pair in the second part of the denominator. Furthermore, in figure 3.8a also the sixth order plant transfer
function from figure 3.5 is shown. This transfer is characterized by the two resonances. It can also be seen that the
lowest resonance frequency of the two models are very close to each other, figure 3.8b zooms in on the frequency
range around these lowest resonances. From that figure can be concluded that due to the model order reduction the
resonance frequency is only shifted slightly.

a) b)

Figure 3.8: a) Magnitude plot of both the the sixth order model from figure 3.5 and the fourth order model from
figure 3.7. The first transfer function is characterized by two resonance peaks; the first peak coincides with the
fourth order model. b) Zooming in on the frequency range around the first two resonances of both the sixth and
the fourth order model. The highest resonance originates from the fourth order model. From this plot it can be
concluded that the model reduction results in a small increase in resonance frequency.

A final conclusion that can be drawn from the previous analysis is that the frequency response of the FCM
model is similar to that of the single-stage actuated HDD. The resonance that is observed between the actuator and
the output position of the PM limits the bandwidth of this single-stage actuated system. In order to increase the
bandwidth of this system the possibilities to implement a second-stage actuator in this system are investigated in
the remainder of this report.
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Chapter 4

Piezo-actuator

4.1 Introduction

In the previous chapter a model of the Placement Module (PM) of the Fast Component Mounter is derived. In this
chapter a model of a piezo-actuator is derived. These two models are used in the next chapter to analyze the model
of the dual-stage actuated PM. In that chapter it will be investigated under which circumstances the decoupled
model from literature research applies. In that case, the relatively simple and insightful SISO controller design
methods from section 2.5.1 can be applied.

From literature research became clear that piezo-actuators are most suitable for dual-stage actuated (DSA)
HDDs. Therefore, in case of the PM, piezo-actuators are used as a starting point for designing and analyzing a
DSA PM. In case of HDDs, the main advantage of the piezo-actuator is found in the fact that magnetic interference
with the read/write head is absent. However, piezo-actuator have more advantages which make them interesting to
implement as second-stage actuators. The main advantage is that this actuation principle has proven to combine
a short stroke with a high bandwidth. Furthermore, piezo-actuators have the advantage of being able to perform
nanometer and sub-nanometer steps at high frequency with high repeatability, because they realize their motion
through solid state crystal effects (PI-Tutorial, 2004). However, the problem in obtaining these resolutions lies in
the required sensors; in order to achieve sub-nanometer resolution, sensors with the same resolution are required.
This problem is especially relevant for large bandwidth applications (Salapaka et al., 2002). Furthermore, PZTs
can be designed to move heavy loads or can be made to move lighter loads at frequencies of several tens of kHz.
Thereby, PZTs require very little power in static operation, this simplifies the power supply needs. Finally, PZTs
require no maintenance because they are solid state. Disadvantages of using piezo-actuators are mainly restricted
to open-loop behavior. In this case piezo-actuators exhibit non-linearities such as hysteresis, creep and drift.
However, closing the servo-loop by measuring the displacement of the actuator results in a cancellation of these
effects (PI-Tutorial, 2004; Salapaka et al., 2002).

In this chapter, first in section 4.2 a model of a piezo actuator is developed. Then in section 4.3 the topic of
bidirectional operation is briefly discussed. In this section the model is adapted to incorporate this behavior. Next,
in section 4.4 the controller structure for the piezo-actuator is presented. Subsequently, rules for determining the
controller settings are presented. Finally, in section 4.5 the influence of a load mass on the achievable bandwidth
of the controlled system is discussed.

4.2 Modelling the piezo-actuator

It is generally known that a piezo-actuator can be modelled in two analoguous ways. One way is to put a position
actuator in series with a spring and an equivalent mass, the other way is a force actuator in parallel with a spring.
Furthermore, in modelling the piezo-actuator it should be taken into account that the voltage that can be applied
to the actuator is limited. Therefore a signal limiter is included in the model to limit the applied voltageu to u′.
Finally, the conversion from voltage to displacement or force should be included in the respective models. For the
model that uses a force actuator, as is shown in figure 4.1a, the forceF that is applied by the force actuator, is
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obtained by multiplying the voltage to force conversion factordU,F with the voltageu′. ThusF = dU,F ·u′, where
dU,F is calculated as

dU,F =
Fblock

Umax
[N/V] (4.1)

Both the blocking forceFblock and the maximum operating voltageUmax are given for a certain actuator. In
the model that uses the position actuator the conversion from voltageu′ to displacementx that is applied by the
position actuator, can be calculated by rewriting the relation for the spring force and usingF = dU,F · u′:

x =
F

c
=

dU,F u′

c
= dU,x · u′ [m] (4.2)

The resulting models are shown in figure 4.1. It should be mentioned that only the displacement of the piezo-
actuator in reaction to a supply voltage is considered in the model and not its charge-generating behavior upon
application of a load force.

Calculating the transfer functions of these two models results in the plant transfer function from the applied
voltageu′ to the output positionxmeff

PMA(s) =
xmeff

u′
= dU,x

ω2
r

s2 + ω2
r

=
1
c

Fblock

Umax

ω2
r

s2 + ω2
r

[m/V] (4.3)

whereωr is given as

ωr =
√

c

meff
[rad/s] (4.4)

with c the stiffness of the actuator andmeff is the effective mass of the piezo-actuator. This mass is about1
3 of the

mass of the ceramic stack plus any installed end pieces (PI-Tutorial, 2004). In the following,meff is calculated
from the given resonance frequencyωr by using (4.4). It should be noted that equation (4.3) represents the plant
transfer function from the controller outputu to the positionxmeff

as long as0 ≤ u ≤ u′.

a) b)

Figure 4.1: Model of the piezo-actuator a) in which the displacement of the actuator is caused by application of a
force on the effective mass and b) the displacement of the piezo-actuator is a result of a position actuator.

From equation (4.3) it can be concluded that the resulting model of the piezo-actuator has an undamped res-
onance frequency. In practice this resonance frequency will be slightly damped by the structure of the actuator
and its mounting. In the following simulations it is assumed that the resonance frequency of the piezo-actuator is
damped, with relative dampingζ ≈ 0.01. Consequently, the transfer function of the piezo-actuator from equation
(4.3) becomes

PMA(s) =
1
c

Fblock

Umax

ω2
r

s2 + 2ζωr + w2
r

[m/V] (4.5)
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4.3 Bidirectional operation

In general, piezo-actuators cannot be used for generating pull forces. However, in a DSA system, the piezo-actuator
should be able to compensate for both positive and negative positional errors. Consequently, the piezo-actuator
should be able to apply both a push and pull force, preferably with the same maximum magnitude.

Methods for generating the pull force of the piezo-actuator consist of preloading the piezo-element with a push
force. Since the aim of this research is to contribute to the concepts of dual-stage actuation, it is not important yet
to decide which of the possible implementations should be selected. Practical limitations are of interest in further
research, when the concept of dual-stage actuation in linear motion systems has been proven successful.

Bidirectional operation of the piezo-actuator is implemented in the model of section 4.2 as follows. The
model itself is not adjusted, but it is assumed that the piezo-actuator is able to generate displacements in the range
[− 1

2xmax; 1
2xmax], when a voltage in the range[− 1

2Umax; 1
2Umax] is applied.

4.4 Controlling the actuator displacement

In this section a controller for the piezo-actuator as second-stage actuator is developed. In the design of this
controller it is assumed that the output positionxmeff

is measured by means of a position sensor. In figure 4.2 can
be seen how the controller is placed in series with the actuator model from figure 4.1b. It will be shown in this
section that the controller parameters can easily be derived from the parameters of the piezo-actuator model from
section 4.2.

Figure 4.2: Schematic drawing of the closed-loop piezo-actuator. In this section it is assumed that the output
position of the actuator is measured.

A common approach to control the displacement of a piezo-actuator is to use a PI-controller in series with a
low-pass filter (see for example Van Dijk (2003)), this controller is henceforth denoted as PI+ controller. Apart from
the PI+ controller also an anti-windup scheme (Aström and Ḧagglund, 1995) is implemented in the controller. The
resulting controller structure is shown in figure 4.3. The anti-windup scheme is implemented in order to prevent
saturation of the actuator by keeping the integrator output to a proper value when the actuator saturates. Saturation
occurs when the positional error of the DSA system becomes larger than the displacement range of the piezo-
actuator. It is necessary to implement this scheme since otherwise desaturation of the actuator can take a long time
and the second-stage actuator is implemented for fast responses.

The implementation of the anti-windup scheme is as follows. The output voltage of the controller is measured
and compared with the maximum and minimum operating voltage. When these limits are exceeded, a feedback
loop is activated which makes sure that the integral action of the parallel PI-controller is kept to a proper value.
The difference between the output and input of the voltage limiter is divided by a time constantτa to control this
process. The result of this division is added to the input of the integrator in the PI-controller. As a consequence,
the controller can immediately undertake action when the error changes to values within the displacement range.
It can be concluded that the anti-windup scheme is set only by the parameterτa. As a rule of thumb,τa ≤ τi is
chosen equal toτi (Aström and Ḧagglund, 1995).
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Figure 4.3: Implementation of the PI+ controller for the micro-actuator in 20sim.

Regarding the controller settings of the PI+ controller, from Van Dijk (2003) rules of thumb for determining
the settings of a PI+ controller are known. In this case, the transfer function of the PI+ controller from the applied
error to the controller output at the output of the low-pass filter is given as

HPI+(s) =
ki

s

ω2
LP

s2 + 2ζLP ωLP + ω2
LP

[V/m] (4.6)

However, the previous transfer function of this PI+ controller differs with the implementation of a parallel PI-
controller as shown in figure 4.3. The latter transfer function (without anti-windup) is

HPI,parallel(s) =
(

kp +
kp

sτi

)
ω2

LP

s2 + 2ζLP ωLP + ω2
LP

[V/m] (4.7)

It can thus be concluded that the controller parameterskp andτi should be chosen such that the first terms in (4.6)
and (4.7) equal each other, thus

ki

s
= kp +

kp

sτi
(4.8)

In order to make the I-action of the parallel PI controller dominant and using the fact that in practiceki � 1, kp is
chosen equal to 1 and consequentlyτi = 1

ki
.

It can thus be concluded that the PI+ controller is set by two parameters; the cut-off frequency of the low-pass
filter (fLP ) and the proportional gain of the PI-controller (ki). The rules of thumb for the controller settings are
(Van Dijk, 2003)

fc <
1
4

1
2π

ω
′

r [Hz] (4.9)

fLP = 2.5fc [Hz] (4.10)

ki = fcc (4.11)

wherefc is the gain cross over frequency of the controlled piezo andω
′

r is the resonance frequency of the loaded
piezo-actuator. This latter parameter of the piezo-actuator is treated in the next section, where also these rules of
thumb are applied to two piezo-actuators. For these actuators the controller settings are determined for varying
load mass, such that certain open-loop stability margins are satisfied.

4.5 Controller properties for varying load mass

From equation (4.9), it became clear that the PI+ controller settings are based on the resonance frequency of the
piezo-actuator. In the previous it has already been shown how the resonance frequency of the unloaded piezo-
actuator can be calculated, see equation (4.4). However, the resonance frequency of the actuator changes, when
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f
′

res [Hz] m3 [kg] m3 [kg] fLP[Hz] τi GM [dB] PM [◦] BW [Hz]
P-885.10 P-888.20

1000 2.92 8.94 625 4.0 · 10−11 6.2 52.0 246
2000 0.73 2.24 1250 2.0 · 10−11 6.2 52.0 492
2463 0.48 1.47 1500 1.6 · 10−11 6.5 52.4 656
3557 0.23 0.71 2223 1.1 · 10−11 6.1 50.8 887
5000 0.12 0.36 3125 8.0 · 10−12 6.2 51.9 1230
13275 16 · 10−3 5.0 · 10−2 8296 3.0 · 10−12 6.2 51.7 3275

Table 4.1: Parameters of the MA-actuator and controller for two piezo-actuators (PI P-885.10 and P-888.20)

loaded with a massmload, as it will be in the application. The resonance frequency of the loaded piezo-actuator is
calculated as

ω
′

r =
√

c

meff + mload
=

√
c

m3
[rad/s] (4.12)

wheremeff the effective mass of the actuator andmload the applied load mass. In the right hand side of this
equation we have defined, that in the remainder of this report the loaded actuated piezo-actuator is denoted asm3;
m3 = meff + mload.

In this section, the PI+ controller settings for PI’s P-885.10 and P888.20 piezo-actuators (PI-datasheets, 2004)
are determined for various values ofmload. These two piezo-actuator are chosen for two reasons. First, as is shown
in appendix A, the maximum displacement of both actuators is in the same order of magnitude. Consequently, the
influence of other parameters, especially the stiffness of the actuator, on the performance of the DSA system can be
investigated. Secondly, during the research it became clear that the larger the stiffness of the actuator is, the larger
the load mass on the piezo-actuator can be while retaining the same bandwidth of the controlled system. But also
the larger the stiffness of the piezo-actuator, the larger the bandwidth of the second-stage actuator is for the same
load mass. Therefore, two actuators are chosen which have a considerably large stiffness, hence, their maximum
displacement is relatively small.

Subsequently, for various values ofmload both the open-loop stability margins, as well as the bandwidth of the
closed-loop are determined. As before, it is assumed that the output position of the piezo-actuator is measured.
The bandwidth of the closed-loop controlled piezo-actuator is determined by plotting the sensitivity function of
the controlled piezo-actuator and determine the lowest frequency at which the sensitivity function crosses the 0dB
line from below. The sensitivity function is defined as

S(s) =
xout

δ
=

xmeff
+ δ

δ
(4.13)

whereδ is an output position disturbance. The sensitivity functionS(s) is symbolically derived in appendix C.2.
For determining the bandwidth of the closed-loop system, the sensitivity function is determined using 20sim.

In order to determine the loaded resonance frequency and consequently the controller settings, the parameters
of both micro-actuators are given in appendix A. The controller settings at each value formload are determined
using the rules of thumb from section 4.4. Consequently,τi is adjusted in order to obtain a gain margin (GM) which
is minimally equal to 6 [dB]. For both piezo-actuators the resulting controller settings, open-loop stability margins
and bandwidth are given in table 4.1. It should be noted that this analysis is carried out under the assumption that
the actuator is not in saturation; in this case the controller is given by equation (4.7). As an example, the open-loop
frequency response of P-885.10 loaded with a mass of 0.12 [kg] is shown in figure 4.4a. Furthermore, in figure
4.4b the sensitivity function of the same actuator and load mass combination is shown.

It should be mentioned that direct application of the rules of thumb from section 4.4 results in an open-loop
response with a gain margin greater than 6 [dB]. In order to maximize the bandwidth of the second-stage actuator
and yet retain a stable system as well,τi should be adjusted (manually) such that GM is almost equal to 6 [dB].
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a) b)

Figure 4.4: a) Open-loop frequency response fromxref to x3 of the controlled piezo-actuator P885.10 loaded with
a mass of 0.12 [kg] and b) plot of the accompanying sensitivity function.

4.6 Conclusions

From table 4.1 it can be concluded that in general the bandwidth of the closed-loop system is1
4 of the resonance

frequency of the loaded actuator. This observation is of practical interest; from literature research it has become
clear that using the decoupled model assumption, the bandwidth of the DSA system is in practice almost equal to
the bandwidth of the second-stage actuator. When designing a DSA system, the desired bandwidth of the DSA
system should be quantified and can be translated into a value of the loaded resonance frequency of the piezo-
actuator. This is one of the first steps in the design procedure of DSA systems.



Chapter 5

Dual-stage plant model analysis

5.1 Introduction

It has been pointed out in chapter 2 that in literature on dual-stage actuated HDDs, the DSA system is modelled as
two parallel systems. The output of the DSA system is a summation of the output of both the first and the second
stage system. Consequently, the relatively simple SISO controller design techniques sketched in section 2.5.1 can
easily be used to design controllers for this system. In the previous two chapters, we have derived the models
of both the first-stage and the second-stage actuators. In this chapter we analyze the interation between the two
stages.

In practice, the second-stage actuator is attached to the first-stage. When the second stage is actuated, it will
exert a force both on the second-stage mass, as well as on the first-stage. The interconnection of the two systems is
shown in figure 5.1a. It can thus be concluded that the second-stage influences the dynamics of the first-stage. To
what extent this influence stretches, is depending on the parameters of both stages, as will be shown in the coming
sections. This analysis is carried out by considering two cases. First in section 5.2 the case in which the second-
stage actuator influences the first-stage is discussed. Then in section 5.3 the connection between these systems is
assumed to be negligible, in that case the system is decoupled as is shown in figure 5.1b. For both cases the partial
plant transfer functions from the inputsFin, x2nd to the output positionx3 are calculated:

xout

x2nd

∣∣∣∣
Fin=0

(5.1)

xout

Fin

∣∣∣∣
x2nd=0

(5.2)

In the course of this chapter, in case of the coupled system it is assumed that in the design of the dual-stage
actuated (DSA) system, mass can be distributed from the first-stage to the second-stage, however the total mass
remains constant. In this case it is thus assumed that

mce = m1,c + m3 [kg (5.3)

wheremce is the total mass of carriage and end-effector, its numerical value is in case of the FCM equal to 3.84
[kg]. Furthermore, in case of the decoupled system, the first-stage actuator should displace all masses in the system.
Therefore the numerical value form1,d can be calculated as

m1,d = m1,c + m3 [kg (5.4)

wherem3 is defined in chapter 4 as the summation ofmeff of the piezo-actuator andmload the load mass to the
actuator.

After having determined the partial transfer functions of both the coupled and the decoupled model, in section
5.4 the coefficients of these partial transfer functions are compared with each other. Also, the poles and zeros of
both models are compared, such that the maximum value form3 for which decoupling occurs can be calculated.
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a)

b)

Figure 5.1: Schematic drawing of a) coupled DSA system, the first-stage is influenced by the second-stage actuator
and b) decoupled DSA system in which the first-stage is not influenced by the second-stage actuator. In both models
damping is added to both stages. In the analysis, this damping is first assumed to be absent and is added later in
this chapter. Note that the position ofm2 is denoted byx2, the position ofm1,c andm1,d asx1 and finally, the
position ofm3 asx3.

From that maximum value form3 and the pole-zero analysis, also a minimum value for the stiffness of the piezo-
actuator is derived in the same section. Finally, in section 5.5 conclusions on the performed analysis and the results
are drawn.

It should be noted that in this chapter, in order to simplify the analysis, the gaindU,x which is present in the
piezo-actuator model, is not taken into account. Including this gain would only shift the input signal to this system.
Since in this chapter the partial transfer functions of the coupled and decoupled model are determined, the analysis
is not influenced by omittingdU,x.

5.2 Partial plant transfer functions of coupled model

In this section the partial plant transfer functions from the inputsFin, x2nd to the output position of the coupled
system,x3, is presented. This system is shown in figure 5.1a. The approach to determinex3 as a function of the
two inputs is to calculate subsequently the position of each of the three masses. These positions are calculated
from the resulting force acting on the respective masses. Firstx2 is determined, followed byx1 and finallyx3.
Details of this calculation are given in appendix B.1.

The output position of the coupled system without damping is in this case given byx3. A relation to calculate
this position is also calculated in appendix B.1. From that relation forx3 the partial plant transfer functions can be
calculated. First, the plant transfer function fromFin to x3 is given by

P1,c =
x3

Fin
=

d0

a6s6 + a4s4 + a2s2
[m/N] (5.5)

And the partial transfer function fromx2nd to x3 is calculated as

P2,c =
x3

x2nd

=
b4s

4 + b2s
2

a6s6 + a4s4 + a2s2
(5.6)

For both transfer functions, the coefficients are calculated as

a6 = m1,cm2m3

a4 = (m1,c + m2) m3c12 + (m1,c + m3) m2c13

a2 = c12c13 (m1,c + m2 + m3) (5.7)
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b4 = m1,cm2c13

b2 = c12c13 (m1,c + m2)
d0 = c12c13

In section 5.4, these transfer functions are compared with the partial transfer functions of the decoupled model.

5.3 Partial plant transfer functions of decoupled model

In this section the partial plant transfer functions from the inputsFin, x2nd to output position of the decoupled
system,xout, is presented. The system is shown in figure 5.1b. In this case,xout is given as

xout = x1 + x3 [m] (5.8)

It was already stated in the introduction to this chapter that in case of the decoupled system, it is assumed that
m1,d = m1,c + m3, wherem3 is the load mass to the second-stage actuator.

The plant transfer function of this model is obtain by partly reusing the results from the previous section.
Details of calculatingxout in case damping is not considered are given in appendix B.2. From that relation for
xout, the partial transfer functions can be calculated. First, the plant transfer function fromFin to xout is given by

P1,d =
xout

Fin
=

d2s
2 + d0

a6s6 + a4s4 + a2s2
[m/N] (5.9)

And the partial transfer function fromx2nd to xout is calculated as

P2,d =
xout

x2nd

=
b4s

4 + b2s
2

a6s6 + a4s4 + a2s2
(5.10)

For both transfer functions, the coefficients are calculated as

a6 = m1,cm2m3 + m2
3m2

a4 = (m1,c + m2) m3c12 + (m1,c + m3)m2c13 + m2
3c12

a2 = c12c13 (m1,c + m2 + m3)
b4 = m1,cm2c13 + m2m3c13 (5.11)

b2 = c12c13 (m1,c + m2 + m3)
d2 = m3c12

d0 = c12c13

In the next section, these transfer functions are compared with the partial transfer functions of the coupled model.

5.4 Comparing the transfer functions

In the previous two sections, partial transfer functions of two modelling approaches of DSA systems are derived.
The question is under which circumstances the decoupled model results in a similar frequency response as the
coupled model. In that case can via a relatively simple approach controllers for the DSA system be designed.

First the coefficients in equations (5.5) and (5.6) are compared with the coefficients in equations (5.9) and
(5.10). It is evaluated under which circumstances both approaches yield similar coefficients. This analysis is
given in section 5.4.1. Next, in section 5.4.2 an approach to determine from the poles and zeros of both models a
maximum value form3 and a minimum value forc13, in order for decoupling to occur, is sketched.
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5.4.1 Comparing coefficients

Comparing the mentioned equations reveals that the coefficientsa6, a4, b4 and b2 differ between the two ap-
proaches. It will be shown that the value ofm3 is the main factor for the coefficients to become similar. Further-
more, it will turn out that the maximum value form3 under which similarity is obtained is related to bothm1,c

andm2. Finally, it should be noted that in the decoupled model a new coefficientd2 is introduced. As a result,
a zero pair is introduced in the partial transfer function fromFin to xout. The influence this zero pair has on the
similarity of the two models is further discussed in section 5.4.2.

In analyzing the limitations form3, first a6 is considered. In this termm2
3m2 is introduced in the decoupled

model. In order to be able to neglect this term, its value should be much smaller than the remainder ofa6, thus

m2
3m2 � m1,cm2m3 → m3 � m1,c (5.12)

Furthermore, it is concluded that in the decoupled model ina4 the termm2
3c12 is introduced. Following the same

line of reasoning as before, this term should also become much smaller than the remaining terms of this coefficient.
Thus

m2
3c12 � (m2m3 + m1,cm3) c12 + (m1,cm2 + m2m3) c13 (5.13)

Now from the fact thatc12, c13 > 0, mi > 0, it follows immediately that if equation (5.12) is satisfied, then
equation (5.13) is also met.

Now continuing with the coefficients in the numerator of the plant transfer function, it was concluded that in
b4 the termm2m3c13 is introduced. This term should become much smaller thanm1,cm2c13, thus

m2m3c13 � m1,cm2c13 → m3 � m1,c (5.14)

which puts the same restriction onm3 as (5.12). Finally the difference inb2 between the two models is analyzed.
It can be concluded that in the decoupled model the termm3c12c13 is introduced, thus

m3c12c13 � c12c13 (m1,c + m2) → m3 � m1,c + m2 (5.15)

which also results in the same restriction as (5.12).
It can thus be concluded that in order to use the decoupled model,m3 � m1,c should be satisfied. However,

it should be made explicit how much smallerm3 should be compared withm1,c. This is worked out in the next
section. In this section it is also analyzed what the stiffness of the micro-actuator should minimally be in order for
the two models to become similar.

5.4.2 Pole-zero analysis

A second means to compare the models is to compare the poles and zeros of the two models with each other. In the
previous section it was already concluded that in the decoupled model a zero pair was introduced in the term for
Fin. It will be shown in this section, that this zero pair puts limitations on the value ofc13, for a known value of
m3. However, before the limitation onc13 is determined, first the maximum value form3 for using the decoupled
model is determined.

Decoupled model

First, the poles and zeros of the plant transfer function in the decoupled model are determined. From these poles and
zeros the frequency response of the system can be determined. Furthermore, the poles and zeros of the decoupled
model are compared with the coupled model and it is then investigated under which circumstances these yield the
same numerical values. The poles and zeros of the partial plant transfer functions (5.9) and (5.10) are given in
appendix B.2.

From these poles and zeros it can easily be concluded that the zero pair that is introduced in the decoupled
model,z5,6, cancelsp5,6. This can explained as follows. The pole pairp5,6 represents the resonance frequency of
the loaded actuator. In the transfer function of the decoupled model, the plant transfer function is a summation of
the output of the two subsystems. Thus resonances of the second-stage actuator are not observed in the frequency
response of the first-stage actuator and vice versa. This is exactly what the zero pair does, it cancels exactly the
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Case 1
m1,c 3.82 [kg]
m2 3.33 [kg]
m3 16 · 10−3 [kg]
c12 21.4 · 106 [N/m]
c13 115 · 106 [N/m]

Table 5.1: Model parameters of the FCM and the second-stage actuator for the decoupled model.

Case 1 Case 2
m3 0.23 [kg] m3 16 · 10−3 [kg]
m1,c 3.61 [kg] m1,c 3.82 [kg]
m2 3.33 [kg] m2 3.33 [kg]
c12 21.4 · 106 [N/m] c12 21.4 · 106 [N/m]
c13 115 · 106 [N/m] c13 115 · 106 [N/m]

Table 5.2: Model parameters of the FCM and the second-stage actuator for two simulation cases of the coupled
model.

resonance frequency of the second-stage actuator in the transfer function of the first-stage actuator. The same line
of reasoning can be applied toz3,4 andp3,4, but then it should be concluded that the resonance of the second-stage
remains.

Using the model parameters of the FCM, Bode plots of the partial transfer functions (5.9) and (5.10) of the
decoupled model can be drawn. The magnitude plots of both partial transfer functions are given in figure 5.2. The
model parameters for this case are given in table 5.1. From this table it can be concluded that the numerical value
for m3 is chosen equal to16 · 10−3 [kg]; it will turn out later in this section that for this value ofm3 both models
are comparable.

a) b)

Figure 5.2: Magnitude plots of the partial transfer functions using the decoupled model and the FCM model
parameters a) fromFin to xout and b) fromx2nd to xout. Note the difference in scales between the two figures.

Coupled model without damping

In contrast to the poles and zeros of the decoupled model, the poles and zeros of the coupled model cannot be
given as insightful relations. The poles and zeros of the coupled model are given in terms of the coefficients in the
partial plant transfer functions (5.5) and (5.6) in appendix B.1. However, since these relations are not insightful,
the poles and zeros of the coupled model are analyzed using the FCM model parameters. In order to analyze the
effect of the second-stage parameters on the poles and zeros of the plant model, the numerical values form3 and
c13 are varied. It should be kept in mind thatm1,c = mce −m3 = 3.84−m3.

First, the transfer function fromx2nd to x3 is investigated for the parameters for case 1 in table 5.2. The
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a) b)

c) d)

Figure 5.3: Bode plots of the transfer fromx2nd to x3 in the coupled model for a)m3 = 0.230 [kg] with lowest
resonance frequency 542 [Hz], anti-resonance frequency 559.4 [Hz], b)m3 = 16·10−3 [kg] with lowest resonance
frequency 550.7 [Hz], anti-resonance frequency 551.8 [Hz], c) zoom in on the resonance and anti-resonance fre-
quencies of the magnitude plot in figure a) and finally, d) zoom in on the resonance and anti-resonance frequencies
of of the magnitude plot in figure b). In case of decoupling, figures a) and b) should resemble figure 5.2b.

resulting Bode plot of this transfer is shown in figure 5.3a. Then the same transfer function is drawn, using the
parameters for case 2 in table 5.2. In this latter case, the massm3 is reduced to16 · 10−3 [kg]. The resulting Bode
plot is shown in figure 5.3b. Furthermore, figures 5.3c and d zoom in on the frequency range around the resonance
and anti-resonance frequencies in order to see how these change for varying values ofm3. From these figures
can be concluded that for decreasing values ofm3 the anti-resonance and resonance shift towards each other. As
a result, for very small values ofm3, the resonance and anti-resonance are very close to each other. When there
is no damping in the system, the resonance and anti-resonance cancel each other whenm3 = 0. Consequently,
the frequency response of the coupled and decoupled system tox2nd are identical, as was desired. However, in
this specific case damping is assumed to be absent, which is clearly not the case in practice. In the following will
be shown that adding relative damping to the poles and zeros of the system results in larger values ofm3 for the
responses to be comparable.

Coupled model with damping

First, a rule of thumb is given in order to determine whether damped pole-zero pairs cancel each other. This rule
of thumb assumes that the pole-zero pairs are damped with the same relative dampingζ. In that case, it is defined
that the pole-zero pairs cancel each other, when the maximum gain at the resonance and anti-resonance frequency
deviate 5 % or± 0.43 [dB] from the gain at low frequencies. It is shown in figure 5.4, that in this case the maximum
phase deviation is5.5◦. For the case in which the relative damping,ζ, is equal to 0.01, a frequency response is
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Figure 5.4: Frequency response of a RA-system with relative dampingζ equal to 0.01. In this case the pole-zero
pairs cancel each other according to the given rule of thumb. The resonance frequency in this case is equal to 1.0
[Hz], the anti-resonance is 1.001 [Hz].

given in figure 5.4. In that case the resonance frequency is 1.0 [Hz] and the anti-resonance is found at 1.001 [Hz].
It can be concluded that in this case the response remains within the above limitations. For three values ofζ,
ζ = 0.01, 0.02, 0.05, it is determined how far the imaginary part of the zero-pair (anti-resonance) can be placed
with respect to the imaginary part of the pole-pair (resonance) in order to remain within the given limitations. It is
revealed that

=(z) =
(

1 +
1
10

ζ

)
· =(p) (5.16)

wherez comprises the zero-pair,p the pole-pair,ζ the relative damping and=(·) calculates the imaginary part of
the expression between the brackets. Consequently, a relation can be derived, which gives the maximum value for
m3 for a certain value ofζ and the model parameters. From section 5.4.1 it is already known, that the decoupled
model is valid ifm3 � m1,c. Furthermore, it is seen that for small values ofm3 the lowest resonance frequency
of the coupled model is equal to the lowest resonance frequency of the decoupled model. Using this observation,
m3,max can be solved from the following relation

=(z3,4,coupled) =
(

1 +
1
10

ζ

)
=(p3,4,decoupled) (5.17)

where=(p3,4,decoupled) is the imaginary part of the pole-pair that gives rise to the lowest resonance frequency
of the decoupled model and=(z3,4,coupled) the imaginary part of the zero-pair that gives rise to the lowest anti-
resonance frequency of the coupled model. Expressions forp3,4,decoupled andz3,4,coupled are given in appendix
B.

Solving equation (5.17) form3 results in the desired relation for determining the maximum value ofm3, for
which the decoupled model can be used for the quantified maximum deviations:

m3,max =
m1,d

(
ζ2 + 20ζ

)
ζ2 + 20ζ + 100m2

m

[kg] (5.18)
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wherem is the total mass to be displaced by the first-stage actuator, i.e.m = m1,d + m2. From equation (5.18), it
can easily be concluded that in caseζ = 0, m3,max = 0 as was indicated before.

Apart from the previous approximated approach to determinem3,max, also the exact solution is determined.
In this casem3,max is calculated from writing out (compare with equation (5.17)

=(z3,4,coupled) =
(

1 +
1
10

ζ

)
=(p3,4,coupled) (5.19)

and solve form3. It has turned out that in this casec13, the stiffness of the piezo-actuator, should be known in order
to obtain a numerical value form3,max. This is a disadvantage of this approach, since a minimum value forc13 is
given hereafter. However, using the stiffness of the two piezo-actuators given in appendix A, numerical values for
m3,max are determined using both the exact and approximated solution. Subsequently, the results of both solutions
are compared with each other. It is revealed, that differences between the numerical values form3,max using either
of the two solutions are in the order of1 · 10−4 and less. From this analysis it can therefore be concluded, that the
approximated solution for determiningm3,max in equation (5.18) results in a sufficiently accurate calculation of
m3,max, independent of the value ofc13.

a) b)

c) d)

Figure 5.5: Bode plots of the transfer fromx2nd to x3 in the coupled model when all poles and zeros are lightly
damped (1%), for a)m3 = 0.230 [kg], b) m3 = 16 · 10−3 [kg], c) zooming in on the frequency range around
the resonance and anti-resonance frequencies of the magnitude plot in figure a) and finally d) zooming in on the
frequency range around the resonance and anti-resonance frequencies in the magnitude plot of figure b). Note the
difference in scales between the latter two figures.

Finally, substituting the model parameters of the FCM in equation (5.18), the maximum value form3 is deter-
mined. For the current case, whereζ = 0.01, it is calculated that in casem3 < 16 · 10−3 [kg] decoupling occurs
and consequently, the decoupled model of the DSA system can be used for controller design. This conclusion is
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supported by plotting the magnitude plots of the transfer fromx2nd to x3, while damping is added to the model.
This is done for the model parameters from table 5.2. The resulting Bode plots are shown in figure 5.5. Especially
zooming in on the frequency range around the resonance and anti-resonance frequencies show the difference in
magnitude response for the two values ofm3.

Comparing figures 5.5c and d leads to the conclusion that in this case, when damping is added to the system,
the resonance and anti-resonance in the lower frequency range almost cancel each other whenm3 = 16 · 10−3

[kg]. In this case the low-frequency gain is equal to -0.0 [dB], the maximum resonance magnitude equals 0.4 [dB],
whereas the magnitude of the anti-resonance equals -0.42 [dB]. The transfer function differs thus not more than
5% from its initial value. Finally, also the phase of the transfer function is analyzed. The plant transfer function
of the piezo-actuator has a phase almost equal to zero before it drops to−180◦ around the resonance frequency.
Whenm3 = 16 · 10−3 [kg], the phase has a minimum value of−4◦, compared to−16◦ whenm3 = 0.23 [kg]. It
can be concluded that in casem3 = 16 · 10−3 [kg], or smaller, decoupling of the two stages occurs.

Minimum required stiffness of micro-actuator

As was already stated in the introduction to this section, a limitation on the value ofc13, in order to be able to use
the decoupled model, can be drawn from the maximum value form3. Whereas this maximum value form3 was
drawn from making the transferx3

x2nd
equal to xout

x2nd
, deriving the minimum value forc13 focusses on making the

remaining partial transfer functions equal to each other.

Figure 5.6: Magnitude plot of 1) the decoupled model with transfer functionxout

Fin
. Furthermore, the coupled model

with transfer functionx3
Fin

is denoted as 2) withc13 = 115 · 106 [N/m] and as 3) withc13 = 353 · 106 [N/m]. In all
casesx2nd = 0 and in the latter two casesm3 = 16 · 10−3 [kg].

First, the magnitude of the transfer functionxout

Fin
of the decoupled model is plotted, using the model parameters

from table 5.2. This transfer function is in figure 5.6 indicated with ’1’. It can be seen that this resonance is
independent ofm3. Consequently, the magnitude plot of the transfer functionx3

Fin
for the model parameters for

case 2 in table 5.2 is shown in figure 5.6 and is marked with ’2’. It can be seen that in this case, the first resonance
frequency of the decoupled model coincides with the first resonance frequency of the coupled model. Also, the
existence of a second resonance is observed in the high frequency range.

Finally, from the previous parameters, only the stiffnessc13 of the piezo-actuator is increased, in order to
visualize the effect on the transfer function. In this case, the value forc13 is increased from115 · 106 [N/m] to
353 · 106 [N/m], according to appendix A. The resulting transfer function is shown in figure 5.6 and is marked
with ’3’. It can again be concluded that the first resonance coincides with that of the coupled model. However, due
to the higher stiffness of the piezo-actuator, the second resonance is at a higher frequency.

From the above, it can be concluded that the stiffer the piezo-actuator is, the further the second-resonance
frequency is separated from the first resonance. As a consequence, the frequency response of the decoupled model
resembles the response of the coupled model better. As a rule of thumb, it is suggested that the stiffness of the
piezo-actuator in combination with the load mass should be such that the second resonance is at least 10 times
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higher in frequency than the first resonance. In this case, it can be concluded that the frequency response of both
models is similar.

5.5 Conclusions

Previously, it has been determined for which values of the second-stage parametersc13 andm3 the frequency
responses of the coupled and decoupled model are similar. It turned out that it was necessary to assume damping
in the model of the first-stage actuator in order to come up with a non-zero value for the maximum value ofm3

for which decoupling occurs. For that case a definition was introduced that defines constraints on the maximum
deviation for the maximum and minimum gain of the resonance frequency and the anti-resonance frequency re-
spectively. Using this definition,m3,max can be calculated by equation (5.18). Using that value form3,max, the
influence of the micro-actuator’s stiffness on the frequency response was investigated. It was seen that in this case
a resonance in the transfer fromFin to x3 was introduced. As a rule of thumb, it was stated that this resonance
should be 10x higher in frequency than the resonance of the first-stage actuator, in order for the frequency response
of the coupled and the decoupled model to be similar.

Application of the FCM parameters has shown to result in a relatively small value form3,max. In practice, it
is not likely, that a location in the PM of the FCM can be found, where a mass of16 · 10−3 [kg] can be displaced
and to which a second-stage actuator can be rigidly attached. It is therefore not possible to assume decoupling
in the DSA FCM. However, it is interesting to check whether the controller settings that are derived based on the
decoupled model result in a stable controlled system of the coupled model. This analysis is amongst others worked
out in the next chapter.



Chapter 6

Evaluating bandwidth for various sensor
locations

6.1 Introduction

In the previous chapters, models of both actuators and a controller for the piezo-actuator are developed. Further-
more, in the previous chapter attention was paid to the topic of decoupling the two stages. It was shown in that
chapter, that under certain circumstances the system can be assumed to be decoupled. However, using the model
parameters of the FCM, it was concluded that the second-stage actuator should displace a very small mass only in
order for decoupling to occur.

In this chapter, for both the decoupled and coupled model, regardless of the previous findings, sensor configu-
rations are determined. Subsequently, these sensor configurations are evaluated in terms ofclosed-loop bandwidth
andsensitivity bandwidth. In this case,closed-loop bandwidthis defined as the lowest frequency at which the
magnitude of the closed-loop transfer crosses the -3dB line from above. Using this definition of bandwidth, it
can be determined up to which frequency the output of the system is able to follow the applied reference signal.
Furthermore,sensitivity bandwidthis defined as the lowest frequency at which the magnitude of the sensitivity
function crosses the 0dB line from below. Using this definition of bandwidth, it can be determined up to which
frequency output disturbances can be suppressed by the controller.

However, before these bandwidths are determined, first the stability and stability margins of the closed-loop
system are determined. It is chosen to evaluate stability using the closed-loop transfer of the system, since for
controlling the first-stage actuator the PD-controller from Coelingh (2000) is used. One of the inputs to this
controller is a measurement of the velocity of the first actuator. According to Coelingh (2000), a disadvantage of
this controller type is that it cannot be described by a single loop transfer function. Consequently, we motivate for
determining the stability of the closed-loop system by evaluating (Skogestad and Postlethwaite, 1996)

Ms = max|S(s)| ≤ 6 [dB] (6.1)

Mt = max|T (s)| ≤ 2 [dB] (6.2)

whereS(s) is the sensitivity function andT (s) the closed-loop transfer function. According to these definitions, in
caseMs is known, the stability margins of the closed-loop system are guaranteed as (Skogestad and Postlethwaite,
1996)

GM =
Ms

Ms − 1
[dB] (6.3)

PM = 2arcsin
(

1
2Ms

)
[rad] (6.4)

In caseMt is known, the stability margins are guaranteed as (Skogestad and Postlethwaite, 1996)

GM = 1 +
1

Mt
[dB] (6.5)
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PM = 2arcsin
(

1
Mt

)
[rad] (6.6)

In these relations,GM denotes the gain margin andPM the phase margin. The definitions of stability given in
equations (6.1) and (6.2) are especially of interest in section 6.4. In this section, the SISO-controllers designed
on basis of the decoupled models are applied to the coupled model. Subsequently, it is investigated under which
circumstances this results in a stable system that also satisfies the stability margins (6.1) and (6.2). After having
stabilized the closed-loop system, both the closed-loop bandwidth and the sensitivity bandwidth are determined.

Furthermore, in this chapter it is assumed that the bandwidth of the sensors does not put limitations on the
bandwidth that can be achieved by the DSA system. Also, the amplitude of the signals applied to the second-stage
controller, is such that the output voltage of the controller does not exceed the maximum operating voltage of the
piezo-actuator. Hence, linear analysis of the second-stage controller can be applied in determining the relevant
transfer functions. Finally, as in the previous section, the gaindU,x of the piezo-actuator model is not drawn
explicitly in the coming figures, but is assumed to be present in the submodelMA-controller.

First, in section 6.2 both definitions of bandwidth are applied to the single-stage actuated system. The results
are used for benchmarking; in section 6.3 the bandwidth of two controller designs using the decoupled model is
derived. A similar analysis is carried out in section 6.4 where the bandwidth of the system resulting from designs
using the coupled model is determined, after having stabilized the closed-loop system. Finally, in section 6.5
conclusions on the developed and analyzed sensor configurations are drawn.

6.2 Single-stage actuation

From the introduction to this chapter, it has become clear that in order to judge the bandwidth increase of the
DSA system, the bandwidth of the single-stage actuated system should be known. For the single-stage actuated
system, the bandwidth is determined for the sensor configuration shown in figure 6.1a. This analysis is worked
out in section 6.2.1. Furthermore, in figure 6.1b can be seen that a second sensor configuration for controlling the
first-stage of the FCM is possible. In section 6.2.2, it is briefly discussed that this setup is not suitable for the DSA
FCM.

6.2.1 Measure end-effector position and actuator velocity

For controlling the first-stage actuator, the PD-controller structure from Coelingh (2000) is used. This structure
is shown in figure 6.2. This PD-controller is the implementation of submodelPD-controller in figure 6.1. It can
be seen that the proportional gainKp is applied to thepositional error, i.e. the difference between the measured
position and the reference position. Furthermore, the derivative gainKd is applied to the measuredvelocityof the
first actuator, i.e.ẋ2 is measured. The PD-controller is thus set by the parametersKp andKd. These parameters
are calculated as (Coelingh, 2000)

Kp = (m1 + m2) · (Ωpωar)
2 (6.7)

Kd = (m1 + m2) · Ωdωr (6.8)

whereΩp andΩd are the optimal controller settings from Coelingh (2000) andωar, ωr are respectively the anti-
resonance and resonance frequency of the plant. The optimal controller settings vary between the variousconcepts
that are given in Coelingh (2000). The concepts are characterized by the type of frequency response that results of
the combination of the plant model and sensor configuration. For the combination in figure 6.1 it can be concluded
from Coelingh (2000) that concept AR-R applies.

For this concept, optimal controller settingsΩp andΩd are given in the same reference. It should however be
checked whether these optimal controller settings can be directly applied or not; the optimal controller settings are
valid for certain values of the so-called frequency ratioρ. According to Coelingh (2000)ρ is calculated as

ρ =
(

ωar

ωr

)2

(6.9)
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a)

b)

Figure 6.1: Sensor configuration for controlling the output position of the first-stage actuator by a) measuringx1

andẋ2, b) measuringx2 andẋ2. The latter approach is not suitable for implementation in a DSA system.

Figure 6.2: PD-controller structure for the first-stage actuator (Coelingh, 2000).

whereωar andωr are calculated as

ωar =
√

c12

m1
[rad/s] (6.10)

ωr =
√

c12

m1
+

c12

m2
[rad/s] (6.11)

Now using the numerical values of the plant model from chapter 3, it revealed thatωar = 3464 [rad/s] and
ωr = 2360 [rad/s]. Subsequently, the frequency ratio is determined to be 0.46. Comparing this with Coelingh
(2000) leads to the conclusion that the optimal controller settings can be directly applied. Consequently, the
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controller gains are calculated as

Kp = 1.44 · 107 (6.12)

Kd = 1.19 · 104 (6.13)

It should be clear at this point, that we are now considering a single-stage actuated system with a resonance
frequency of 551 [Hz]. In the following, we determine the bandwidth of this single-stage actuated system, such
that we can determine the bandwidth increase, in case of dual-stage actuation, thereafter.

First, the closed-loop transfer function from the reference positionxref to the output positionx1 of this sensor
configuration is calculated. This closed-loop transfer function is calculated as

H(s) =
x1

xref
=

c12Kp

m1m2s4 + m1Kds3 + (m1 + m2) c12s2 + c12Kds + c12Kp
(6.14)

Substituting the model parameters from chapter 3 and the controller parameters from equation (6.12) and (6.13),
a Bode plot of this closed-loop transfer is obtained. This plot is shown in figure 6.3a. From this plot it can be
concluded that the -3dB point of the closed-loop transfer is found at 471 [Hz].

a) b)

Figure 6.3: a) Bode plot of the closed-loop transfer function from equation (6.14) and b) plot of the sensitivity
function from equation (6.16).

Subsequently, the sensitivity function of this system is determined. This analysis is performed whilexref = 0.
The sensitivity function is defined as

S(s) =
x1 + δ

δ
(6.15)

whereδ is an output position disturbance, which is measured by the position sensor. Consequently, the signal
−(x1 + δ) is fed to the proportional gainKp. In appendix C.1, the sensitivity function of this sensor configuration
is derived. The resulting sensitivity function is given by

S(s) =
m1m2s

4 + m1Kds
3 + (m1 + m2) c12s

2 + c12Kds

m1m2s4 + m1Kds3 + (m1 + m2) c12s2 + c12Kds + c12Kp
(6.16)

Using the model parameters and the controller settings as before, a plot of the sensitivity function can be obtained.
It should be noted that in order to obtainmax|S(s)| ≤ 6 [dB], the proportional gainKp is manually tuned to
1.0 · 107. In this case,max|S(s)| = 5.9 [dB]. Consequently, the stability margins, as defined in the introduction to
this chapter, are satisfied. The resulting sensitivity plot is shown in figure 6.3b. From this plot it can be concluded
that the 0dB line is crossed from below at 140 [Hz].
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6.2.2 Measure actuator position and velocity

According to Coelingh (2000), a second sensor configuration can be used for controlling the single-stage actuated
FCM. In this sensor configuration, both the positionx2 and the velocityẋ2 of the first actuator are measured.
This sensor configuration is shown in figure 6.1b. From this figure it can easily be concluded that this sensor
configuration does not give information about the carriage positionm1. However, in order to apply relevant error
signals to the micro-actuator controller in case of dual-stage actuation, this position should be known. It is therefore
concluded, that this sensor configuration is not suitable for dual-stage actuation.

6.3 Sensor configurations using the decoupled model

In this section, three sensor configurations that use the decoupled model from chapter 5 are presented and their
closed-loop transfer and sensitivity function are determined. During the research, it has turned out that two of
the three suggested sensor configurations resulted in the decoupled control structure. This structure was originally
presented in chapter 2 and is for convenience redrawn in figure 6.4b. These sensor configurations are presented in
section 6.3.2. Furthermore, of the three suggested sensor configurations, one setup resulted in the parallel control
structure. As for the decoupled controller, for convenience this structure is redrawn in figure 6.4a. This latter sensor
configuration is first presented in section 6.3.1. Subsequently, in this section the mentioned transfer functions of
this sensor configuration are determined.

a)

b)

Figure 6.4: Schematic diagram of a) the parallel controlled DSA system and b) the decoupled controlled DSA
system. In both figures the decoupled model from chapter 5 is used.

6.3.1 Sensor configuration resulting in parallel control approach

The first sensor configuration that is analyzed for implementation of the DSA system is shown in figure 6.5. In
this sensor configuration, the output position of the system is measured. This measurement is used as feedback
signal for both the controller of the first-stage and the second-stage actuator. Comparing this figure with figure
6.4a reveals immediately that this sensor configuration is comparable with the parallel control approach.

In practice, the output position of the DSA system can be measured using a laser triangulation system or a cam-
era system. Furthermore, assuming that the movements of the PM are 1 dimensional, summing the measurement
of carriage position and piezo-actuator displacement also results in a measurement of th end-effector position. In
this case, the position of the carriage can for example be measured by means of a laser triangulation system, a
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Figure 6.5: Model implementation of the parallel controlled DSA system with end-effector position measurement.
This position is obtained by adding the absolute positions ofm1 andm3 with respect to the respective fixed worlds
to each other.

more common approach is to use an optical encoder. The displacement of the piezo-actuator can be measured by
means of a capacitative position sensor.

In the following, first the sensitivity function of this sensor configuration is defined and calculated. Then,
the closed-loop transfer function is determined. Finally, using the parameters of the FCM model and the derived
controller settings, these functions are plotted and the respective bandwidths are determined.

Sensitivity function

In this case, since the output position of the DSA system is measured, the sensitivity function of the DSA system
is defined as

S(s) =
xout + δ

δ
=

x1 + x3 + δ

δ
(6.17)

whereδ is an output positional disturbance. Using the model presented in figure 6.5, the sensitivity function of
this sensor configuration is derived in section D.2. Finally, in equation (D.14) the resulting sensitivity function is
given. Due to its complexity this function is not reproduced here.

Closed-loop transfer function

The closed-loop transfer function of the sensor configuration in figure 6.5 is defined as the transfer from the
reference positionxref to the output positionxout = x1 + x3, with both feedback loops closed. This closed-loop
transfer function is derived in section D.1. The obtained transfer function is given in equation (D.6). Due to its
complexity, it is not reproduced here.

Bandwidth

After having derived the closed-loop transfer function and the sensitivity function of this sensor configuration,
using the FCM model parameters and the derived controller settings these functions are plotted. In this case,
the FCM model parameters for which decoupling of the two stages occurs are used. These model parameters are
found as ’Case 2’ in table 5.2. Furthermore, the controller settings for the first-stage actuator are given by equations
(6.12) and (6.13). Finally, the controller for the second-stage actuator is set according to the parameters in table
4.1, for piezo-actuator P-885.10 andm3 = 16 · 10−3 [kg]. It should be mentioned, that the proportional gain of
the second-stage controller is manually adjusted in order to makemax|S(s)| ≤ 6 [dB], such that the controlled
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system satisfies the phase and gain margin as stated in the introduction to this chapter. It turned out that increasing
τi to 3.2 · 10−12 resulted inmax|S(s)| = 5.9 [dB].

a) b)

Figure 6.6: a) Bode plot of the closed-loop transfer function from equation (E.9) and b) plot of the sensitivity
function from equation (D.14) using the model parameters of the FCM and the respective controller settings. Note
that in this caseτi of the second-stage controller is manually adjusted in order to satisfy the stability margins as
stated in the introduction to this chapter.

The resulting closed-loop transfer function is plotted in figure 6.6a, whereas the resulting sensitivity function
is plotted in figure 6.6b. From these figures it can be concluded that the lowest frequency at which the sensitivity
function crosses the 0dB line from below is found at 3155 [Hz]. Furthermore, it is observed that the lowest
frequency at which the closed-loop transfer function crosses the -3dB line from above is found at 9049 [Hz].

6.3.2 Sensor configurations resulting in the decoupled control approach

As was already stated in the introduction to this section, two of the three suggested measurements setups in the
decoupled model of the DSA FCM result in a decoupled controller. These sensor configurations are shown in
figure 6.7. The main difference between the two sensor configurations is found in the position that is measured and
used as feedback signal to the first-stage controller.

In figure 6.7a, measurement of the end-effector position is assumed. In this case, the end-effector position is
measured and used as feedback signal to the first-stage controller. In practice, the end-effector position can either
be measured using a laser triangulation system or camera system. However, under the assumption that movements
of the PM are 1 dimensional, summing the measurement of carriage position and piezo-actuator displacement.
In that case, the position of the carriage can for example be measured by means of a laser triangulation system.
However, a more common approach is to use an optical encoder. The displacement of the piezo-actuator can be
measured by means of a capacitative position sensor.

Furthermore, in figure 6.7b it is assumed the position of the carriage is measured and this measurement is used
as feedback signal to the first-stage controller. Thereby, it is necessary to measure the piezo-actuator displacement
as well, in order to decouple both controllers. This is shown in the following. In this case the previously mentioned
sensors for measuring the respective positions apply.

From the previous it can be concluded that for both implementations two sensors are required for implemen-
tation of the sensor configuration. In the following of this section, it is first shown that the closed-loop transfer
function from the reference positionxref to the output positionxout, is for both sensor configurations in figure
6.7 equal to the closed-loop transfer of the model in figure 6.4b. Consequently, the sensitivity function and closed-
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loop transfer functions of this controller design approach are presented. Finally, using the FCM parameters and
the derived controller settings, the bandwidth of this controller design is determined.

a)

b)

Figure 6.7: Model implementation of a) the decoupled controlled approach DSA system, with end-effector position
measurement and b) the decoupled controlled approach DSA system with carriage position measurement. In a) the
end-effector position is obtained by adding the absolute positions of bothm1 andm3 with respect to the respective
fixed worlds to each other.

Analyzing closed-loop transfer functions

In analyzing the closed-loop transfer function of the sensor configurations, the controllers of the first-stage and
the second-stage actuators in figure 6.7 are respectively denoted asC1 andC2, as in figure 6.4b. Furthermore, the
plant model of the first-stage is denoted asG1 and that of the second-stage asG2.

First, from figure 6.4b it can be concluded thatxout = x1 + xr. Furthermore, the positionsx1 andxr can be
calculated as

x1 = C1G1 · (e + xr) (6.18)

xr = C2G2 · e (6.19)

The first of these equations can be rewritten by substitution of the second equation as

x1 = (C1G1 + C1C2G1G2) · e (6.20)
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In case the closed-loop frequency response is analyzed, the errore is calculated asxref − xout. Substituting this
in the previous relations and solve forxout yields the closed-loop transfer function as

H(s) =
xout

xref
=

C1G1 + C2G2 + C1C2G1G2

1 + C1G1 + C2G2 + C1C2G1G2
(6.21)

Now, for the model in figure 6.7a it can easily be seen that this sensor configuration has the same structure as
the one in figure 6.4b. The output position of this system is a summation ofx1 andx3, the positions of the first
and second-stage respectively. Furthermore, a measurement of the positionx3 is added to the positional error that
is applied to the controller of the first-stage.

It is somewhat more difficult to see the same analogy in the sensor configuration of figure 6.7b. Therefore, the
closed-loop transfer function is calculated. As before, it is seen thatxout = x1 + x3. In this case,

x1 = C1G1e (6.22)

x3 = C2G2 · (e− x3) (6.23)

first x3 should be solved from the latter equation, in order to end-up with a relation forx3 that can be substituted
in the relation forxout. Consequently, the relatione = xref − x1 should be substituted in both relations in order
to obtain the relation forxout. As a consequence, the first relation should then be solved forx1. Performing these
operations yields

x1 =
C1G1

1 + C1G1
· xref (6.24)

x3 =
C2G2

1 + C2G2
· (xref − x1) (6.25)

Finally, substituting the relation forx1 in the relation forx3, xout is obtained and consequently, the closed-loop
transfer is found as

H(s) =
xout

xref
=

C1G1 + C2G2 + C1G1C2G2

1 + C1G1 + C2G2 + C1G1C2G2
(6.26)

It can easily be concluded that this closed-loop transfer is equal to the one presented in equation (6.21). Therefore,
in figure 6.7 two sensor configurations that result in a decoupled controller are presented. As a consequence, the
property that the sensitivity function of this DSA system can be calculated by multiplying the sensitivity functions
of the independent control loops can be used in the course of this section.

Sensitivity function

Since from the literature it is known that in case of decoupled control the sensitivity function of the DSA system can
be obtained by multiplication of the sensitivity functions of the independent control loops, in appendices C.1 and
C.2 the sensitivity functions of both the first and second-stage control loops are derived. The resulting sensitivity
functions are given in equations (C.6) and (C.8). Since the decoupled modelling approach is used, in the sensitivity
function (C.6),m1 should be replaced withm1,d, as defined in chapter 5.

Since from the partial sensitivity functions it can directly be concluded how parameter variation affects the
partial sensitivity function and as a results affects the overall sensitivity function, the overall sensitivity function of
the DSA system is not worked out.

Closed-loop transfer function

After having determined the sensitivity function of the decoupled controller approach, the closed-loop transfer
function of this approach is determined. It should be noted, that in this case the loop from measuringẋ2 to the
PD-controller is taken into account.

In appendix E, the closed-loop transfer function from reference positionxref to output positionxout of the
sensor configurations in figure 6.7 is derived. It should be noted that for both sensor configurations the same
closed-loop transfer results, hence only one derivation is given. The resulting transfer function is given in equation
(E.9). Due to its complexity it is not reproduced here.
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Bandwidth

In the previous, both the sensitivity function and the closed-loop transfer function are derived in terms of the
parameters of the decoupled model. In the previous chapter it has been shown for which parameters of the FCM
model decoupling between the two stages occurs. These model parameters are given as ’Case 2’ in table 5.1
and are used in this section to plot the sensitivity function and the closed-loop transfer function of this control
approach. Furthermore, the numerical values forKp andKd from equations (6.7) and (6.8) are used for setting the
PD-controller of the first-stage actuator. Finally, the controller for the piezo-actuator is set using the parameters
from table 4.1 for PI actuator P885.10 andm3 = 16 · 10−3 [kg]. It should be mentioned that as for the parallel
controlled system, the proportional gain of the second-stage controller should be increased to3.2 · 10−12 in order
to makemax|S(s)| ≤ 6 [dB]. In this case,max|S(s)| = 5.9 [dB] and the controlled system satisfies the phase
and gain margin as stated in the introduction to this chapter.

a) b)

Figure 6.8: a) Bode plot of the closed-loop transfer function from equation (E.9) and b) plot of the sensitivity
function that results from multiplying equation (C.6) with (C.8) and using the model parameters of the FCM and
the respective controller settings. Note that in this caseτi of the second-stage controller is manually adjusted in
order to satisfy the stability margins as stated in the introduction to this chapter.

The closed-loop transfer function is plotted in figure 6.8a. From this plot it can be concluded that the -3dB
line is crossed for the first time at 9050 [Hz]. Subsequently, in figure 6.8b the sensitivity function of this controller
design is plotted. From this figure it can be concluded that the sensitivity function crosses the 0dB line from below
for the first time at 3155 [Hz].

6.4 Sensor configurations using the coupled model

Previously, three sensor configurations have been presented which use the decoupled model of the DSA system
as a starting point. In chapter 5 we have concluded that in the case that decoupling occurs,m3 becomes so small
that practical implementation in the FCM is not likely to be possible. As a consequence, it can be concluded that
controllers for the DSA system should be designed using MIMO design tools. However, since it is attractive to
implement the previously derived, relatively simple controllers to control the DSA system, it is investigated under
which circumstances these controllers can be applied to the coupled model and result in a stable controlled system.

For the coupled model, two sensor configurations have been found. The first is shown in figure 6.9. This
sensor configuration measures the position of the end-effector and uses this measurement as feedback signal to
both the first-stage and second-stage controllers. The idea behind this implementation is similar to the parallel
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control approach of the decoupled system. Further details on this sensor configuration are given in section 6.4.1.
The second sensor configuration is given in figure 6.11. It can be seen that in this case the carriage position is

measured and used as feedback to the first stage actuator. Furthermore, the displacement of the piezo-actuator is
measured and this measurement is used together with the carriage position measurement as input to the second-
stage controller. The idea behind this implementation is similar to the decoupled control approach of the decoupled
system. Details on this sensor configuration are given in section 6.4.2.

6.4.1 Measure end-effector position

In this section, for the sensor configuration in figure 6.9, it is investigated under which circumstances the con-
trollers can be separately designed, such that the controlled system satisfies the stability margins as stated in the
introduction to this chapter. This is done by first calculating the poles of the closed-loop transfer of this system. It
is checked whether these are located in the left half plane of the pole-zero plot. If that is the case, then the system
is stable. Subsequently, the maximum value of the closed-loop transfer function of the system is determined and
it is checked whether this value is smaller than 2 [dB]. If that is the case, the stability margins as defined in the
introduction to this chapter are satisfied.

First, the implementation of this sensor configuration is discussed. From figure 6.9, it can be seen that the
position of the end-effector is measured and used as feedback signal to both controllers. In practice, the measure-
ment system can be implemented by means of a laser triangulation system or camera system. Furthermore, by
measuring both the position of the carriage and the relative displacement ofm3 with respect tom1,c and summing
these, the position of the end-effector can also be obtained. However, this implementation can only be considered
in case the movements of the system are 1-dimensional. In this case, the position of the carriage can be measured
by means of an optical encoder, whereas the displacement of the piezo-actuator can be measured by means of a
capacitative displacement sensor.

Figure 6.9: Sensor configuration using the coupled model and measuring the position of the end-effector.

Stability

In order to analyze the stability of the system in figure 6.9, for various values ofm3, first the closed-loop transfer
function from the reference positionxref to the output of the systemxout = x3 is derived in section F.1. From
this calculation, the resulting closed-loop transfer function is given in equation (F.7). Furthermore, the sensitivity
function of the sensor configuration in figure 6.9 is defined as

S(s) =
x3 + δ

δ
(6.27)

whereδ is an output positional disturbance that is measured by the sensory system. In section F.2 the sensitivity
function of this system is derived. The resulting sensitivity function is given in equation (F.14). Due to their
complexity, the closed-loop transfer and the sensitivity function are not reproduced here.
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From chapter 5, we know that in casem3 = 16·10−3 [kg] decoupling occurs. It is first investigated whether for
this value ofm3 the closed-loop transfer and sensitivity function of the coupled model satisfy the stability margins
as defined in the introduction to this chapter. Substituting this value form3 and the accompanying controller
settings in the closed-loop transfer function, reveals that in this case, the closed-loop poles are located in the left
half plane of the pole-zero plot. Furthermore, the maximum value of the closed-loop transfer function is 2.4 [dB];
this maximum value is found in the frequency range in which the piezo-actuator operates. Thus increasingτi to
4 · 10−12, which in effect lowers the time-constant of the PI-controller, reduces this peak. The tuning procedure
for this case is illustrated in figure 6.10a. It is observed that in this case the maximum value of the closed-loop
transfer is equal to 1.8 [dB]. Consequently, the system satisfies the stability margins.

a)

b)

Figure 6.10: Magnitude plots of the closed-loop transfer in case of a)m3 = 16 · 10−3 [kg] and b)m3 = 0.73
[kg]. In figure a), the stability margins are satisfied by increasingτi only, since the instability might be caused
by the second-stage actuator. In figure b), firstKp is decreased in order to decrease the maximum value ofT (s),
subsequentlyτi is increased in order to satisfy the stability margins and to maintain a large bandwidth.

Next, m3 is increased to0.73 [kg] and the accompanying controller settings for the second-stage controller
from table 4.1 are substituted in the closed-loop transfer function. Subsequently, the closed-loop transfer function
is plotted, see figure 6.10b. From this plot, the maximum value is determined to be equal to 13.6 [dB]. It is thus
concluded that in this case the stability margins are not satisfied. It should be noted that in this case the maxi-
mum value of the closed-loop transfer is found in the frequency range in which the first-stage actuator operates.
Furthermore, since increasingm3 results in decreasingm1,c, the resonance and anti-resonance frequency of the
first-stage actuator shift. This observation gave rise to investigate the closed-loop stability and the stability margins
by manually tuning the controller parametersKp, Kd. Eventually, fine-tuning can be done by increasingτi.
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m3 Kp τi max|T(s)| f|T(s)|=−3 [dB] f|S(s)|=0 [dB]
[kg] [dB] [Hz] [Hz]
16 · 10−3 1.0 · 107 4.0·10−12 1.8 6707 2800
0.23 1.0 · 107 1.3 · 10−11 2.0 1963 760
0.48 0.8 · 106 1.8 · 10−11 2.0 1227 433
0.73 0.6 · 106 2.0 · 10−11 2.0 516 326

Table 6.1: Controller settings for varying values ofm3 using a measurement of the end-effector position. Using
these controller settings, the stability margins given in the introduction to this section are obtained. In the latter
two columns the resulting bandwidth of the closed-loop transfer function and the sensitivity function are given.

It first revealed, that changes inKd, even after changingKp, resulted in instability. From this, it was concluded
that only small variations in the magnitude ofKd are possible. Changes inKd are therefore not considered.
However, lowering the magnitude ofKp resulted in a lower maximum value of the closed-loop transfer, as can be
seen in figure 6.10b.

The tuning procedure for stabilizing the system for various values ofm3 is as follows: If for a given value
of m3 the maximum value of the closed-loop transfer is located in the frequency range of the first-stage actuator,
then the magnitude ofKp is lowered as long asmax|T (s)| > 2 [dB] and loweringKp results in a significant
decrease ofmax|T (s)|. In casemax|T (s)| does not decrease significantly and stillmax|T (s)| > 2 [dB], the
stability margins can be satisfied by increasingτi. It should be noted that the system can also be stabilized by
only increasingτi. However,τi largely determines the bandwidth of the second-stage actuator and increasingτi

results in a smaller bandwidth. Since the bandwidth of the DSA system is determined by the bandwidth of the
second-stage actuator, this method is not preferable.

The above given tuning procedure is applied to the model in figure 4.1 and using three values ofm3. The
resulting values forKp, τi andmax|T (s)|, as well as the bandwidth of the system from the sensitivity function
and the closed-loop transfer function are given in table 6.1

Conclusions

From the previous it has become clear that the independently designed SISO controllers for the first-stage and
second-stage actuator should in case of implementation be manually tuned. Consequently, a stable closed-loop
system with poles in the left half plane of the pole-zero plot and a maximum value of the closed-loop transfer
smaller than 2 [dB] can be obtained.

Furthermore, it has also been shown that the value form3 for which decoupling occurs, is not necessarily a
limit on the value ofm3 in order to use the separately designed controllers. In the previous examples, it has been
shown that even in casem3 = 0.73 [kg] the resulting bandwidth is larger than in case of the single-stage actuated
system. Further increasing the numerical value ofm3 and stabilizing the system seems possible, however the
resulting increase of bandwidth is limited.

6.4.2 Measure carriage position

Another possible sensor configuration for controlling the DSA system, while assuming the coupled model, is given
by figure 6.11. This configuration measures both the position of the carriage and the displacement of the piezo-
actuator. In this case, the carriage position is used as feedback to the first-stage controller. The displacement of
the piezo-actuator is used together with the carriage position measurement, as input to the second-stage controller.
The idea behind this implementation is drawn from the decoupled controller design approach sketched in section
2.5.1.

However, a main difference between implementing this sensor configuration in the coupled and the decoupled
model is found in the sensitivity function. In case of the decoupled model, the sensitivity function is found as a
multiplication of the sensitivity functions of the independent control loops. However, in case of the coupled model,
the sensitivity function should be determined per feedback loop. Using figure 6.11 and assume thatxref = 0, it
can easily be seen that an output disturbanceδ1, which is measured by position sensorx1, is only compensated for
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Figure 6.11: Sensor configuration using the coupled model and measuring both the position of the carriage and the
displacement of the piezo-actuator.

by the first-stage controller. As a result, in the positionx3, the output position of the DSA system, the disturbance
δ1 is directly observed. From this analysis it can be concluded that this sensor configuration does not increase the
sensitivity bandwidth of the DSA system. In fact, the sensitivity bandwidth can be approximated by that of the
single-stage actuated system.

Stability

For reasons of completeness, the closed-loop transfer function of the system in figure 6.11 is derived in section
G.1. The resulting closed-loop transfer is given in equation (G.7). It was already concluded that in this case the
sensitivity function should pe determined per feedback loop. In this case, two feedback loops are relevant. First,
the loop in which the from carriage positionx1,c is measured. Secondly, the loop in which the displacement of
the second-stage actuator is measured, i.e.x3 − x1,c. However, of the latter feedback loop, we already now the
sensitivity function, since this was already determined in chapter 4. It is also known that the sensitivity bandwidth
of the second-stage actuator is larger than that of the single-stage actuated system. Therefore, the sensitivity band-
width of the carriage position measurement determines ultimately the sensitivity bandwidth of the DSA system.
This sensitivity function is defined as

S(s) =
x1 + δ1

δ1
(6.28)

This sensitivity function is derived in section G.2. The resulting sensitivity function is given in equation (G.14) As
before, due to the complexity of both transfer functions, the transfer functions are not reproduced here.

Conclusions

For this sensor configuration, the same approach as in section 6.4.1 to stabilize the system is followed. The resulting
controller settings and bandwidths are given in table 6.2. It can be concluded that although the resulting controller
settings differ with the ones given in table 6.1, the resulting closed-loop bandwidth is the same. Furthermore, it
should be noted that the sensitivity bandwidth is significantly smaller, due to the reasons given before.

Comparing this sensor configuration with the one given in section 6.4.1, it can be concluded that in order to
enlarge the sensitivity bandwidth of the DSA system, it is necessary to measure the position of the end-effector.
When this measurement is available, the second-stage actuator can be used to compensate for disturbances that are
introduced by the movement of both the carriage and the end-effector movement; in this case both disturbances are
observed.
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m3 Kp τi max|T(s)| f|T(s)|=−3 [dB] f|S(s)|=0 [dB]
[kg] [dB] [Hz] [Hz]
16 · 10−3 1 · 107 4 · 10−12 1.8 6707 137
0.23 0.8 · 107 1.1 · 10−11 2.0 1966 124
0.48 0.1 · 107 1.8 · 10−11 1.9 1227 40
0.73 0.1 · 106 2.8 · 10−11 2.0 529 7

Table 6.2: Controller settings for varying values ofm3 using carriage position measurement. Using these controller
settings, the stability margins given in the introduction to this section are obtained. In the latter two columns the
resulting bandwidth of the closed-loop transfer function and the sensitivity function are given.

6.5 Conclusions

In this chapter, both the stability, closed-loop bandwidth and sensitivity bandwidth of both the coupled and de-
coupled model are determined for various sensor configurations. Four of the five presented sensor configurations
increased both the sensitivity and the closed-loop bandwidth of the resulting DSA system. It should be noted that
the results of this analysis are only valid for the case in which the second-stage actuator is not in saturation.

Considering the decoupled model first, it is concluded that the sensor configurations can be implemented by
using two sensors at maximum. One sensor measures the position of the carriage and the other the displacement
of the piezo-actuator. The alternative is to use one sensor which measures the position of the end-effector. Using
the simplified FCM model, the presented controller parameters and a load massm3 = 16 · 10−3 [kg], such that
decoupling occurs, it was shown that the closed-loop bandwidth can be increased to 9050 [Hz] and the sensitivity
bandwidth to 3155 [Hz]. Compared to 471 [Hz] and 140 [Hz] respectively, in case of the single-stage actuated
system. Note again, that a single-stage actuated system with a resonance frequency of 551 Hz is taken as starting
point. Furthermore, between the two evaluated controller designs, we have not seen differences in closed-loop or
sensitivity bandwidth.

It was already concluded in the previous chapter, that it is in practice not likely, that a location in the PM of the
FCM can be found, where this mass can be displaced. The lesson that can be learnt from this example is however,
that in case the decoupled model can be used, it is not necessary to measure the position of the end-effector in
order to increase the sensitivity and closed-loop bandwidth. And consequently, the bandwidth of the DSA system
can be approximated by the bandwidth of the second-stage actuator.

In case the parameters of the second-stage actuator are such, that decoupling of the two stages does not occur,
it has been shown that the decoupled designed SISO-controllers for both stages can be used. However, the settings
of this controller should be manually tuned in order to satisfy the stability margins of the closed-loop system, as
defined in section 6.1. In section 6.4 it is described how the controller parameters are tuned in order to satisfy the
stability margins. A main advantage of this method is that the bandwidth of the DSA system is preserved, while
robustness is improved. Furthermore, it was concluded that of the two sensor configurations that were suggested
for the coupled model, only one configuration increases both the sensitivity and the closed-loop bandwidth. In that
case, the load mass to the second-stage actuator can be up to 0.73 [kg], while increasing both the closed-loop and
sensitivity bandwidth. In fact, the bandwidth of the DSA system is somewhat smaller than given in table 4.1 for the
piezo-actuator alone. Furthermore, comparing the sensor configurations for the coupled model leads to a general
conclusion; in case of the coupled model, the position of the end-effector should be measured in order to increase
both the sensitivity and closed-loop bandwidth. In case the DSA system performs a 1-dimensional motion, this
position can be measured either via direct measurement of the end-effector position or by summing the carriage
position and the piezo-actuator displacement.
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Chapter 7

Conclusions and recommendations

7.1 Conclusions

Literature research

During this research, first a literature study on dual-stage actuation in HDDs was conducted. From that, it was
concluded that dual-stage actuation in HDDs is considered as a means to increase the servo-bandwidth of the
HDD, such that the demands in increasing response time and increasing accuracy at the same time can be met.
It turned out, that the limiting factor in bandwidth is found in the mechanical resonances between the first-stage
actuator and the read/write head. Furthermore, it is difficult to compensate for these mechanical resonances by
means of improved mechanical design. Consequently, the solution is found in the application of a second actuator.
This second actuator is characterized by a large bandwidth and short stroke, such that it is able to compensate for
the high frequency disturbances. By modelling the FCM, it was concluded that in this application also a mechanical
resonance is found, which puts limits on the achievable bandwidth.

Decoupled and coupled dual-stage actuated systems

Furthermore, from the literature research, it has become clear that for controlling the dual-stage actuated (DSA)
HDD, decoupled SISO-design methodologies have been used. These methodologies have the advantage of being
simple and insightful. The assumption underlying these methodologies is that the output of a DSA system is a
summation of the displacement of the two stages.

In order to verify if this assumption holds for industrial applications like the FCM, models of both the first and
second-stage actuator are developed. Subsequently, two DSA models were defined. One model was denoted as the
decoupled model; in this case, the output of the DSA system was obtained by summing the output of both stages.
The second model was denoted as thecoupled model; in this case, interaction between the first and second-stage
was present. The output of the system is given by the displacement of the second-stage actuator, which interacts
with the carriage of the first-stage actuator.

Writing out the plant transfer functions of both models, it was concluded that in case of the coupled model,
the Bode plot was different compared to the decoupled model. Actually, a resonance and an anti-resonance fre-
quency were introduced in the plant transfer function from second-stage actuator input to second-stage actuator
displacement. By assuming damping in the system, the mass of the second-stage for which decoupling occurs
can be calculated. In order to be able to do so, a definition of decoupling was introduced, based on the Bode
plot of the plant transfer. Application of this definition to the FCM model parameters, lead to the conclusion that
decoupling occurs in case the load mass to the second-stage actuator is very small. From that, it was concluded
that it is not likely that in practice a location in the FCM can be found, where that mass can be displaced and to
which a second-stage actuator can be rigidly attached. Using the FCM model parameters, decoupling can thus not
be assumed. However, this conclusion cannot be generalized.
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Sensor configurations

From the literature research on DSA HDDs, it was furthermore concluded, that the sensory system of the HDD
needed not be adapted in order to implement a second-stage actuator. This is due to the fact that in a single-
stage actuated HDD, the position of the read/write head, i.e. the end-effector, is measured. However, in case of
industrial applications in general and for the FCM in particular, this is not (always) the case. Therefore, for both the
coupled and decoupled model, sensor configurations have been determined. Subsequently, for each configuration
the closed-loop bandwidth and sensitivity bandwidth were determined.

Concerning the decoupled model, the main conclusion is that the sensitivity bandwidth and closed-loop band-
width of the DSA system were approximated by those of the second-stage actuator. Furthermore, it turned out that
measurement of the end-effector position is not necessary.

With respect to the coupled model, it was concluded that direct application of the decoupled designed con-
trollers resulted in an unstable closed-loop system. By manually tuning the controllers, the system was stabilized
and the stability margins satisfied. However, it was also concluded that in this case, in order to increase both
the sensitivity and the closed-loop bandwidth of the DSA system, measurement of the end-effector position is re-
quired. This sensor configuration was used, in combination with the assumption of mass distribution between the
two stages, to investigate the resulting bandwidth for various values of the load mass to the second-stage actuator.
Furthermore, the first-stage was given by a fourth-order plant, with a resonance frequency of 551 [Hz]. From this,
it appeared that assigning a load mass of up to 0.73 [kg] to the second-stage actuator, resulted in an increase of the
sensitivity and the closed-loop bandwidth.

General conclusions

In general, it can be concluded that dual-stage actuation is an effective means to increase the sensitivity and closed-
loop bandwidth of a system. Furthermore, in the case that decoupling between the first and second-stage occurs,
only minor changes have to be made to the sensory system. Thereby, the presented SISO design methodologies
can be directly applied.

However, in practice decoupling might be hard to achieve. In that case, more attention has to be paid to the
development of suitable controllers. Furthermore, in the case that in the application the position of the end-effector
is not measured, the sensory system should undergo major changes. This means that in the case of applying
dual-stage actuation to the FCM, dual-stage actuation cannot be implemented without using an expensive sensory
system to measure the end-effector position. However, for applications in which the end-effector position is already
measured, dual-stage actuation can indeed be an inexpensive means to increase performance.

7.2 Recommendations

Previously, it was concluded that dual-stage actuation is an effective means to increase the system’s bandwidth.
However, in the analysis on dual-stage actuation in general and in the FCM in particular, some topics have not
been discussed. Therefore, after having carried out this research, the following recommendations can be given.

2-D models

During this research, 1-dimensional motion was assumed. This assumption is justified for assessing the possibili-
ties, advantages and disadvantages of dual-stage actuation. However, from literature on the FCM it is known that
the motion of the end-effector is not 1-dimensional. In order to fully oversee the disadvantages of implementing
a second-stage actuator to the FCM, it is recommended to included the second dimension of motion in the model.
From that, conclusions on the suggested sensor configuration can be drawn. Consequently, it can be assessed
whether or not the suggested sensor configuration can be implemented.

Other (micro-)actuators

During this research, only piezo-actuators have been used as a second-stage actuator. However, from literature
on dual-stage actuated HDDs it appeared that also electrostatic and electromagnetic micro-actuators can be used
for dual-stage actuation. It is recommended, that models be developed for these actuator types. Subsequently, it
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is recommended to investigate for these actuator types, under which circumstances decoupling between the two
stages occurs.

Controller design

During this research, it has been shown that using the coupled model in combination with the decoupled designed
controllers, results in an unstable system. By means of manually tuning, the controller parameters became such
that the system was stabilized. It is however recommended to formalize this tuning procedure and to investigate
the possibilities to calculate the controller parameters of the DSA system in a comparable way as Coelingh (2000)
did for a single-stage actuated system.

Furthermore, since the DSA system is MIMO in essence, it is recommended to investigate the possibilities
of developing MIMO-controllers to the dual-stage actuated system. This is also of interest, since the resonance
frequency of mass-produced piezo-actuators tend to variate in magnitude. In this case, MIMO-design tools can
enhance robustness of the DSA system.

Practical setup

During this research, we performed an analytical investigation into the models, controller design and sensor con-
figurations of a DSA system. From this research, we have concluded that in general, dual-stage actuation is an
effective means to increase the system’s bandwidth. However, the insight we gained in modelling and controlling
dual-stage actuated system is meaningless, if we do not know what performance we can obtain in practice. It is
therefore recommended to realize a practical setup, in which we can evaluate the response of the DSA system for
various actuators, load masses and sensor configurations.
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Appendix A

Parameters piezo-actuator

A.1 Parameters of P885.10 piezo-actuator

xmax 9 [µm]
Umax 120 [V]
Fblock 900 [N]
c 115 · 106 [N/m]
ωr 2π · 135 · 103 [rad/s]
meff 1.60 · 10−4 [kg]
dU,F 7.5 [N/V]
dU,x 6.5 · 10−8 [m/V]

Table A.1: Parameters of the PI’s P885.10 piezo-actuator (PI-datasheets, 2004).

A.2 Parameters of P888.20 piezo-actuator

xmax 11 [µm]
Umax 120 [V]
Fblock 3600 [N]
c 353 · 106 [N/m]
ωr 2π · 110 · 103 [rad/s]
meff 7.39 · 10−4 [kg]
dU,F 30 [N/V]
dU,x 8.5 · 10−8 [m/V]

Table A.2: Parameters of the PI’s P888.20 piezo-actuator (PI-datasheets, 2004).
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Appendix B

Plant transfer function coupled and
decoupled DSA-model

B.1 Coupled system

The positionx2 is calculated by solving the following relation forx2

m2s
2x2 = Fin − Fc12 = Fin + c12 (x1 − x2) (B.1)

This results in

x2 =
Fin + c12x1

m2s2 + c12
(B.2)

The same approach is followed forx1. The positionx1 is calculated by solving the relation

m1,cs
2x1 = Fc12 − Fc13 = −c12(x1 − x2) + c13(x3 − (x1 + x2nd) (B.3)

substitution of (B.2) and solving forx1 results in

x1 =
c12Fi +

(
m2c13s

2 + c12c13

)
x3 −

(
m2c13s

2 − c12c13

)
x2nd

m1,cm2s4 + m1,cc12s2 + (c12m2 + c13m2) s2 + c12c13
(B.4)

Finally the positionx3 is calculated by solving

m3s
2x3 = Fc13 = −c13(x3 − (x1 + x2nd)) (B.5)

Substituting (B.4) and solving forx3 results in

x3 =

(
b4s

4 + b2s
2
)
x2nd + d0Fin

a6s6 + a4s4 + a2s2
(B.6)

with

a6 = m1,cm2m3

a4 = (m2m3 + m1,cm3) c12 + (m1,cm2 + m2m3) c13

a2 = c12c13 (m1,c + m2 + m3) (B.7)

b4 = c13m1,cm2

b2 = c13c12 (m1,c + m2)
d0 = c12c13
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The poles and zeros of equation (B.6) can be calculated symbolically, by using some assumptions on the sign
and relative magnitude of the coefficients. These assumptions follow from the coefficients above. The resulting
assumptions are given as

a6, a4, a2 > 0
a2 > a6

a2 > a4

a4 > a6

b4, b2 > 0
b2 > b4

The poles and zeros have been determined using Maple. This results in

p1,2,coupled = 0, 0 (B.8)

p3,4,coupled = ±i
1
2

√
2 a6

(
a4 −

√
a4

2 − 4 a6a2

)
a6

(B.9)

p5,6,coupled = ±i
1
2

√
2 a6

(
a4 +

√
a4

2 − 4 a6a2

)
a6

(B.10)

z1,2,coupled = 0, 0 (B.11)

z3,4,coupled = ±i

√
b2

b4
= ±i

√
c12 (m1,c + m2)

m1,cm2
(B.12)

B.2 Decoupled system

In determining the positionx2, it can be concluded that, since the second-stage actuator does not exert a force
directly onm2, relation (B.2) is not changed.

It should be noted that in this case the numerical value form1 is changed

m1,d = m1,c + m3 (B.13)

This relation is substituted form1 in the coming relations. The positionx1 is determined by solving the relation

(m1,c + m3) s2x1 = Fc12 = −c12(x1 − x2) (B.14)

by substituting (B.2)x1 is solved as

x1 =
c12Fin

(m1,c + m3)m2s4 + ((m1,c + m3) c12 + m2c12) s2
(B.15)

The positionx3 in the decoupled system is easily calculated by recognizing that the plant transfer function of the
piezo-actuator applies, thus

x3 =
c13xnd

m3s2 + c13
(B.16)

Finally xout is determined by adding (B.14) and (B.16). This results in

xout =

(
b4s

4 + b2s
2
)
x2nd +

(
d2s

2 + d0

)
Fin

a6s6 + a4s4 + a2s2
(B.17)

where the coefficients are calculated by:

a6 = m1,cm2m3 + m2
3m2

a4 = (m2m3 + m1,cm3) c12 + (m1,cm2 + m2m3) c13 + m2
3c12
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a2 = c12c13 (m1,c + m2 + m3)
b4 = m1,cm2c13 + m2m3c13 (B.18)

b2 = c12c13 (m1,c + m2 + m3)
d2 = m3c12

d0 = c12c13

As for the coupled model, the poles and zeros of equation (B.17) can be determined symbolically as

p1,2,decoupled = 0, 0 (B.19)

p3,4,decoupled = ±i

√
m2 (m3 + m1,c) c12 (m3 + m1,c + m2)

m1,cm2 + m3m2
(B.20)

p5,6,decoupled = ±i

√
c13

m3
(B.21)

z1,2,decoupled = 0, 0 (B.22)

z3,4,decoupled = ±i

√
m2 (m1,c + m3) c12 (m2 + m3 + m1,c)

m1,cm2 + m3m2
(B.23)

z5,6,decoupled = ±i

√
c13

m3
(B.24)
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Appendix C

Single-stage transfer functions

C.1 Sensitivity function of concept AR-R

The sensitivity function of the single-stage actuated FCM is derived by determining the transfer function:

S(s) =
xout

δ
=

x1 + δ

δ
(C.1)

wherex1 is the output of the system andδ the output disturbance. In order to determine the sensitivity functionS,
the same line of reasoning as for determining the closed-loop transfer function of the single-stage actuated system
is followed. For this analysis, the reference positionxref is assumed to be 0. First, a relation forFin, the input
force to the FCM, is derived as

Fin = −Kpxout − sx2Kd (C.2)

Then, from the force balance onm2, the positionx2 can be calculated as

x2 =
c12x1 −Kpxout

m2s2 + sKd + c12
(C.3)

Consequently, the same approach is followed to determinex1 from the force balance onm1. This results in

x1 = − c12Kpxout

s (m1s3m2 + m1s2Kd + m1sc12 + c12m2s + c12Kd)
(C.4)

Finally, by recognizing that

xout = x1 + δ (C.5)

xout can be solved by substituting equation (C.4) in equation (C.5). By writing out the different terms,xout can
be written as a function ofδ. From this relation, the sensitivity function is determined as

SFCM (s) =
m1m2s

4 + m1Kds
3 + (m1 + m2) c12s

2 + c12Kds

m1m2s4 + m1Kds3 + (m1 + m2) c12s2 + c12Kds + c12Kp
(C.6)

C.2 Piezo-actuator’s sensitivity function

The sensitivity function of the controlled piezo-actuator can easily be derived. In contrast to the concept AR-R
controlled first-stage actuator, the controlled piezo-actuator consists of only one feedback loop. Consequently, the
sensitivity functionS is defined as

S(s) =
1

1 + P (s)C(s)
(C.7)
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whereP (s) is the plant transfer function of the piezo-actuator andC(s) the transfer function of the controller.
From chapter 4 these transfer functions are known. This results eventually in the following sensitivity function

SMA(s) =
s
(
s2 + 2ζrωrs + ω2

r

) (
s2 + 2ζLP ωLP s + ω2

LP

)
a5s5 + a4s4 + a3s3 + a2s2 + a1s + a0

(C.8)

where the coefficients of the denominator are given by

a5 = 1
a4 = 2 (ζLP ωLP + ζrωr)
a3 = ω2

LP + 4ζLP ωLP ζrωr + ω2
r

a2 = 2
(
ζrωrω

2
LP + ζLP ωLP ω2

r

)
a1 = ω2

rω2
LP (1 + dU,x)

a0 =
ω2

rω2
LP dU,x

τi
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Decoupled model: transfer functions for
parallel controller

D.1 Closed-loop transfer using parallel controller

Deriving the closed-loop transfer function from the reference positionxref to the output positionxout = x1 + x3

using the decoupled control approach starts with defining the error signals that are applied to the two controllers.
The error signal that is fed to both controllers is denoted ase and is given by

e = xref − xout = xref − x1 − x3 (D.1)

As before, relations that describe the positionsx1, x2 andx3 are derived by solving the force balances on each of
the three masses. First the relation for the force of the first actuatorFin is given

Fin = Kp (xref − xout)−Kdsx2 (D.2)

Consequently, the relation forx2 is given by

x2 =
Kpxref −Kpxout + c12x1

m2s2 + Kds + c12
(D.3)

and forx1 the following relation is obtained

x1 =
c12Kp (xref − xout)

(m1,dm2s4 + m1,dKds3 + (m1,d + c12m2) s2 + c12Kds)
(D.4)

Finally, the positionx3 is determined. It can easily be seen that in this casex3 can be calculated as

x3 = HPI,parallel(s)dU,x
ω2

r

s2 + 2ζrωrs + ω2
r

· e (D.5)

whereHPI,parallel is given by equation (4.7). Finally, a relation forxout is found by substituting the respective
relations inxout = x1 + x3 and solve forxout. From this relation the closed-loop transfer function of this system
can be determined to be

H(s) =
b4s

4 + b3s
3 + b2s

2 + b1s + b0

a8s8 + a7s7 + a6s6 + a5s5 + a4s4 + a3s3 + a2s2 + a1s + a0
(D.6)

where the coefficients are given by

b4 = m1,dm2dU,xω2
rτiω

2
LP + c12Kpτi

b3 = (τiKd + m2)m1,ddU,xω2
rω2

LP + 2Kpc12τi (ζLP ωLP + ζrωr)
b2 =

(
Kpc12τi + (m1,d + m2) dU,xω2

rτic12 + dU,xω2
rm1,dKd

)
ω2

LP
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+ 4c12ζrωrKpτiζLP ωLP + c12ω
2
rKpτi

b1 =
(
(m1,d + m2) dU,xω2

r + ω2
rdU,xτiKd + 2ζrωrKpτi

)
c12ω

2
LP

+ 2c12ω
2
rKpτiζLP ωLP

b0 = (Kpτi + dU,xKd) c12ω
2
rω2

LP

a8 = τim1,dm2

a7 = 2m1,dm2τiζLP ωLP + m1,dτi (2m2ζrωr + Kd)
a6 = m1,dm2τiω

2
LP + (2m2ζrωr + Kd) 2m1,dτiζLP ωLP

+
(
(m1,d + m2) c12 +

(
2Kdζrωr + m2ω

2
r

)
m1,d

)
τi

a5 = (Kd + 2m2ζrωr) m1,dτiω
2
LP

+
(
(m1,d + m2) c12 +

(
2Kdζrωr + m2ω

2
r

)
m1,d

)
2τiζLP ωLP

+
( (

m1,dω
2
r + c12

)
Kd + (m1,d + m2) 2c12ζrωr

)
τi

a4 =
(
(1 + dU,x)m1,dm2ω

2
r + 2m1,dKdζrωr + (m1,d + m2) c12

)
τiω

2
LP

+
(
c12Kd + (m1,d + m2) 2c12ζrωr + m1,dKdω

2
r

)
2τiζLP ωLP

+
(
(m1,d + m2) ω2

r + Kp + 2Kdζrωr

)
c12τi

a3 = (2m2ζrωr + Kd) τic12ω
2
LP

+
(
(τiKd + m2) dU,xω2

r +
(
2c12ζrωr + Kdω

2
r

)
τi

)
m1,dω

2
LP

+
(
(m1,d + m2) ω2

r + 2Kdζrωr + Kp

)
2c12τiζLP ωLP

+ (Kdωr + 2Kpζr) c12ωrτi

a2 =
(
2Kdζrωr + (m1,d + m2) ω2

r + (m1,d + m2) dU,xω2
r + Kp

)
τic12ω

2
LP

+ dU,xω2
rm1,dKdω

2
LP +

(
Kdω

2
r + Kpζrωr

)
2τic12ζLP ωLP

+ Kpc12τiω
2
r

a1 =
(
(1 + dU,x) τiKdω

2
r + (m1,d + m2) dU,xω2

r + 2Kpτiζrωr

)
c12ω

2
LP

+ 2Kpc12τiω
2
rζLP ωLP

a0 = (Kpτi + dU,xKd) c12ω
2
rω2

LP

D.2 Sensitivity function using parallel controller

The sensitivity function using the parallel control approach is determined under the assumption thatxref = 0 . In
this case the sensitivity functionS is defined as

S(s) =
xout + δ

δ
=

x1 + x3 + δ

δ
(D.7)

whereδ is a positional output disturbance. The starting point of derivingS(s) is defining the forceFin that is
applied to the first actuator. This force can be calculated as

Fin = −Kpxout −Kdsx2 (D.8)

Consequently,x2 is solved from the force balance onm2. This results in the following expression

x2 =
−Kpxout + c12x1

m2s2 + sKd + c12
(D.9)

The same approach is followed in order to obtain a relation forx1 from the force balance onm1

x1 =
−c12Kpxout

m1,dm2s4 + m1,dKds3 + (m1,dc12 + c12m2) s2 + c12Kds
(D.10)
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Then, a relation for determining the positionx3 is derived. From the plant transfer function of the piezo-actuator
canx3 be determined as

x3 =
ω2

r

s2 + 2ζrωrs + ω2
r

x2nd (D.11)

wherex2nd is given by

x2nd = −HPI,paralleldU,xxout (D.12)

whereHPI,parallel is given by equation (4.7). Consequently,x3 can be determined to be

x3 =
−ω2

LP (τis + 1) dU,xc13xout

sτi (s2 + 2ζLP ωLP s + ω2
LP ) (m3s2 + 2ζrωrm3s + c13)

(D.13)

Finally, it is known that in this casexout = x1 + x3 + δ. A relation forxout can be obtained by substituting the
expressions forx1 andx3 in the previous expression and solve forxout. From this relation the sensitivity function
is directly calculated as

S(s) =
xout

δ
=

b8s
8 + b7s

7 + b6s
6 + b5s

5 + b4s
4 + b3s

3 + b2s
2 + b1s + b0

a8s8 + a7s7 + a6s6 + a5s5 + a4s4 + a3s3 + a2s2 + a1s + a0
(D.14)

where the coefficients are given as

a8 = m1,dm2m3

a7 = 2m1,dm2m3ζLP ωLP + m1,dm3 (2m2ζrωr + Kd)
a6 = m1,dm2m3ω

2
LP + (Kd + 2m2ζrωr) 2m1,dm3ζLP ωLP

+ (m1,d + m2) m3c12 + (m2c13 + 2m3Kdζrωr) m1,d

a5 = (2m2ζrωr + Kd) m1,dm3ω
2
LP

+
(
(m1,d + m2) m3c12 + (m2c13 + 2m3Kdζrωr)m1,d

)
2ζLP ωLP

+ (m3c12 + m1,dc13) Kd + (m1,d + m2) 2m3c12ζrωr

a4 =
(
(m1,d + m2) c12m3 + (1 + dU,x) m1,dm2c13 + 2m1,dKdζrωrm3

)
ω2

LP

+
(
(m1,d + m2) 2m3c12ζrωr + (m3c12 + m1,dc13) Kd

)
2ζLP ωLP

+ (2Kdζrωr + Kp) + (m2 + m1,d) c12c13

a3 =
( (

m2
1
τi

+ Kd

)
c13dU,x + 2m3c12ζrωr + c13Kd

)
ω2

LP m1,d

+ (2m2ζrωr + Kd)m3c12ω
2
LP

+
(
(m1,d + m2) c13 + (Kp + 2Kdζrωr) m3

)
2c12ζLP ωLP

+ (c13Kd + 2m3Kpζrωr) c12

a2 =
(
(m1,d + m2) c13 + (m1,d + m2) c13dU,x + (Kp + 2Kdζrωr) m3

)
c12ω

2
LP

+ m1,dc13dU,xKd
1
τi

ω2
LP

+ (c13Kd + 2m3Kpζrωr) 2c12ζLP ωLP + c12Kpc13

a1 =
(
(m1,d + m2) c13dU,x

1
τi

+ (1 + dU,x) c13Kd + 2Kpζrωrm3

)
ω2

LP c12

+ 2c12c13KpζLP ωLP

a0 =
(

KddU,x
1
τi

+ Kp

)
c12c13ω

2
LP

b8 = a8

b7 = a7

b6 = a6
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b5 = a5

b4 =
(
(2m3Kdζrωr + m2c13)m1,d + (m1,d + m2)m3c12

)
ω2

LP

+
(
(m1,dc13 + m3c12) Kd + (m1,d + m2) 2m3c12ζrωr

)
2ζLP ωLP

+ c12

(
(m1,d + m2) c13 + 2m3Kdζrωr

)
b3 =

(
(m1,dc13 + m3c12)Kd + (m1,d + m2) 2m3c12ζrωr

)
ω2

LP

+
(
(m1,d + m2) c13 + 2m3Kdζrωr

)
2c12ζLP ωLP + c12c13Kd

b2 =
(
2m3Kdζrωr + (m1,d + m2) c13

)
ω2

LP c12 + 2c12c13KdζLP ωLP

b1 = ω2
LP c12c13Kd

b0 = 0



Appendix E

Decoupled model: closed-loop transfer for
decoupled controller

The starting point in deriving the closed-loop transfer of this measurement setup is in defining the forceFin that is
applied to the first-stage as

Fin = Kp (xref − x1)− sx2Kd (E.1)

Consequently, a relation forx2 is determined by solving the force balance onm2. This force balance is given by

m2s
2x2 = Fin + c12(x1 − x2) (E.2)

from this,x2 is determined to be

x2 =
Kpxref −Kpx1 + c12x1

m2s2 + sKd + c12
(E.3)

The same approach is followed for determining a relation forx1. Hence, the force balance is given by

m1s
2x1 = −c12(x1 − x2) (E.4)

andx1 is solved by substituting the relation forx2 as

x1 =
c12Kpxref

m1,dm2s4 + m1,dKds3 + (m1,dc12 + m2c12) s2 + c12Kds + c12Kp
(E.5)

Finally, the positionx3 is determined. This is done by first defining the positional errore from the first-stage as

e = xref − x1 (E.6)

Furthermore, it can easily be seen that the transfer frome to x3 with the feedback loop closed results in the desired
relation forx3. Thus

x3 =
HOL,MA

1 + HOL,MA
· e (E.7)

whereHOL,MA is the open-loop transfer of the micro-actuator controller and is given by

HOL,MA = HPI,paralleldU,x
ω2

r

s2 + 2ζrωrs + ω2
r

(E.8)

whereHPI,parallel is given by equation (4.7). Finally, the closed-loop transfer function fromxref toxout = x1 + x3

is given by

H(s) =
c5s

5 + c4s
4 + c3s

3 + c2s
2 + c1s + c0

(a5s5 + a4s4 + a3s3 + a2s2 + a1s + a0)(b4s4 + b3s3 + b2s2 + b1s + b0)
(E.9)
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where the coefficients are given by

a5 = τi

a4 = (ζLP ωLP + ζrωr) 2τi

a3 =
(
ω2

LP + 4ζrωrζLP ωLP + ω2
r

)
τi

a2 =
(
ζrωrω

2
LP + ω2

rζLP ωLP

)
2τi

a1 = (1 + dU,x) τiω
2
rω2

LP

a0 = ω2
rdU,xω2

LP

b4 = m1,dm2

b3 = m1,dKd

b2 = (m1,d + m2) c12

b1 = c12Kd

b0 = c12Kp

c5 = m1,dm2dU,xτiω
2
rω2

LP + c12Kpτi

c4 = (Kdτi + m2) m1,dω
2
rdU,xω2

LP + 2c12Kpτi (ζLP ωLP + ζrωr)
c3 =

(
c12Kpτi + (m1,d + m2) ω2

rdU,xτic12 + ω2
rdU,xm1,dKd

)
ω2

LP

+ c12Kpτi

(
4ζrωrζLP ωLP + ω2

r

)
c2 = c12ωr (ωrdU,xτiKd + (m1,d + m2)ωrdU,x + 2Kpτiζr)ω2

LP

+ 2c12Kpτiω
2
rζLP ωLP

c1 = c12ω
2
r

(
(1 + dU,x) Kpτi + dU,xKd

)
ω2

LP

c0 = c12Kpω
2
rdU,xω2

LP



Appendix F

Coupled model: transfer functions for
end-effector position measurement

F.1 Closed-loop transfer using end-effector position measurement

Deriving the closed-loop transfer function from the reference positionxref to the output positionxout = x3 using
a measurement of the end-effector position and the velocity of the first actuator starts with defining the error signal
that is applied to both controllers.

The error signal that is fed to both controllers is denoted ase and is given by

e = xref − xout = xref − x3 (F.1)

As before, relations that describe the positionsx1, x2 andx3 are derived by solving the force balances on each of
the three masses. First the relation for the force of the first actuatorFin is given

Fin = Kp (xref − x3)−Kdsx2 (F.2)

Consequently, the relation forx2 is given by

x2 =
Kpxref −Kpx3 + c12x1

m2s2 + Kds + c12
(F.3)

The force balance onm1 is in this case given by

m1,cs
2x1 = −c12

(
x1 −

Kpxref −Kpx3 + c12x1

m2s2 + Kds + c12

)
+ c13 (x3 − x1 − x2nd) (F.4)

and consequently,x1 is solved as

x1 =
c12Kpxref +

(
m2c13s

2 + c13Kds + (c13 −Kp) c12

)
x3 −

(
m2s

2 + Kds + c12

)
c13x2nd

m1,cm2s4 + m1,cKds3 + (m1,cc12 + m2c12 + m2c13) s2 + (c12 + c13) Kds + c12c13

(F.5)

In order to calculate a relation forx3, first the output displacement of the position actuator is calculated:

x2nd = HPI,paralleldU,x (xref − x3) (F.6)

whereHPI,parallel is given by equation (4.7). Consequently by substituting this relation forx2nd in the force
balance onm3, x3 can be solved. From this relation the closed-loop transfer function of this system can be
determined to be

H(s) =
b4s

4 + b3s
3 + b2s

2 + b1s + b0

a8s8 + a7s7 + a6s6 + a5s5 + a4s4 + a3s3 + a2s2 + a1s + a0
(F.7)
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where the coefficients are given by

b4 = m1,cm2dU,xτiω
2
rω2

LP

b3 = (τiKd + m2) dU,xm1,cω
2
rω2

LP

b2 =
(
(Kd + c12τi)m1,c + m2c12τi

)
dU,xω2

rω2
LP + c12ω

2
rKpτi

b1 =
(
m1,c + m2 + Kdτi

)
c12dU,xω2

rω2
LP + 2c12ω

2
rKpτiζLP ωLP

b0 = (Kpτi + dU,xKd) c12ω
2
rω2

LP

a8 = τim1,cm2

a7 = 2m1,cm2τiζLP ωLP + (2ζrωrm2 + Kd) m1,cτi

a6 = τim1,cm2ω
2
LP + (2ζrωrm2 + Kd) 2m1,cτiζLP ωLP

+
( (

2ζrωrKd + ω2
rm2

)
m1,c + m2c13 + (m1,c + m2) c12

)
τi

a5 = (2ζrωrm2 + Kd) m1,cτiω
2
LP

+
( (

2ζrωrKd + ω2
rm2

)
m1,c + m2c13 + (m1,c + m2) c12

)
2τiζLP ωLP

+
(
(m2c12 + m2c13 + m1,cc12) 2ζrωr +

(
ω2

rm1,c + c13 + c12

)
Kd

)
τi

a4 =
(
(c12 + c13) m2 + (2ζrωrKd + c12) m1,c + (1 + dU,x) ω2

rm1,cm2

)
τiω

2
LP

+
( (

m1,cω
2
r + c12 + c13

)
Kd + (m2c12 + m1,cc12 + m2c13) 2ζrωr

)
2τiζLP ωLP

+
(
(m1,c + m2) c12ω

2
r + (c12 + c13) 2ζrωrKd + c12c13

)
τi

a3 =
(
(1 + dU,x) τiKd + dU,xm2

)
m1,cω

2
rω2

LP(
(m1,c + m2) c12 + c13m2

)
2τiζrωrω

2
LP + (c13 + c12)Kdτiω

2
LP

+
(
(c12 + c13) 2ζrωrKd + (m1,c + m2) c12ω

2
r + c13c12

)
τiζLP ωLP

+
(
2ζrωrc13 + ω2

rKd

)
τic12

a2 =
(
(m1,c + m2) τic12 + (τic12 + Kd) dU,xm1,c + dU,xτic12m2

)
ω2

rω2
LP(

(c13 + c12) 2ζrωrKd + c12c13

)
τiω

2
LP

+
(
2ζrωrc13 + ω2

rKd

)
2c12τiζLP ωLP + c12Kpτiω

2
r

a1 =
(
2τiζrωrc13 + (1 + dU,x) ω2

rτiKd + (m1,c + m2) ω2
rdU,x

)
c12ω

2
LP

+ 2c12ω
2
rKpτiζLP ωLP

a0 = (dU,xKd + Kpτi) ω2
rc12ω

2
LP

F.2 Sensitivity function using end-effector position measurement

The sensitivity function using the decoupled model and using end-effector position measurement is determined
under the assumption thatxref = 0 . In this case the sensitivity functionS(s) is defined as

S(s) =
x3 + δ

δ
(F.8)

whereδ is a positional output disturbance. The starting point of derivingS(s) is defining the forceFin that is
applied to the first actuator. This force can be calculated as

Fin = −Kpxout − sx2Kd (F.9)

Consequently,x2 is solved from the force balance onm2. This results in the following expression

x2 = − Kpxout − c12x1

m2s2 + Kds + c12
(F.10)

The same approach is followed in order to obtain a relation forx1. From the force balance onm1, x1 is solved as

x1 = −
(
−c13m2s

2 − c13Kds− c13c12

)
x2nd +

(
c13m2s

2 + c13Kds− c12c13

)
x3 −Kpc12xout

m1,cm2s4 + m1,cKds3 + (c13m2 + m1,cc12 + c12m2) s2 + (c12Kd + c13Kd) s + c13c12
(F.11)
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Then, a relation for determining the output displacement of the position actuator is calculated as

x2nd = −HPI,paralleldU,xxout (F.12)

whereHPI,parallel is given by equation (4.7). Consequently by substituting this relation forx2nd in the force
balance onm3, x3 can be solved. Consequently, this relation forx3 is substituted in

−xout + x3 + δ = 0 (F.13)

The relation forxout is obtained by solvingxout from the above relation. From the resulting relation forxout, the
sensitivity function is directly calculated as

S(s) =
xout

δ
=

b8s
8 + b7s

7 + b6s
6 + b5s

5 + b4s
4 + b3s

3 + b2s
2 + b1s + b0

a8s8 + a7s7 + a6s6 + a5s5 + a4s4 + a3s3 + a2s2 + a1s + a0
(F.14)

where the coefficients are given as

b8 = m1,cm2τi

b7 = 2m1,cm2τiζLP ωLP + (Kd + 2m2ζrωr) m1,cτi

b6 = m1,cm2τiω
2
LP + (Kd + 2m2ζrωr) 2m1,cτiζLP ωLP

+
(
(m1,c + m2) c12 + m2c13 + m1,c

(
m2ω

2
r + 2Kdζrωr

) )
τi

b5 = (Kd + 2m2ζrωr) m1,cτiω
2
LP

+
(
(m1,c + m2) c12 + m2c13 + m1,c

(
m2ω

2
r + 2Kdζrωr

) )
2τiζLP ωLP

+
( (

c13 + c12 + m1,cω
2
r

)
Kd + (m1,cc12 + m2c13 + m2c12) 2ζrωr

)
τi

b4 =
(
(m1,c + m2) c12 + m2c13 + m1,c

(
m2ω

2
r + 2Kdζrωr

) )
τiω

2
LP

+
(
c13 + c12 + m1,cω

2
r

)
2τiζLP ωLP Kd

+ (m2c13 + m2c12 + m1,cc12) 4τiζrωrζLP ωLP

+
(
(m1,c + m2) c12ω

2
r + c12c13 + (c12 + c13) 2ζrωrKd

)
τi

b3 =
(
c13 + c12 + m1,cω

2
r

)
Kdτiω

2
LP

+ (m2c13 + m2c12 + m1,cc12) 2τiζrωrω
2
LP

+
(
(m1,c + m2) c12ω

2
r + c12c13 + (c12 + c13) 2ζrωrKd

)
2τiζLP ωLP

+
(
ω2

rKd + 2c13ζrωr

)
c12τi

b2 =
(
(m1,c + m2) c12ω

2
r + c12c13 + (c12 + c13) 2ζrωrKd

)
τiω

2
LP

+
(
ω2

rKd + 2c13ζrωr

)
2c12τiζLP ωLP

b1 =
(
ω2

rKd + 2c13ζrωr

)
c12τiω

2
LP

b0 = 0
a8 = b8

a7 = b7

a6 = b6

a5 = b5

a4 =
(
(m1,c + m2) c12 + (1 + dU,x) m1,cm2ω

2
r + 2m1,cζrωrKd + m2c13

)
τiω

2
LP

+ (m2c13 + m2c12 + m1,cc12) 4τiζrωrζLP ωLP

+
(
c13 + c12 + m1,cω

2
r

)
2KdτiζLP ωLP

+
(
(m1,c + m2) c12ω

2
r + (c12 + c13) 2ζrωrKd + c12c13

)
τi

a3 = (c12 + c13) τiKdω
2
LP + (m2c12 + m2c13 + m1,cc12) 2τiζrωrω

2
LP

+
(
(1 + dU,x) τiKd + m2dU,x

)
m1,cω

2
rω2

LP

+
(
(c12 + c13) 2ζrωrKd + c12c13 + (m1,c + m2) c12ω

2
r

)
2τiζLP ωLP
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+ τic12

(
ω2

rKd + 2c13ζrωr

)
a2 =

(
(m1,c + m2) c12τi + (m1,cc12τi + m2c12τi + m1,cKd) dU,x

)
ω2

rω2
LP

+ (c12 + c13) 2τiζrωrKdω
2
LP + τic12c13ω

2
LP

+
(
ω2

rKd + 2c13ζrωr

)
2c12τiζLP ωLP + c12ω

2
rKpτi

a1 =
(
(m1,c + m2 + τiKd) ω2

rdU,x +
(
2c13ζrωr + ω2

rKd

)
τi

)
c12ω

2
LP

+ 2c12ω
2
rKpτiζLP ωLP

a0 = (Kpτi + dU,xKd) ω2
rc12ω

2
LP



Appendix G

Coupled model: transfer functions using
carriage position measurement

G.1 Transfer function using carriage position measurement

Deriving the closed-loop transfer function from the reference positionxref to the output positionxout = x3 using
measurements of the carriage position and the velocity of the first actuator starts with defining the error signal that
is applied to both controllers.

The error signal that is fed to both controllers is denoted ase and is given by

e = xref − x1 (G.1)

As before, relations that describe the positionsx1, x2 andx3 are derived by solving the force balances on each of
the three masses. First the relation for the force of the first actuatorFin is given

Fin = Kp (xref − x1)−Kdsx2 (G.2)

Consequently, the relation forx2 is given by

x2 =
Kp (xref − x1) + c12x1

m2s2 + Kds + c12
(G.3)

The force balance onm1 is in this case given by

m1,cs
2x1 = −c12

(
x1 −

Kp (xref − x1) + c12x1

m2s2 + Kds + c12

)
+ c13 (x3 − x2nd) (G.4)

and consequently,x1 is solved as

x1 =
c12Kpxref +

(
m2c13s

2 + c13Kds + c12c13

)
x3 −

(
m2c13s

2 + c13Kds + c12c13

)
x2nd

m1,cm2s4 + m1,cKds3 + (m1,c + m2) c12s2 + c12Kds + c12Kp
(G.5)

In order to calculate a relation forx3, first the output displacement of the position actuator is calculated:

x2nd = HPI,paralleldU,x (xref − x1 − x3) (G.6)

whereHPI,parallel is given by equation (4.7). Consequently by substituting this relation forx2nd in the force
balance onm3, x3 can be solved. From this relation the closed-loop transfer function of this system can be
determined to be

H(s) =
b5s

5 + b4s
4 + b3s

3 + b2s
2 + b1s + b0

a9s9 + a8s8 + a7s7 + a6s6 + a5s5 + a4s4 + a3s3 + a2s2 + a1s + a0
(G.7)
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where the coefficients are given by

b5 = m1,cm2ω
2
rdU,xτiω

2
LP

b4 = (m2 + τiKd)m1,cdU,xω2
rω2

LP

b3 =
(
(Kd + c12τi)m1,c + (c12 − c13) m2τi

)
dU,xω2

rω2
LP

+ c12ω
2
rτiKp

b2 =
(
m1,cc12 + (c12 − c13) m2 + (c12 − c13) τiKd

)
dU,xω2

rω2
LP

+ 2c12ω
2
rKpτiζLP ωLP

b1 = (dU,xKdc12 − dU,xc13Kd + c12Kpτi − dU,xc13c12τi) ω2
rω2

LP

b0 = −c12c13dU,xω2
rω2

LP

a9 = m1,cm2τi

a8 = 2m1,cm2τiζLP ωLP + m1,cKdτi + 2ζrωrm1,cm2τi

a7 = m1,cm2τiω
2
LP + (2ζrωrm2 + Kd) 2m1,cτiζLP ωLP

+ τi

(
(m1,c + m2) c12 +

(
m2ω

2
r + 2ζrωrKd

)
m1,c

)
a6 = (Kd + 2ζrωrm2) m1,cτiω

2
LP

+
(
(m1,c + m2) c12 +

(
m2ω

2
r + 2ζrωrKd

)
m1,c

)
2τiζLP ωLP

+ τi

( (
c12 + ω2

rm1,c

)
Kd+(m1,c + m2) 2ζrωrc

12
)

a5 =
(
2ζrωrm1,cKd + (m1,c + m2) c12 − dU,xc13m2 + (1 + dU,x) m1,cm2ω

2
r

)
τiω

2
LP

+
( (

ω2
rm1,c + c12

)
Kd + (m1,c + m2) 2ζrωrc12

)
2τiζLP ωLP

+ τi

(
(Kp + 2ζrωrKd) c12 −m2ω

2
rc13 + (m1,c + m2) ω2

rc12

)
a4 =

(
(1 + dU,x)Kdτi + m2dU,x

)
m1,cω

2
rω2

LP

+
(
(m2 + m1,c) c12 −m2c13dU,x

)
2τiζrωrω

2
LP

+
(
(c12 − dU,xc13) Kdτi −m2c13dU,x

)
ω2

LP

+
(
ω2

rm1,cc12 + ω2
rc12m2 + 2ζrωrc12Kd + c12Kp −m2ω

2
rc13

)
2τiζLP ωLP

+ τi

(
(c12 − c13) ω2

rKd + 2c12ζrωrKp

)
a3 =

(
(c12 − c13) dU,xm2τi + m1,cdU,x (τic12 + Kd)−m2c13τi + (m1,c + m2) c12τi

)
ω2

rω2
LP

+
(
c12Kdτi − (m2 −Kdτi) c13dU,x

)
2ζrωrω

2
LP

−
(
(c12τi −Kd) dU,xc13 + c12Kpτi

)
ω2

LP

+
(
(c12 − c13) ω2

rKd + c12ζrωrKp

)
2τiζLP ωLP c12ω

2
rτi + (Kp − c13) c12ω

2
rτi

a2 =
(

(1 + dU,x) c12Kdτi − dU,xc13m2 − (1 + dU,x) c13Kdτi + (m1,c + m2) c12dU,x

)
ω2

rω2
LP(

+ c12Kpτi − (Kd + c12τi) c13dU,x

)
2ζrωrω

2
LP − c12c13dU,xω2

LP

+ (Kp − c13) 2c12ω
2
rτiζLP ωLP

a1 =
(
c12Kpτi + (c12 − c13) dU,xKd − (1− dU,x) c12c13τi + dU,xτic12Kp

)
ω2

rω2
LP

− 2c12c13dU,xζrωrω
2
LP

a0 = (Kp − c13) c12ω
2
rdU,xω2

LP

G.2 Sensitivity function using carriage position measurement

The sensitivity function using the decoupled model and carriage position measurement is determined under the
assumption thatxref = 0. Furthermore, only the sensitivity functionS(s) of the carriage position loop is derived.
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This sensitivity function is defined as

S(s) =
x1 + δ

δ
(G.8)

whereδ is a positional output disturbance. The starting point of derivingS(s) is defining the forceFin that is
applied to the first actuator. This force can be calculated as

Fin = −Kpxout − sx2Kd (G.9)

Consequently,x2 is solved from the force balance onm2. This results in the following expression

x2 =
c12x1 − xoutKp

m2s2 + Kds + c12
(G.10)

The same approach is followed in order to obtain a relation forx1. From the force balance onm1, x1 is solved as

x1 = −
c12xoutKp −

(
m2c13s

2 + c13Kds + c12c13

)
x3 +

(
m2c13s

2 + c13Kds + c12c13

)
x2nd

m1,cm2s4 + m1,cKds3 + (m1,cc12 + m2c12 + m2c13) s2 + (c12 + c13) Kds + c12c13
(G.11)

Then, a relation for determining the output displacement of the position actuator is calculated as

x2nd = −HPI,paralleldU,x (xout − x3) (G.12)

whereHPI,parallel is given by equation (4.7). Subsequently by substituting this relation forx2nd in the force
balance onm3, x3 can be solved. This relation forx3 is substituted in the relation forx1, to obtain a relation for
xout. In this case,

−xout + x1 + δ = 0 (G.13)

The relation forxout is obtained by solvingxout from the above relation. From the resulting relation forxout, the
sensitivity function is directly calculated as

S(s) =
xout

δ
=

b15s
15 + b14s

14 + (..) + b2s
2 + b1s + b0

a15s15 + a14s14 + (..) + a2s2 + a1s + a0
(G.14)

Since in this case, it can be directly seen that the sensitivity bandwidth of this loop does not increase after including
the second-stage actuator, the coefficients of the above sensitivity function are not worked out.
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