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Frame vibrations and settling-time of servo systems

Abstract

Mechanical vibrations more and more influence the performance of motion systems due to increasing
demands on speed and accuracy. A motion system consists of a stationary machine frame with a
limited mass and stiffness and a servo-controlled load. The vibrations of the frame, induced by the
set-point signal, lead to disturbances of the load motion.

The influences of the system parameters, such as the frame mass, the frame stiffness, the frame
damping and the bandwidth frequency on the time-domain responses of the system have to be
investigated. With the aid of the results of such an analysis, changes to the motion system can be
made to minimize its settling-time.

The behaviour of a system and consequently its settling-time can be predicted by estimating the time
domain responses of the system, using the system parameter values only. However, in some cases
these estimations differ too much from the real time-domain responses, so that simulations have to be
performed to determine the behaviour of the system.

Some conclusions can be drawn with respect to the course of the settling-time as function of one
changing system parameter value. For some system parameters, the influence of one system
parameter on the settling-time depends on the value of that system parameter only, while for other
system parameters the influence on the settling-time also depends on the values of some of the other
system parameters.

Optimization of a system with several variable system parameters is a possibility to come to a certain
system configuration having a minimum settling-time. This means that the variable system
parameters are assigned those values, so that the settling-time of the system is minimum. However,
the method is time-consuming and also very sensitive to small changes in the system parameters
(leading to different optimization results).
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Preface

The CFT (Centre for Manufacturing Technology) is an organization within Philips supplying services
and knowledge on manufacturing technology to the product divisions. The services range from
offering specific know-how to participation in so-called multidisciplinary projects. Within CFT,
research and development like the preliminary development of products and means of production are
part of the work. Attention is also paid to the step from product development to production.

Mechatronics is a department within the sector CFT. Its product is knowledge on mechatronics, a
well-considered integration of disciplines of different specialisms. The department Mechatronics is
sub-divided in a number of groups. There are Tribology, Design Principles, Predictive Modelling,
Drive Systems, Motion Control, Equipment Control and Prototype Development. These groups are
engaged in different projects in the field of accurate positioning systems, such as CD drive
mechanisms, wafer steppers and component mounters.

My term of probation was at the Predictive Modelling group. This group takes charge of modelling
the mechanical structure and the control of systems and evaluating the results with experiments.
Because of the importance of system dynamics, system control and their interactions with respect to
the system performance, modelling is applied for different phases of the system development.

I would like to thank all employees of the Predictive Modelling group and Mechatronics for their co
operation. My special thanks to ir. A. Rankers of the Predictive Modelling group, dr. ir. R. v. d.
Molengraft and prof. dr. ir. J. Kok of the Eindhoven University of Technology for their assistance
and support.
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List of used symbols
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~ relative frame damping [-]
E position error [m] or [rad]

Eaee acceptable position error [m] or [rad]

Eapp approximation of position error [m] or [rad]

Eexp exponential course of position error (approx.) [m] or [rad]

e arcsin ~ [rad]

v mass ratio mfr/m) [-]

~ damping ratio of system [- ]

0' ~ron [rad/s]
1:j time constant of lag filter [s]

1:dl time constant of lead filter (numerator) [s]

1:d2 time constant of lead filter (denominator) [s]

WBw 21tfBw [rad/s]
(Dd damped natural frequency [rad/s]

(Ddt lI1:dl [rad/s]

(Dd2 1I1:d2 [rad/s]

mrr 21tffr [rad/s]

Ul; l/1:i [rad/s]

ron undamped natural frequency [rad/s]

afr frame acceleration [m/s2] or [rad/s2]

afr,max maximum frame acceleration [m/s2] or [rad/s2]
afr,exp exponential course of frame acceleration (approx.) [m/s2] or [rad/s2]
aset amplitude of set-point acceleration [m/s2] or [rad/s2]
bfr absolute frame damping [Nms/rad]
Cm Km*Ka [Nm/V]
F motor torque [Nm]
fBw bandwidth frequency [Hz]

ffr frame frequency [Hz]

ffr,o initial value of frame frequency (optimization) [Hz]
Heon transfer function of mechanical system [- ]
Hmeeh transfer function of controller [-]
K proportional gain of controller [-]
Ka amplifier constant [AlV]
Km motor constant [Nm/A]
kfr frame stiffness [Nm/rad]

mfr frame mass [kg] or [kgm2]

mfr,O initial value of frame mass (optimization) [kg] or [kgm2]

ml load mass [kg] or [kgm2]
qfr absolute frame displacement [m] or [rad]

ql absolute load displacement [m] or [rad]
Tfr 21t/mrr [s]

tsetll settling-time [s]

tshoek shock duration [s]
u output of controller + feed-forward [V]

y output of system: ql - qfr [m] or [rad]

Yset set-point displacement [m] or [rad]
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Frame vibrations and settling-time of servo systems

1. Introduction

High performance motion systems, ranging from a small consumer product such as the CD player to
professional production equipment such as the wafer stepper, have to meet increasing requirements
with respect to speed and performance. This leads to a growing influence of mechanical vibrations on
the performance of the motion systems.

At present, the controllers of the motion systems often only consider the relation between the driving
force and the motion of the driven system, assuming that the system behaves as one rigid mass driven
by a force. More and more, the influence of mechanical vibrations on the performance of the system
should be considered.

So, the performance of a motion system, measured on the basis of the settling-time for example, can
be greatly influenced by the dynamic properties of the mechanical system. In this paper, the dynamic
properties of the mechanical system are characterized by a limited mass and stiffness of the stationary
machine frame. These conditions lead to frame vibrations, which may disturb the motion of the load.

On the basis of a simple motion system consisting of a stationary machine frame with a limited mass
and stiffness and a servo-controlled load, methods have to be found to minimize the settling-time.
Therefore, insight into the influences of the system parameters, such as the frame mass, the frame
stiffness, the bandwidth frequency and the set-point signal on the system behaviour has to be gained.
This insight enables the analysis of motion systems and the minimization of the settling-time.

In Chapter 2 a description of the investigated mechanical system and its controller is given together
with the equations and characteristics. A division of the area of investigation (with respect to the
system parameter values) is made in Chapter 3 in order to analyse the influence of the system
parameter values on the system behaviour and to estimate the system responses with aid of some
simple estimations.

Chapter 4 deals with an extensive analysis of the influences of the different system parameters on the
system behaviour and in a narrower sense on the settling-time of the system. Changes of the value of
one of the system parameters give insight into the influence of this parameter on the settling-time.

In Chapter 5, two systems with some variable system parameters are investigated by changing these
parameter values in order to minimize the settling-time. This optimization is proceeded by an
estimation of the optimal system parameter values and of the system responses. Chapter 6 contains
the overall conclusions and recommendations of this thesis.

WFW report 96.149 1



Frame vibrations and settling-time of servo systems

2. System properties

2.1 Mechanical system

The mechanical system considered in this paper consists of a stationary machine frame with a limited
mass and stiffness and a load (see Figure 2.1). A servo system provides for a driving force in order to
impose a desired motion to the load. The system description is valid for translating systems as well as
rotating systems.

Figure 2.1 System with limited mass and stiffness of frame

When a driving force is applied on the load of the system, a reaction force on the frame will occur.
This reaction force will cause the frame to vibrate. When the frame vibration has not ended at the end
of the set-point, the load has to follow the frame motion. The force required for this can be
considered as a disturbance on the servo system and will effect the error in the relative position of the
load (y =ql - qfr). Figure 2.2 shows the effect of the frame vibration on the position error.

-3 pos. error [rad]
6 x 10

4 I-·············..;.··f·';'. . j ..;............. ..;. j ..;............... .,.............. -j

'r- fram, vibratio includel

~'- frame vibration excluded

-4 1-............ , H: , r'" ..;. ;.... ,... ....., -j

-61-··········· i··· 'i······ , ..;. , . , .

43.5
-8 L--_---'----_----'--_---'-__-'--_-'-__~,-~-~

a 0.5 1.5 2 2.5 3
t [s]

Figure 2.2 Influence of frame vibration on the position error
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The mechanical system can be described as follows:
mtAtr =-ktrqtr - btAtr - F
m,q, =F

Frame vibrations and settling-time of servo systems

(2.1)

(2.2)

(0 [rad/s]

The motor torque F of the servo system can be calculated according to:
F =cmu (2.3)
with Cm being a constant which characterizes the servo system and u being the sum of the output of
the PID controller and the acceleration feed-forward signal (see Section 2.2).

The transfer function of the mechanical system (open loop):
2(C m c m ) b tr cm k tr cmS -+-- +----s+----

H () = Yes) = m] m tr m tr m j m tr m l (2.4)
mech S U(s) S2 (S2 + b tr s + k tr )

mfr m tr

The Bode diagram of the mechanical transfer function Y is drawn in Figure 2.3 for a system with
U

m] = 0.015 [kgm2
], mfr = 0.030 [kgm2

], ffr = 8.5 [Hz], ~ = 0.01 and Cm =1 [NmN(

gain [dB]

-50 ~..................... : • +' •H·;······················;············' , •

-1 00 '--~-'--'----'--'--"-"-'-"---'---'--..........-'-'-"-'---'_..........---'-"~
10°

phase [degj
o

-100

!

•

-200
10°

(0 [rad/s]

Figure 2.3 Bode diagram of mechanical transfer function Y
U

2.2 PID controller

The control objective is that the load position y =ql - qfr tracks its desired trajectory Yset. The PID
controller uses the feedback of the load position y =q] - qfr and the feed-forward of the desired load
acceleration.

I The values used in this study are (partly) based on the configuration of an existing system at the Technical University,
a flexible R-manipulator (see Ploemen [1]). Initially, experiments were planned to be carried out with this system to
verify the results of simulation. However, because of some inevitable problems, the experiments could not be done
properly.
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(2.5)

Frame vibrations and settling-time of servo systems

The proportional part of the controller provides a gain for all frequencies. The lead part of the
controller causes a positive phase shift to ensure a sufficient stability margin of the system. Actually,
the integrator of the controller is not needed initially, because of the absence of coulomb friction in
the system model (no static errors). However, for practical verification the integrator will be needed
while friction occurs in existing mechanisms.

I 2{ I
I mls cml

Yset +)--EJ PID l + U mechanical Y
- I controller I + system

Figure 2.4 PID controller and acceleration feed-forward

The transfer function of the implemented PID controller:

H =K"C i s+l"C d1 s+l
con 1"CiS "CdZS+

Th
. 10 3.3 0.2

e time constants are: "C j = -- [s], "C dl = -- [s], "C dZ =-- [s]
m~ m~ m~

and the proportional gain K = mlm~W to ensure the bandwidth frequency of the system. The values of

the time constants are set by rules, experimentally obtained by a search for the optimal controller
setting. Because of this choice of the parameter values, the PID controller can be characterized by
only one parameter: the bandwidth frequency mBW [radls]. Figure 2.5 shows the transfer function of
the PID controller.

gain [dB]

K

•

//

G
,

/
N / ,

.

'" /""
/'

:
•

;

i,

•I

I '.

!
. :!

1lt; 1ltd1

(0 [rad/s]

Figure 2.5 Bode diagram of PID controller

The bandwidth frequency ffiBw is considered as that frequency at which the curve defined by K/(mls2
)

crosses the 0 dB level of the open loop transfer function of the system. For low frequencies, the
transfer function of the mechanical system asymptotically approaches the line lI(mls\ The controller
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structure does not change during the simulations, the bandwidth frequency is the only variable of the
controller. In some cases, the defined bandwidth frequency may deviate somewhat from the real
bandwidth frequency of the system. However, this has not been taken into account during the
simulations.

2.3 Pole locations and root-loci of closed loop system

There exists a relationship between the time-domain responses of a dynamic system and the
frequency-domain parameters of poles and zeros. Step response features (such as frequency and
damping of the response signals, rise time, overshoot and settling-time) are related to the pole
locations in the s plane (Franklin et al. [4]). In this study, second order set-point signals are used. The
locations of the poles are still related to the frequency and damping of the time-domain responses
(like the frame acceleration afr(t) and the position error £(1) = Yset(t) - y(t», but no direct relations can
be found with respect to the rise time, settling-time, etc.

For a second order transfer function as:
(J)2

H(s) = n (2.6)
S2 +2~(J)ns+(J)~

where ~ is the damping ratio and COn the undamped natural frequency, the poles are located at a radius
COn and at an angle e= arcsin ~, or in rectangular co-ordinates: s = -0' + i(J)d, where 0' = ~COn and (J)d=
COn -V(l_~2). (J)d being the damped natural frequency. See Figure 2.6.

im(s)

Figure 2.6 s plane plot with two complex poles

So, the time-domain responses corresponding to the complex conjugated poles (0 < ~ < 1) further to
the left in the s plane are more damped and decay faster than those responses corresponding to poles
that are closer to the imaginary axis. The greater the imaginary part of a complex pole, the higher the
damped natural frequency of the response. The poles that are nearest to the imaginary axis determine
the response behaviour of the dynamic system. These are called the dominant poles.

This information can be used as a guideline for higher order systems. The transfer function of the
closed loop system described in this paper contains 6 poles.
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H I (s) = Yes)
C Y

set
(s)

m] 2
H con (s)H mech (s) + H mech (s) - s

c m

1+ H con (s)H mech (s)
(2.7)

A plot of the s plane has been made with the pole locations of the closed loop system with the
following parameters: mfc =2ml =0.030 [kgm2

], fBw =ffc =6 [Hz] and ~ =0.01 [-]. See Figure 2.7.

im(s)

o-50-100
re(s)

-150

Ps
X .

P.. p~,

n,

P6
X

·200
-200

-150

-100

-50

o

50

100

150

200

Figure 2.7 Poles of closed loop system for mfc =2ml = 0.030 [kgm2
], fBw = ffc = 6 [Hz]

and ~ =0.01 [-]

All poles are located in the left-half plane, i.e. the system is stable. The poles PI and P2 are the
complex poles of the mechanical system, moved to the left in the s plane by the PID controller. These
poles are nearest to the imaginary axis and consequently are the dominant poles. Pole P3 is a result of
the integral feedback of the PID controller, while pole P4 originates from the lead compensation of
the PID controller. Poles ps and P6 are introduced by the control loop.

Because of the interest in the behaviour of the dynamic system in relation to the system parameters,
root-loci plots can be made of the closed loop system in dependence of one of the system parameters.
Such a root-loci plot shows the pole locations of the system as function of an increasing system
parameter value. In Chapter 4, these root-loci plots can be found.

In the following chapters, simulations are performed to investigate the behaviour of the described
mechanical system and to investigate the influence of the system parameter values on its behaviour in
order to minimize the settling-time of the system. But, first, the area of interest with respect to the
system parameter values is indicated and an attempt is made to validate approximations of the system
responses.
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3. Simulations and estimations of frame motion and position error

3.1 Introduction

Without simulations and with only the knowledge of the system parameters, it is possible to get a
picture of the behaviour of a system by using the approximations of the time-domain responses of the
system, particularly the frame acceleration afr(t) and the position error £(t). In this way, the
mechanical engineer is able to estimate the qualities of a certain system configuration quickly.

Simulations are performed for one system with different parameter values and the quality of the
time-domain response approximations are evaluated for these configurations by comparing these
approximations with the real time-domain responses.

Some system parameters are fixed during this part of investigation, such as the load mass m], frame
frequency ffr and the set-point signal (see Section 3.4). The mass ratio v = mf/m! will be changed by
varying the frame mass mfr only. The mass ratio v, the damping ratio ~ and the bandwidth frequency
fBw all have got assigned subsequently three values, according to Table 3.1. For all these cases,
simulations and approximations are performed. The system parameters v, ~ and fBw are chosen to be
variable because of their presumed great influence on the behaviour of the system.

Table 3.1 Variable system parameter values

v= 100 v = 10 v=1
~ = 0.3 fBw = O.1ffr, ffr, lOffr fBw = O.1ffr, ffr, lOffr fBw = O.1ffr, ffr, 10ffr

6 = 0.1 fBw = O.1ffr, ffr, lOffr fBw = O.1ffr, ffr, lOffr fBw = O.1ffr, ffr, lOffr
6 = 0.01 fBw = O.1ffn ffr, lOffr fBw = O.1ffr, ffr, lOffr fBw = O.1ffr, ffr, lOffr

The parameters are given values in such a way that the area of interest is covered systematically. For
the mass ratio v, the values 1, 10 and 100 are chosen. v = 1 represents the situation with a system
having a very low frame mass in relation to the load mass, so there is a maximum effect of the load
motion on the frame motion. When the mass ratio v = 100, it means that a system has a very high
frame mass in relation to the load mass, so that the load motion will probably have no effect on the
frame motion. The value v = 10 is chosen as an example of a system where the mass ratio is
reasonably great, but the effect of the load motion on the frame motion may be present.

The values 0.01, 0.1 and 0.3 are assigned to the damping ratio ~. When ~ = 0.01, it means that a
system is described with a frame which has hardly any damping. It can be considered as the lowest
possible damping ratio in practice. The systems of interest for this study, such as a CD player or a
wafer stepper, have a relatively low damping ratio. Therefore, the maximum damping ratio Pis said
to be 0.3. ~ = 0.1 is a much applied value of the damping ratio in the system area.

For the bandwidth frequency fBw, the values 0.1, 1 or 10 times the frame frequency are chosen. When
fBw = ffr, this represents the situation where the bandwidth frequency has the same order of
magnitude as the frame frequency. For fBw = 10ffr, the situation is described where the bandwidth
frequency is much higher than the frame frequency. The situation in which the bandwidth frequency
is much smaller than the frame frequency, fBw = O.1ffr, does occur rarely, but it is added to complete
the whole area of interest.

WFW report 96.149 9
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3.2 Vibration behaviour of frame versus vibration suppression

When the load of the system is excited by a driving force, a reaction force on the frame will occur,
which causes the frame to vibrate. This frame motion influences the load motion and will effect the
position error.

With respect to the system behaviour (and in consequence the settling-time), two aspects are
important. At first, the system behaviour depends on the way the frame vibrates. Second, the
suppression of the frame vibration by the controller is an important factor determining the system
behaviour. These aspects can be seen when the frame acceleration signal and the position error signal
of the system are compared with each other for different bandwidth frequencies. See, for example,
Figure 4.2 in Section 4.2.

3.3 Approximation functions of time-domain responses

Estimation of the motion of the frame and the corresponding position error may be possible when the
motion of the load is assumed not to effect the motion of the frame. Then, the motion of the frame
can be considered as an independent disturbance, which has to be suppressed. The estimation is quite
easy when the set-point signals are assumed to be of second order. Figure 3.1 gives a profile of a
second order set-point signal.

a [m/s']

a~,

t[s]

Figure 3.1 Second order set-point signal

In case of a long duration of the set-point signal, i.e. a constant acceleration part which is relatively
long in relation to the period of vibration of the frame (Tfr =27t1ffitr), the acceleration force can be
considered as a constant force, namely F =mraset. Then, as can be seen in Figure 3.2, where the
frame acceleration is given as function of time, the resulting (maximum) frame acceleration equals:

a. [mls']

t[s]

Figure 3.2 Frame acceleration as function of time

(3.1)
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Frame vibrations and settling-time of servo systems

The second order set-point signal contains 4 acceleration steps, which all induce frame vibration.
Interference of the acceleration steps may occur, depending on the moments of transition and the
period of vibration of the frame and the damping. This may lead to accumulation or cancellation of
the effects of the separate acceleration steps, resulting in:

=a mta set
afr,max

m fr

(3.2)

with a being a multiplication factor that ranges from a to 4 (Rankers et al. [2]). A long duration set
point signal shows no interference, so that a will have a value of 1.

When the frame has a damping ratio ~, the exponential curve which encloses the frame acceleration
signal arret) can be calculated by solving Equation 2.1, with Mm being ml'aset.

_A m a Aa (t) = a ' e ...rof,t = a I set e - ...Olli
t

fr,exp fr,max
m fr

(3.3)

(3.5)

Because of the assumption that the motion of the load does not effect the motion of the frame, the
following equation can be used for the approximation of the position error signal Capp(t):

E
capp(t) =afr(t)- (3.4)

A fr Olf,

where ~ represents the value of the magnitude of the transfer function~ for the frequency
A fr ro

l
, A fr

COrr. The calculation of the transfer function can be found in Appendix A. I. Using Equation 3.3, the
equation can be formed which gives the enclosing exponential curve of the position error signal as
function of time:

rna Ec (t) = a I set e-13rotrt
exp A

m fr fr CU fc

In Section 3.4, the approximation functions mentioned here are compared to the real time-domain
responses of the systems with different parameter values.

3.4 Results of simulations and approximations of the time-domain responses

3.4.1 Introduction

The investigated systems all have been subjected to a set-point signal which consists of one single
acceleration step with an amplitude of 20 [radls2

] instead of a complete set-point (4 transitions) to
avoid interference. So, this can be considered as a so-called long duration set-point signal, because
no interference of acceleration steps will take place. The value of a is 1. The load mass is 0.015
[kgm2

] and the frame frequency is set to 8.5 [Hz] for all systems.

The time-domain responses and the curves of the approximation functions of all investigated systems
are shown in Appendix B. First, the frame acceleration signals arrCt) of systems with the same mass
ratio v and damping ratio ~ but different bandwidth frequency are compared with each other and
compared with the approximation function arr,exp(t), which gives the exponential curve enclosing the
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frame acceleration signal for the system without the influence of the load motion. For every system
configuration, the approximation signals Eapp(t) and Eexp(t) are compared with the position error signal
E(t). With the aid of these figures, some remarks can be made with respect to the simulations and the
validity of the approximation functions.

3.4.2 Systems with mass ratio v = 100

First, the systems with a mass ratio v =100 are investigated. According to Figure 3.3, the bandwidth
frequency has absolutely no influence on the frame motion. Actually, there is no influence of the load
motion on the frame motion because of the high frame mass. Therefore, the approximation function
aCr,exp(t) is perfect with respect to the acceleration amplitude aCr,max and the damping of the function.
The damping ratio ~ influences the exponential course of the time-domain responses of the system.

A high bandwidth frequency means a high servo damping and stiffness. Because of the higher servo
stiffness the amplitude of the position error decreases. A higher bandwidth frequency leads to a more
prominent reaction force of the frame. Then, the load has to follow the frame motion, which leads to
servo errors. Consequently, the position error E(t) depends more on the damping ratio of the frame.

The position error approximation Eexp(t) does not resemble the real position error E(t) very much for a
very low bandwidth frequency as can be seen in Figure 3.4a). The correspondence becomes better as
the bandwidth frequency increases because of the fact that the load follows the frame motion more.
The correspondence concerns the initial position error and the damping of the position error signals.
There is also a slight improvement of the approximation Eexp(t) when decreasing the damping ratio ~.
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Figure 3.3 Frame acceleration as function of time for system with v =100, ~ =0.1:
acr(t) with fBw =O.lfcr, fCr, lOfcr and aCr,exp(t)
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Figure 3.4 Position error as function of time (E(t), Eapp(t) and £exp(t)) for system with v = 100,
~ =0.1 and a) fBw =O.lffr [Hz], b) fBw =ffr [Hz], c) fBw =lOffr [Hz]

3.4.3 Systems with mass ratio v = 10

When the mass ratio v =10, there is some influence of the load motion on the frame motion, which
increases with decreasing damping ratio as can be seen in Figure 3.5a) and Figure 3.5b). It can be
concluded that the damping of the frame depends on the bandwidth frequency for lower mass ratios
with a low damping ratio. In that case, for a low bandwidth frequency, the servo damping absorbs the
frame motion.

However, the approximation function afr,exp(t) is based on an independent frame motion. So, for a
system with a low damping ratio and a low bandwidth frequency, afr,exp(t) shows less damping than
afr(t). For a high bandwidth frequency (fBw = lOffr), the damping of the frame is not influenced by the
bandwidth frequency. The maximum acceleration of the frame, afr,max, gives a correct value in all
cases.

As far as the position error approximation £exp(t) goes, it becomes better as the bandwidth frequency
increases when considering the systems with a damping ratio of 0.3 and 0.1 (see Figure 3.6). In these
cases, about the same effects occur as for a system with a mass ratio V = 100 as sketched in Figure
3.4.
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For a system with a damping ratio ~ =0.01, the position error approximation £exp(t) is passable, but
for lower bandwidth frequencies the approximation function shows less damping when compared
with E(t). As mentioned before, the approximation function £exp(t) is based on an independent frame
motion. It is shown that for a low bandwidth frequency, the servo damping absorbs the frame motion.
For a high bandwidth frequency, E(t) depends more on the damping ratio of the frame. Therefore,
£exp(t) gives a good approximation.
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Figure 3.6 Position error as function of time (E(t), Eapp(t) and £exp(t» for system with v =10,
~ =0.01 and a) fBw =ffr [Hz], b) fBw = lOffr [Hz]

3.4.4 Systems with mass ratio v = 1

Now, the systems with a mass ratio v =1 are considered. As can be seen in Figure 3.7a) and Figure
3.7b), there is an increasing influence of the load motion on the frame motion with decreasing
damping ratio. The frame acceleration amplitude afr,max is correct, but the frame acceleration signals
afr(t) for different bandwidth frequencies show more damping when comparing afr(t) with afr,exp(t). As
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stated before, because of the low mass ratio v, the damping of the frame depends on the servo
damping. See Section 3.4.3 for some more information.
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The correspondence between the real position error E(t) and the position error approximation £exp(t) is
not very good for a mass ratio v = 1 as can be seen in Figure 3.8 and Figure 3.9. The damping of the
approximation function seems to be higher than the damping of the real position error signal for most
of the cases. Especially, the initial value of the position error £exp(t) is too high. Of course, this

E
depends on the term in the approximation functions, which is based on an independent frame
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3.5 Remarks and conclusions with respect to simulations and approximations

With aid of these data, it may be possible to give some general remarks on the time-domain
responses, the effects of the system parameter values on the system behaviour and the quality of the
approximation functions.

For a system with a very high mass ratio, the influence of the load motion on the frame motion is
negligible. This also holds for a system with a high mass ratio (for example v = 10) and a high
damping ratio of the frame. For a high mass ratio and a low damping ratio of the frame, the influence
of the load motion increases somewhat. Then, the influence of the bandwidth frequency can be seen:
for a low bandwidth frequency, the servo damping absorbs the frame motion. Systems with even
lower mass ratio show an increase of the influence of the bandwidth frequency on the frame motion.
This becomes more distinct for a low damping ratio.

The frame acceleration signal for a system with a low mass ratio and/or a low damping ratio ~ shows
less damping for a high bandwidth frequency than for a low bandwidth frequency. When the
bandwidth frequency becomes higher, the connection between the frame and load becomes more
rigid, so the load motion influences the frame motion more.

A low bandwidth frequency means a minor proportional action, so it may take a time before the
position error is reduced to zero. It also means minor damping between the load and the frame, so
that the position error £(t) shows less damping than the approximations ofthe position error.

For every mass ratio, the approximations of the position error become better for higher bandwidth
frequencies. The approximations for a high bandwidth frequency are even very good for systems with
a higher mass ratio. This has to do with the fact that for a system with a high mass ratio, the frame
motion is not influenced by the load motion. When the damping ratio ~ is low, the position error
approximations are even better. In that case, the frame motion has a more dominant influence on the
position error £(t).
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Now, the area of application of the approximation functions can be assessed. The approximation of
the maximum frame acceleration afr,max is correct for every system configuration. The approximation
afr,exp(t) also holds for most of the system configurations, except the systems having a small mass
ratio and systems with a very low damping ratio in combination with a relatively small mass ratio. In
fact, only the latter group of systems show a rather large deviation between the real frame
acceleration signal afr(t) and the approximation afr,exp(t).

The approximation of the position error Eexp(t) can be applied to systems with a high mass ratio and a
high bandwidth frequency. When considering systems with a low mass ratio and a high bandwidth
frequency, the approximation function has more damping and the initial value of the approximation
function is too high. For systems having a low damping ratio (~ = 0.01) and a low bandwidth
frequency, the approximation function shows about the same damping as the real position error
signal, but the amplitude does not always correspond.

Of course, these results can be expected, because of the fact that the approximation functions for the
frame acceleration and for the position error are set up with the idea that the frame motion is an
independent disturbance. However, when the mass ratio is small, the frame motion will be influenced
by the load motion.

The assessed validity of the approximation functions for all investigated system configurations can
be summarized in a table. When the system configurations with a bandwidth frequency of 0.1 times
the frame frequency are not taken into consideration, Table 3.2 can be formed. In practice, systems
with this very low bandwidth frequency will not or rarely appear. So, for this study, a summary of the
systems with the remaining bandwidth frequencies (fBw = ffr and fBw = lOffr) will suffice.

In Table 3.2, only a rough indication of the validity is given. According to this table, it is clear that
the approximation functions are not valid for systems having a (very) low mass ratio and for systems
with a relatively low mass ratio in combination with a very low damping ratio. For systems with a
relatively high damping ratio (~ = 0.3), the approximation functions can also show some deviations.

In the case of systems with a relative high mass ratio (v higher than 10) in combination with a low
damping (i.e. ~ lower than 0.1), the approximation functions give the upper bounds of the time
domain responses of the system: the equations give the worst case approximations.

Table 3.2 Indication of validity approximation functions

v = 100 v = 10 v=l
~ =0.3 passable/good passable/good moderate

~ =0.1 good/very good good/very good moderate

~ = 0.01 good/very good moderate insufficient

In this chapter, only some system configurations have been investigated with respect to the time
domain responses. In the following chapter, the influence of several system parameters on the
behaviour of the system has been investigated thoroughly, especially with respect to the effect on the
settling-time of the system. Then, attention is paid to systems with relative low mass ratios.
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4. Influence of the system parameters on the settling-time

4.1 Introduction

Simulations have been performed to investigate the influence of changing the values of the system
parameters on the settling-time of the system. In this way, a clearer view on the effects of changing
one of the system parameters on the behaviour of an existing system can be obtained.

A designer can use the information in this chapter as directives. In case of an existing design or a
prototype, which does not meet its requirements, possible directives can be given in order to improve
its performance.

In this study, changes can be made to the values of the following system parameters during the
simulations:
- the mass ratio, v (by changing mfr only)
- the stiffness of the frame, kfr
- the damping ratio of the frame, ~
- the absolute damping of the frame, bfr
- the bandwidth frequency of the controller, fBw (assuming a controller structure only depending

on fBw as mentioned in Chapter 2)
- the acceptable position error, tacc

In the following sections, the influence of these parameters on the settling-time is investigated.

The settling-time is considered as the length of time elapsed between the end of the set-point signal
and the time the position error signal E(t) =Yset(t) - yet) becomes and remains smaller than a certain
acceptable error Eacc .

The area of investigation is restricted to a maximum mass ratio of lOin most of the cases. For
systems with a mass ratio higher than 10, there may still be some influence of the load motion on the
frame motion, but the interest of this investigation is fixed upon systems with low mass ratios. For a
system with a (very) high mass ratio, the behaviour of the system and consequently the settling-time
can relatively simple be predicted by the approximation functions of Chapter 3. The minimum mass
ratio is 1. A system with a frame mass lower than the load mass is considered to be irrelevant.

As in Chapter 3, all simulations are performed with a load mass of 0.015 [kgm2
] and a set-point

signal which consists of one single acceleration step with an amplitude aset =20 [rad/s2
]. The other

parameter values are varied according to the given values in the concerned sections.

4.2 Influence of the bandwidth frequency few

First, the influence of the bandwidth frequency fBw on the settling-time is investigated for one mass
ratio and different damping ratios. The used system parameter values can be found in Table 4.1.
Figure 4.1 shows the settling-time tsettl as function of the bandwidth frequency in relation to the frame
frequency for different damping ratios. For a low damping ratio ~, there is a distinct local minimum
settling-time when the bandwidth frequency is about 0.3 times the frame frequency of the system. A
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maximum settling-time can be found for a bandwidth frequency of about 1 to 3 times the frame
frequency. For a high damping ratio, the settling-time decreases with increasing bandwidth
frequency. When the bandwidth frequency is about 7 times the frame frequency, the settling-time is
zero.

Table 4.1 Used parameter values

mfr = 2ml =0.030 [kgm2
] 13 = 0.01, 0.05, 0.10, 0.30 [-]

kfr =42.8 [Nm/rad] bfr = 2BmfrCOrr [Nms/rad]

ffr = 1I(21t)...J(kfrimfr) = 6 [Hz] £acc = le-4 [rad]
fBw = O.lffr.... 1Offr [Hz]

t,o., [s]

3 H·········,····················;·····'·..;·;·H·'· / , +., , , ,..;.., ···············..··········,···;;'··H
01

2I- w .\ ••••••• , •••••••••••••••••• ;.,;

0'------'----'---'-......................---'---'---'---"'''-'-'-............--'----"--'--'-..............

O.1f" f" 1Of" 100f"
fBW [Hz]

Figure 4.1 Settling-time as function of fBw and B for v = 2 and kfr = 42.8 [Nm/rad]

In Figure 4.2a) to Figure 4.2j), the frame acceleration signal afr(t) and the position error signal £(t) are
shown for a bandwidth frequency fBw of respectively O.lffn 0.3ffr, ffr, 3ffr and 10ffr, while v = 2 and
B = 0.01. With the aid of these figures, the course of the curve for B = 0.01 in Figure 4.1 is declared.

As can be seen, the position error signal and the frame acceleration signal for fBw = O.lffr are less
damped than the position error signal for fBw = 0.3ffr . When the bandwidth frequency of the
controller is low (for example fBw = O.lffr), the servo damping and servo stiffness are low. Increasing
the bandwidth frequency up to about 0.3 times the frame frequency leads to higher servo damping
and stiffness. Then, the frame acceleration is absorbed by the servo damping. In consequence, a
smaller settling-time occurs.

For higher bandwidth frequencies, the damping of the frame acceleration signal and position error
signal decreases as shown in Figure 4.2. When the bandwidth frequency is chosen to be higher than
0.3ffr , the reaction force of the frame becomes more prominent. The load has to follow the frame
motion, which leads to servo errors. Consequently, the settling-time depends more on the damping
ratio of the frame and increases again for low damping ratios.

For bandwidth frequencies higher than about 3 times the frame frequency, the servo stiffness
becomes very high. The effect of the reaction force of the frame will still be seen in the servo error
signal, but because of the higher servo stiffness the amplitude of the position error decreases fast: so
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does the settling-time. When the bandwidth frequency is about 7 times the frame frequency (or
more), the initial position error is smaller than the acceptable error. Then, the settling-time is zero.
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Figure 4.2 Frame acceleration afr(t) and position error e(t) for V =2, ~ =0.01, kfr =42.8 [Nm/rad]
and a) and b) fBw =O.1ffr, c) and d) fBw =0.3ffr, e) and f) fBw =ffr, g) and h) fBw =3ffr,
i) and j) fBw = lOffr

In fact, two effects can be shown here when considering Figure 4.2. First, there is the effect of the
disturbance suppression. The influence of the frame vibration on the position error becomes less for a
high bandwidth frequency, thereby decreasing the settling-time. Second, the effect of vibration
absorption appears. Then, the frame vibration is absorbed by the servo damping for a lower

WFW report 96.149 21



Frame vibrations and settling-time of servo systems

bandwidth frequency (in this case the bandwidth frequency is about 0.3 times the frame frequency)
and the settling-time decreases.

For a higher damping ratio (for example p=0.30), there is no local minimum settling-time. The
settling-time decreases with increasing bandwidth frequency. As mentioned before, the reaction force
of the frame becomes more prominent for a bandwidth frequency higher than about 0.3ffr, so the
settling-time depends more on the damping ratio pof the frame. Because of the high value of the
damping ratio, the settling-time decreases with increasing bandwidth frequency.

In Appendix C.l, the settling-time is shown as function of the bandwidth for different mass ratios,
namely V = 1,2,5 and 10. It can be seen that Figure C.la) to Figure C.ld) show about the same
curves for all mass ratios, apart from the settling-time values. So, the remarks and conclusions
mentioned above apply to systems with different mass ratios.

When considering a system with a higher frame stiffness (kfr =267 [Nmlrad]), the curves in Figure
C.2a) to Figure C.2d) show a similar course of the settling-time as function of the bandwidth
frequency as in the previous figures. However, the local minimum settling-time is less prominent for
a higher frame stiffness and the local maximum settling-time appears at a lower bandwidth frequency
(relative to the frame frequency). So, with some restrictions, the same conclusions can be drawn as
mentioned above.

It has been shown that a local minimum settling-time appears at a bandwidth frequency of about 0.3
times the frame frequency in most of the cases. However, according to similar experiments (Tsai et
al. [5]), the minimum settling-time is expected to appear at a bandwidth frequency about equal to the
frame frequency. An explanation for this difference may be the way in which the bandwidth
frequency is defined in this study (see Section 2.2) and the fact that the lead part of the controller has
not been taken into account when considering the bandwidth frequency.

The results can be confirmed by plotting the root-loci of the system as function of the bandwidth
frequency. Figure 4.3 shows a part of the root-loci plot with the course of 6 poles of the system as
function of the bandwidth frequency for p=0.01 (the other system parameters are as mentioned in
Table 4.1). This part contains the dominant poles of the system. The arrows indicate the direction of
the pole locations with increasing bandwidth frequency from fBw =0.3 [Hz] to 86 [Hz] with a step
size of 0.3 [Hz].

For very low bandwidth frequencies, the course of the dominant poles of the system is indicated by
arrow 2. This means more damping of the position error signal with increasing bandwidth frequency.
From about fBw =1.5 [Hz], arrow 4 indicates the course of the dominant poles. Then, the damping of
the position error signal decreases with increasing bandwidth frequency. This corresponds to

. .
prevIOUS expenences.

It may be expected that arrow 1 indicates the course of the dominant pole, because the pole
concerned here lies nearest to the imaginary axis for a certain bandwidth frequency. However, this is
not the case as the time-domain responses indicate, because of the fact that the dominant poles
indicated by arrow 2 and arrow 4 show a higher damped natural frequency than the pole indicated by
arrow 1 (the natural frequency is nil).
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Figure 4.3 Root-loci as function of fBw for v =2, ~ =0.01 and kfr =42.8 [Nm/rad]

Similar root-loci plots can be drawn for a system with a different frame stiffness or damping ratio as
can be seen in Appendix C.2. The course of the root-loci remain about the same, the numerical
values of the pole locations will differ, which will lead to (relative) shifting of the root-loci. The root
loci plots of the system with a mass ratio v = 10 are somewhat different from the root-loci plots of
the system with a mass ratio v =2. However, the conclusion can be drawn that, from a certain
bandwidth frequency, the dominant poles move towards the imaginary axis (to the zeros of the
system), so that the damping of the position error signal decreases (to a certain value) with increasing
bandwidth frequency.

The root-loci plots in Appendix C.2 do not form a complete picture of the pole locations of possible
system configurations. They only give an indication of the possible courses of the root-loci plots for
some systems.

Section 4.4 gives more information about the influence of the mass ratio. In Section 4.5, the
influence of the frame stiffness will be discussed in more detail, while Section 4.6 will give
information about the influence of the damping ratio.

4.3 Influence of the acceptable position error Eacc

In this section, the influence of the acceptable position error Eacc on the settling-time is investigated.
The settling-time is appointed when the position error E =Yset - y becomes and remains smaller than
the acceptable position error Eacc . In Figure 4.4, two exponential curves, which enclose the position
error signals of two similar systems with only a different bandwidth frequency, are shown as function
of time. Also three arbitrary levels of the acceptable position error are indicated with the matching
settling-times of the two systems.

The figure shows that a higher acceptable position error leads to a smaller settling-time. This, of
course, is evident. The settling-time is zero when the acceptable position error is greater than or equal
to the initial position error. So, there is an important dependency on the initial position error. See
Chapter 3.
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It can also be seen that that the level of the acceptable position error leads to different results. For a
small acceptable position error, for example Cacc,l, the settling-times are more divergent than for a
higher acceptable position error, such as cacc,2. Corresponding to the results stated in Section 4.2, the
damping of the position error signal c(t) increases for a bandwidth frequency up to about 0.2 to 0.5
times the frame frequency for a system with a low damping ratio ~. For higher bandwidth
frequencies, the damping of the system decreases. So, when the acceptable position error is small,
this will lead to more divergent settling-times for the applied range of bandwidth frequencies than for
a greater acceptable error.
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Figure 4.4 Settling-time as function of acceptable position error for 2 systems

When the acceptable position error is even higher, this may lead to contradictory conclusions. As can
be seen in Figure 4.4, for cacc,3, the settling-time for system A is smaller than the settling-time for
system B, while for cacc,2, the settling-time of system B is smaller than the settling-time for system A.
So, there is a clear effect of the level of the acceptable error on the settling-time.

During the simulations in the following sections, one value for the acceptable position error has been
chosen to make the results more transparent. The value of the acceptable position error Cacc is leA
[rad], because it gives clear results over the whole area of investigation. In these cases, a smaller
acceptable position error will show results leading to about the same conclusions, while more
simulation time is needed. A higher acceptable position error leads to less striking results.

4.4 Influence of the mass ratio v =mfr/ml

Investigation has been done to the influence of the mass ratio v on the settling-time for different
damping ratios ~. As stated in Section 4.1, the mass ratio v =mf/ml changes by varying the frame
mass only. The frame stiffness remains constant in all situations. The parameter values used here, can
be found in Table 4.2.
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Table 4.2 Used parameter values

mfr = m\.... IOOm\ =0.015.... 1.50 [kgm2
] 13 = 0.01 [-]

kfr =42.8 [Nm/rad] bfr = 213mfrCOrr [Nms/rad]

ffr = l/(21t)--,J(kf/mfr) [Hz] cacc = le-4 [rad]

fBw = 0.85, 4.3, 8.5, 12.8,21.3, 34 [Hz]

Figure 4.5 1 contains the plot of the settling-time as function of the mass ratio v and the bandwidth
frequency fBw for a damping ratio ~ =0.01. As can be seen in the figure, the settling-time increases
with increasing mass ratio for low bandwidth frequencies. For high bandwidth frequencies, the
settling-time first increases and then decreases as function of the mass ratio or decreases yet for low
mass ratios.

8

faw = 8.$ [Hz]

OL-_~~-L--'--'-J......J..;--'--'--,--_----"-.:....~---l..--'-""""""........w

1 10 100
v 1-]

Figure 4.5 Settling-time as function of v and fBw for ~ = 0.01 and kfr =42.8 [Nm/rad]

When two frames with different masses, but with the same frame stiffness and damping ratio, are
excited by the same acceleration step as set-point signal, the frame with the greater mass will vibrate
longer but the frame acceleration will have a smaller amplitude than in case of the lighter frame. As
an example, the position error signal and the frame acceleration signal as function of time have been
drawn in Figure 4.6a) to Figure 4.6d) for V = 1 and v = 5 (with ~ = 0.01 and fBw = 4.3 [Hz]).

For systems with low bandwidth frequencies, the settling-time increases with increasing mass ratio
because of the low servo damping and servo stiffness. For systems with higher bandwidth
frequencies, the settling-time first increases and then decreases for increasing mass ratio or decreases
yet from v = 1. The decrease is due to the higher servo stiffness reducing the amplitude of the
position error more and consequently the settling-time.

The maximum settling-time for systems with increasing mass ratio is considered for different
bandwidth frequencies as can be seen in the figure. When considering the maximum settling-time
with the matching mass ratio, it may be easier to find a system configuration with a low setting-time.

I In Section 4.1, it is said that the area of investigation is restricted to a maximum mass ratio of 10, because of the
interest in systems with low mass ratios. The figures in this section and in the related part of the appendix give
information from V =1 to V =100 in order to form a more complete picture of the influence of the mass ratio.
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It seems that the mass ratio v for which the settling-time is maximum, leads to a frequency ratio,
f

BW which value remains about the same for each bandwidth frequency (while no other system
ftr

parameters are changed). For this observation, more bandwidth frequencies have been taken into
consideration than shown in the figure.
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Figure 4.6 Frame acceleration and position error for ~ =0.01, kfr =42.8 [Nmlrad], fBw =4.3 [Hz]
and a) and b) v =1 and c) and d) v =5

Figure C.7 in Appendix e.3 shows the settling-time as function of the mass ratio for various constant
damping ratios. In the rough, it can be said that the curves of the settling-time as function of the mass
ratio have a comparable shape for the various damping ratios. When considering the maximum

settling-time and in consequence the frequency ratio fBW for various bandwidth frequencies of a
ftr

system with a different damping ratio ~, the value of the frequency ratio also seems to be constant
but is somewhat different from the first value. The frequency ratio decreases with increasing damping
ratio, but no real systematics can be found in the difference of the frequency ratio values with relation
to the changed damping ratio.

For another frame stiffness (kfr =267 [Nmlrad]), the settling-time as function of the mass ratio for a
certain bandwidth frequency shows a comparable course according to Figure e.8 in Appendix C.3.
Again, the maximum settling-time for systems with increasing mass ratio is considered for various

bandwidth frequencies. Then, the value of the frequency ratio fBW also remains constant but the
ftr

value of the frequency ratio differs from the value obtained with the primary system. No exact
relation can be found between the frequency ratio values and the changed frame stiffness. It can only
be concluded that the value of the frequency ratio decreases with increasing frame stiffness.

The settling-time as function of the mass ratio for various values of a constant absolute damping bfr is
shown in Figure e.9 in Appendix C.3. The maximum settling-time for the systems with increasing
mass ratio and the corresponding frequency ratio are considered for various bandwidth frequencies.
The frequency ratio seems to show less spreading for different values of the absolute damping than
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for different values of the damping ratio. However, the relation between the frequency ratio and the
changed absolute damping is not clear.

In general, the frequency ratio can give no clear additional information about the settling-time as
function of the mass ratio. Because of the dependency on the various system parameters, it will be
difficult to predict the influence of the mass ratio on the settling-time. One conclusion that can be
drawn from Figure 4.5 and the figures in the appendix is, that for a system with a low bandwidth
frequency, a low mass ratio has to be chosen in order to get a minimum settling-time. In the case of a
system with a higher bandwidth frequency, it is recommended to have a system with a high mass
ratio.

A root-loci plot of a system as function of the mass ratio v can be drawn. Figure 4.7a), a part of the
root-loci plot, is shown with the course of the dominant poles of the system with an increasing mass
ratio from v = 1 to v =10 with a step size of 1. The other parameter values are ~ =0.01, kff =42.8
[Nm/rad] and fBw =4.3 [Hz]. The arrows indicate the direction of the pole locations with increasing
frame mass. Arrow 2 indicates the course of the most dominant pole (see Section 4.2 for some more
information). It can be seen that the damping of the system decreases with increasing frame mass
because of the shift of the dominant poles towards the imaginary axis.

From Figure 4.7b), the root-loci plot as function of the mass ratio for fBw =21.3 [Hz], the damping of
the system also decreases with increasing mass ratio. According to Figure 4.5, the settling-time first
increases and then decreases for fBw =21.3 [Hz], but this can not be deduced from the root-loci plots.
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Figure 4.7 Root-loci plot as function ofv for ~ =0.01, kff =42.8 [Nm/rad] and
a) fBw = 4.3 [Hz] and b) fBw = 21.3 [Hz]

Again, similar root-loci plots can be made for systems with a different frame stiffness, damping ratio
or bandwidth frequency. In Appendix CA some examples are given. Differences in these parameter
values will lead to changes of the root-loci of the system, but the course of the dominant poles remain
about the same: the damping of the system decreases with increasing frame mass.
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4.5 Influence of the frame stiffness k'r

The influence of the frame stiffness kfr on the settling-time has been investigated, while the mass
ratio, the damping ratio and the bandwidth frequency remain constant. The used system parameter
values are shown in Table 4.3.

Table 4.3 Used parameter values

mfr = 2m, =0.030 [kgmL
] ~ =0.01, 0.30 [-]

kfr =21.4....385.2 [Nm/rad] bfr = 2~mfrOJrr [Nms/rad]

ffr =1I(21t)-V(kfrimfr) [Hz] Eacc =leA [rad]
fBw =0.85, 4.3,8.5, 12.8,21.3,34 [Hz]
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In Figure 4.8a) and Figure 4.8b), the settling-time is shown as function of the frame stiffness kfr and
various bandwidth frequencies, while the mass ratio v =2 and the damping ratio ~ =0.01,
respectively ~ =0.3. According to the figures, it is obvious that an increase of the frame stiffness
leads to a decreasing settling-time for a certain bandwidth frequency, except in case of a system with
a low damping ratio in combination with a very low bandwidth frequency. The same conclusions can
be drawn for systems with different mass ratios when considering the figures in Appendix C.5.

t~UI [s] a) t.,,, [s] b)
10 1.4

Figure 4.8 Settling-time as function of kfr and fBw for v =2 and a) ~ =0.01 and b) ~ = 0.3

The decrease of the settling-time for increasing frame stiffness is due to the fact that the initial
position error decreases with increasing frame stiffness and that the frame vibration ends faster for a
higher frame frequency according to the decay rate A= ~OJrr of the position error signal E(t) as
mentioned in Section 3.3. See Figure 4.9a) to Figure 4.9d) for the position error signal and the frame
acceleration signal as function of time for kfr =42.8 [Nm/rad] and kfr =214 [Nm/rad] (for v =2, ~ =
0.01 and fBw =8.5 [Hz]).

When considering a system with a constant value of the absolute frame damping bfr instead of a
constant damping ratio ~, the settling-time shows a similar course with increasing frame stiffness (for
a certain bandwidth frequency) as in case of a system with a constant damping ratio. Compare, for
example, Figure 4.10 with Figure 4.8. In case of a system with a constant damping ratio, the absolute
damping increases with increasing frame stiffness, so the settling-time as function of the frame
stiffness may decrease more, depending on the value of the absolute damping. In Section 4.6, some
more information will be given about the influence of the absolute damping in relation to the
influence of the damping ratio.
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Figure 4.10 Settling-time as function of k[r and fBw for V =2 and a) b[r =0.016 [Nms/rad]
and b) b[r =0.48 [Nms/rad]

The results mentioned above can also be seen in a root-loci plot of the system as function of the
frame stiffness. In Figure 4.11, a part of the root-loci plot which shows the most dominant poles, is
given for V = 2, ~ = 0.01 and ~ = 0.3, fBw = 4.3 [Hz] with k[f = 21.4 to 385.2 [NrnJrad]. The arrows
indicate the direction of the pole locations for increasing frame stiffness. The dominant poles of the
system move away from the imaginary axis when the frame stiffness increases.

However, in case of the low damping ratio (~ =0.01) of the frame, at first, arrow 1 indicates the
dominant poles of the system. When a certain frame stiffness k[f is reached in the root-loci plot, the
pole locations indicated by arrow 4 become the dominant poles. Then, the damping of the total
system decreases with increasing frame stiffness. In case of a higher damping ratio (~ =0.3), the
damping of the total system increases with increasing frame stiffness independent of the magnitude
of the frame stiffness.
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Figure 4.11 Root-loci as function of kfr for v = 2, fBw = 4.3 [Hz] and a) ~ = 0.01 and b) ~ = 0.30

Similar root-loci plots for systems with a different mass ratio, a different damping ratio or a different
bandwidth frequency can be found in Appendix C.6. These root-loci plots show that the damping of
the system increases with an increasing frame stiffness. This conclusion has to be considered with
some cautiousness in case of a system with a low damping ratio combined with a low bandwidth
frequency as shown in the above.

4.6 Influence of the damping ratio ~ and absolute damping bfr

The influence of the damping ratio ~ on the settling-time has been investigated first for different
mass ratios, bandwidth frequencies and frame stiffness. In Table 4.4 the used values of the system
parameters can be found.

Table 4.4 Used parameter values

mfr = 2ml= 0.030 [kgm2
] S = 0.01.. ..0.30 [-]

kfr =42.8 [Nmlrad] bfr = 2~mfrffi[r [Nms/rad]

ffr = 1/(2n).v(kfrlmfr) [Hz] Caee = le-4 [rad]
fBw = 0.85,4.3,8.5, 12.8,21.3,34 [Hz]

Figure 4.12 shows the settling-time as function of the damping ratio ~ and the bandwidth frequency
fBw for v = 2. As can be seen in the figure, the settling-time decreases with increasing ~ for all
bandwidth frequencies. A higher damping ratio ~ means a more damped vibration of the frame and
consequently a smaller position error. For very low bandwidth frequencies, the influence of the
damping ratio ~ on the settling-time is small. For higher bandwidth frequencies, the influence of the
damping ratio of the frame on the settling-time increases. This is due to the greater influence of the
reaction force of the frame on the position error signal (see also Section 4.2).

According to Figure C.24 in Appendix C.7, the effect of changing the damping ratio is about the
same for all mass ratios: the settling-time decreases with increasing damping ratio. Figure C.25 in
Appendix C.7 shows that a higher frame stiffness leads to less influence of the damping ratio on the
settling-time, apart from the systems with a low bandwidth frequency.
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Figure 4.12 Settling-time as function of ~ and fBw for v =2 and kfr =42.8 [Nm/rad]

A root-loci plot of the system as function of the damping ratio ~ is shown in Figure 4.13 with v =2,
fBw =4.3 [Hz], kfr =42.8 [Nm/rad] and ~ increasing from 0.01 to 0.3 with a step size ofO.Ol. It can
be seen that the damping of the system increases proportionally with an increasing damping ratio.

Systems with a different mass ratio, frame stiffness or bandwidth frequency give similar root-loci
plots. This can be seen in Appendix C.8, where root-loci plots are given of a few different system
configurations. So, the same conclusions can be made as mentioned above.
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Figure 4.13 Root-loci plot as function of ~ for v =2, fBw =4.3 [Hz], kfr =42.8 [Nm/rad]

It is also possible to investigate the influence of the absolute damping bfr of the frame on the settling
time instead of the influence of the damping ratio ~. For this, simulations have been performed with
the same parameters as mentioned in the beginning of this section, only the absolute damping bfr has
been kept constant instead of the damping ratio ~. A figure has been drawn with the settling-time as
function of the mass ratio for different damping ratios (~ =0.01, 0.05, 0.10 and 0.30) and for
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different absolute damping constants (bfr =0.016, 0.080, 0.160 and 0.480 [Nms/rad]) while the
bandwidth frequency is equal to fBw =4.3 [Hz].

Comparison of Figure 4.14a) with Figure 4.l4b) can only be of use, when the value of bfr for Y =1 in
Figure 4.14a) is equal to the value ofbfr in Figure 4.14b). As can be seen in the figures, for constant ~
the settling-time increases at a slower rate for increasing mass ratio than for constant bfr. This result
can be declared as follows. The position error signal £(t) can be related to the decay rate A= ~ffirr as
shown in Chapter 3. When changing the mass ratio, the decay rate becomes A = ~rofr /.JV for

constant ~ and A=~rofr/v for constant bfr. So, A decreases at a slower rate for constant ~ with
increasing mass ratio than for constant bfr . Consequently, the settling-time increases at a slower rate
for constant ~. This is only valid for a system with a lower bandwidth frequency.
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Figure 4. 14 Settling-time as function ofy for kfr = 42.8 [Nm/rad], fBw = 4.3 [Hz] and a) ~ = 0.01,
0.05,0.10, and 0.30 or b) bfr =0.016, 0.080, 0.160 and 0.480 [Nms/rad]
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Figure 4.15 Settling-time as function ofy for kfr = 42.8 [Nm/rad], fBw = 21.3 [Hz] and a) ~ = 0.01,
0.05,0.10, and 0.30 or b) bfr = 0.016,0.080,0.160 and 0.480 [Nms/rad]

As can be deduced from the figures in Section 4.4, the settling-time as function of Y shows a different
course for a system with a high bandwidth frequency. In Figure 4.15, the settling-time decreases for a
higher mass ratio. When comparing Figure 4.l5a) with Figure 4.15b), the settling-time as function of
the mass ratio for a system with a constant absolute damping is higher than the settling-time for a
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system with a constant damping ratio (taken into consideration that the value ofbfr for v =1 in Figure
4.15a) is equal to the value ofbfr in Figure 4.15b)).

So, it can be concluded that a change of one of the system parameters leading to a change of the
frame frequency, causes the settling-time of a system with a constant damping ratio to change more
than of a system with a constant absolute damping. See also Section 4.5, where Figure 4.8 is
compared to Figure 4.10.

4.7 Conclusions

When studying the effect of the bandwidth frequency, a minimum settling-time can be achieved by
setting the bandwidth frequency to at least a number of times the frame frequency of the system. The
value of this bandwidth frequency depends on other system parameter values. When this (high)
bandwidth frequency can not be reached with the aid of the controller, it may be useful to set the
bandwidth frequency to about 0.2 to 0.4 times the frame frequency in order to get a smaller settling
time. However, this effect is only apparent for systems with a damping ratio lower than 0.10. For a
system with a higher damping ratio, it is better to set fBW as high as possible.

The effect of changing the mass ratio depends strongly on the bandwidth frequency of the system.
For a constant frame stiffness, a higher frame mass leads to higher settling-times for a system with a
low bandwidth frequency. In the case of a system with a higher bandwidth frequency, the settling
time will first increase and then decrease for a system with an increasing mass ratio. An even higher
bandwidth frequency causes the settling-time to decrease with increasing mass ratio.

A higher frame stiffness leads to smaller settling-times, because it causes a lower initial value of the
position error. A higher frame stiffness also results in a higher frame frequency and consequently in a
higher damping of the position error in case of a constant damping ratio of the frame. So a higher
frame stiffness can be effective in two ways. When the bandwidth frequency is not very low, the
settling-time decreases with increasing frame stiffness.

The effect of changing the damping ratio ~ of the system will have a reasonable effect on the settling
time of the system. Only for a system with a very low bandwidth frequency the effect will be less. In
the case that the controller parameters can not be changed, more damping of the system (i.e. a higher
damping ratio ~) can be very effective to decrease the settling-time.

In this study, two possible situations can be described. First, the situation in which the frame stiffness
is kept constant for all mass ratios and thus leading to a frame frequency depending on the frame
mass. Second, the situation in which the frame frequency is kept constant for all mass ratios. This
results in a frame stiffness varying with the frame mass. This is an important issue because the results
depend strongly on the choice of the system description, as could be seen in the previous sections.

The simulations in this chapter are realized with an acceleration step as set-point signal. A different
set-point signal may give different results in consequence of, for example, possible interference of
the acceleration steps (see Section 3.3). However, this has not been investigated in this chapter.

In the following chapter, two different systems are investigated and subject to (theoretical)
configuration changes in order to minimize the settling-time. For this, the results and conclusions of
this chapter are used.
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5. Optimization

5.1 Introduction

As mentioned before, the settling-time of a system can be influenced by changing the parameter
values of the system. Here, optimization of the system means changing the variable parameters of the
system in order to get minimal settling-time. In this chapter, two systems are to be optimized, i.e. a
component mounter and a CD player mechanism.

Optimization is a part of this study to test the conclusions and recommendations of the previous
chapters. The question is answered whether the results of the optimization come up to the
expectations. According to the results in Chapter 3, the approximations become less valid for systems
with a small mass ratio and/or a low damping ratio. Then, optimization can be performed to analyse
these system configurations.

Another reason why optimization takes place, is the fact that the two systems are also subjected to
real set-point signals instead of an acceleration step. The approximations and simulations in Chapter
3 and Chapter 4 have been performed with one single acceleration step. When using real set-point
signals, interference of the acceleration steps may lead to different results. Therefore, optimization of
the systems has to be done.

5.2 Optimization problem

5.2.1 MATLAB function Constr.m

The optimization problem can be solved by using the MATLAB function constr.m, which finds the
constrained minimum of a function of several variables. In this case, the settling-time as a function of
the system parameters:
t settl = !(m fr , m]> ffr' f Bw ' ~, t acc ' aset ) (5.1)

The MATLAB function constr.m uses an iterative method to optimize an objective function f of a set
of independent variables x. This objective function will be minimized, while the values of the
variables can be restricted by constraints or bounds. Optimization takes place by approximation of
the gradients of the objective function f with respect to the variables. Fore more information, see the
MATLAB function constr.m or the MATLAB manual.

5.2.2 Optimization procedure

Figure 5.1 shows a scheme of the optimization procedure used in this chapter. With the aid of the
initial values of the variable system parameters, VAR(O), and the values of the fixed system
parameters, the system behaviour is simulated. Then, the settling-time is calculated on the basis of
the produced position error signal. The optimization routine in the constr.m function uses this
information to find a (local) minimum settling-time: one by one the variable system parameters are
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slightly changed and each time the simulation is run with the new values of the system parameters,
VAR(i), to see the influence on the settling-time tsettl(i). This procedure is repeated until the (local)
minimum settling time tsettl,min has been found with the corresponding system parameters VARopt.
During the optimization, the bounds and constraints have been taken into consideration.

VAR(O) Bounds and
constraints

Figure 5.1 Scheme of optimization procedure

5.2.3 Local and global minimum

t.-,min

yes VAR

Because of the use of gradients with the optimization routine, the constr.m function may find a local
minimum of the objective function! for certain initial values of the system parameters. In order to get
a global minimum of the settling-time, the optimization routine is passed with different initial values
of the variable system parameters. The initial values are chosen systematically, so that a matrix of
initial values covers the whole area of investigation. When comparing the results of all these
optimizations, the optimal system setting can be found with respect to the minimum settling-time.

5.3 Optimization cases

5.3.1 Engineering estimation of optimization results

The first case concerns a component mounter design with a variable frame mass mfr, frame frequency
ffr and bandwidth frequepcy fBw (see Section 5.3.2). Other system parameters, such as the relative
damping ~, set-point signal aset are kept constant. In Section 5.3.3, the design of a rotating CD player
mechanism has been dealt with with the same variable parameters and a variable relative damping ~.

Both systems use the same system model as described in Chapter 2. The question is: in what way will
the parameters change when optimizing either of the systems?

In both cases, the frame stiffness kfr and absolute frame damping bfr depend on the frame mass and

resonance frequency: k fr = mfrroir and b fr = 2~mfrrofr . So, an increase of the frame mass and/or

frame frequency result in a higher frame stiffness and absolute damping for constant ~. As can be
deduced from the figures with the settling-time as function of one or more system parameters (see
Chapter 4), for a higher frame stiffness and/or higher absolute frame damping, the settling-time
decreases.

An increase of mfr leads to a proportional decrease of the initial value of the frame acceleration afr:

a fr max = m 1a set • When ~ is constant, an increase of the frame frequency ffr also leads to a faster
, m fr
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decay of the position error signal £(t) =£0 e -~Wfrt • As can be seen in Figure 4.11, the dominant poles

of the system move away from the imaginary axis with increasing ffr when the damping ratio ~ and
the bandwidth frequency is not very low. Higher damping also leads to a more negative part of the
dominant poles (Figure 4.13).

Very high bandwidth frequencies in relation to the resonance frequency normally give smaller
settling-times, as has been shown in the figures of Chapter 4. For lower bandwidth frequencies, it is
more difficult to consider the influence of the bandwidth frequency on the settling-time. In some
cases, especially for low relative damping and low mass ratios, there may be a local minimum
settling-time for a bandwidth frequency about 0.2 to 0.5 times the resonance frequency.

5.3.2 Component mounter

Sketch and system data

Figure 5.2 gives a sketch of a component mounter: Philips' ACM (Advanced Component Mounter).
The ACM has a so-called H-drive with linear direct drive motors. The load of the system consists of
two Y sliders with the X beam and the placement head(s), while the underlying construction forms
the frame. The relative displacement of the slider with the placement heads is the output y of the
system.

1/0 0000

~

Figure 5.2 A sketch of a component mounter (Philips' ACM) with the H-drive

The first column of Table 5.1 contains the parameter values which are fixed by the specifications of
the system design. The bounds of the variable parameter values (which are to be optimized) are
entered in the second column of the table.

WFW report 96.149 37



Frame vibrations and settling-time of servo systems

The load mass m] is 60 [kg] and the maximum frame mass is 300 [kg]. So, the mass ratio can vary
from 0 to 5. On the basis of experience, the frame frequency has a maximum of 50 [Hz] and the
maximum bandwidth frequency is 30 [Hz]. The acceptable error Cacc, fixed at I [J.1m], is actually
more stringent than in reality. However, this value gives clearer optimization results.

Table 5.1 Parameter values for component mounter design

Fixed parameter values Parameter values to be optimized
m] =60 [kg] mfr :::; 300 [kg]

B =0.10 [-] ffr :::; 50 [Hz]

aset = 15 [m/s2
] fsw :::; 30 [Hz]

Cacc = 1 [/lm]

Engineering estimation

As stated before, the higher the frame frequency, the higher the stiffness and absolute damping and
consequently the smaller the settling-time. In this case, an increase of the frame mass gives a higher
stiffness and damping. So, it is expected that the system, considered as the optimal solution, has a
frame mass as high as possible (mfr = 300 [kg)) and a frame frequency as high as possible (ffr = 50
[Hz)).

It may be difficult to estimate the value of the optimal bandwidth frequency of the system. For the
chosen mass ratio and frame frequency it is not very clear whether the settling-time as function of
increasing fsw decreases or a local minimum settling-time occurs for about 0.2ffr to 0.5ffr (as has
been shown in Section 4.2). When the bandwidth frequency is chosen to be as high as possible, this
leads to fsw = 0.6ffr when combined with the highest possible frame frequency. So, the settling-time
will probably be minimal for a bandwidth frequency between 0.2ffr and 0.5ffr (i.e. between 10 [Hz]
and 25 [Hz)).

With aid of these estimated optimal parameters, it is possible to make an estimation of the minimum
settling-time using Equation 3.5:

m a. E _R E
C (t) = 1 set e ,,001,1 =3- e-31At < le-6[m] => t =::: 0.10[s]

exp m A A settl
fr fr WI' fr 314

The value of the transfer function ~ depends on the value of the bandwidth frequency, which will
A fr

probably lie between 10 [Hz] and 25 [Hz]. The time elapsed from the end of the set-point signal to
the point of time where Cexp becomes less than le-6 [m], is the estimated settling-time. In this case,
the estimated minimum settling-time is about 0.10 [s] for the restricted bandwidth frequency array.
Because of the relatively low bandwidth frequency, the approximation of c(t) in Equation 3.5 is less
accurate. This has already been mentioned in Section 3.3. So, the estimated settling-time can have a
reasonable deviation.

Results

In Appendix D.l, the MATLAB programs concerned with this case are shown. The results in
Appendix D.2 show that many local minima have been found, but the global minimum settling-time
of 0.061 [s] is obtained for a frame mass of 300 [kg], a frame frequency of 50 [Hz] and a bandwidth
frequency of about 12 [Hz]. This corresponds to the engineering estimation that the highest possible
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values of the frame mass and of the frame frequency and a bandwidth frequency of 10 to 25 [Hz]
give optimal results. Note that the settling-time differs very little for a system with a bandwidth
frequency between 12 [Hz] and about 22 [Hz].
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The estimated minimum settling-time is higher than the minimum settling-time obtained by
simulations, however, the order of magnitude is correct. In Figure 5.3, the frame acceleration afrCt)
and position error signal t(t) are shown together with afr,exp(t) respectively £exp(t) for the optimal
system parameter values. afr,exp(t) and £exp(t) are the estimated exponential courses enclosing the
curves of the oscillating signals according to Equation 3.3 and Equation 3.5. It can be seen in the
figure that differences appear between the exponential course of both the frame acceleration and the
position error signal and their estimations.

a" [m/s 2
] a)

Figure 5.3 a) Frame acceleration afr(t) and afr,exp(t) and b) Position error t(t) and £exp(t) with
mfr = 300 [kg], ffr = 50 [Hz], fBw = 12 [Hz], ~ = 0.1 and aset = 15 [m/s2

] (ace. step)

t,." [s]

300250200
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Figure 5.4 Settling-time as function of frame mass for tacc =1 [/lm], with ffr =50 [Hz],
fBw = 12 [Hz], ~ = 0.1 and aset = 15 [m/s2

] (ace. set-point)

As can be seen in the Appendix D.2, a minimum settling-time of 0.061 [s] can be reached not only
with a frame mass of 300 [kg]. A system with a lower frame mass has about the same minimum
settling-time. This is also in accordance with Figure 5.4, where the settling-time is given as function
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of the frame mass, while the frame frequency is 50 [Hz], the bandwidth frequency is 12 [Hz] and ~ =
0.1. There is only a very slight decrease of the settling-time from about 210 [kg] for increasing frame
mass, but the effect of the change in frame mass is rather marginal.

Optimization has also been done with real set-point signals. See Figure 3.1 for a plot of such a
second order set-point signal. For the component mounter a second order set-point signal has been
used with aset =15 [m/s2

], a stroke of 300 [mm] and a maximum velocity of 2 [m/s]. A similar
optimization routine has been used as in the case of the system with the acceleration step as set-point
signal. The optimal system again is the system with the maximum frame mass of 300 [kg], frame
frequency of 50 [Hz] and bandwidth frequency of 12 [Hz]. The minimum settling-time is 0.062 [s].

In Table 5.2, a comparison is made between the estimation results and the optimization results of the
component mounter. The optimization results in the table relate to the situation with an acceleration
step as set-point signal as well as to the situation with a 2nd order set-point signal.

Table 5.2 Comparison between estimation and optimization results of the component mounter
(cacc =1 [/lm] and in case of an acceleration step as set-point and a 2nd order set-point)

System parameter Engineering estimation Optimization results
frame mass mfr 300 [kg] 300 [kg]
frame frequency ffr 50 [Hz] 50 [Hz]
bandwidth frequency fBw 10-25 [Hz] 12 [Hz]
settling-time tsettl 0.10 [s] 0.062 [s]
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Figure 5.5 Settling-time as function of fBw for £acc =1 [/lm], with mfr =300 [kg], ffr =50 [Hz],
~ =0.1 and aset =15 [m/s2

] (2nd order set-point)

This can also be seen in Figure 5.5, where the settling-time is given as a function of the bandwidth
frequency with a frame mass of 300 [kg], a frame frequency of 50 [Hz] and a relative damping of 0.1
using the second order set-point signal.

It can be said that the results of the optimization for this system correspond to the estimations fairly
well. The system parameter values found with the optimization satisfy the estimated system
parameter values. The estimated exponential course of the frame acceleration and the position error

WFW report 96.149 40



Frame vibrations and settling-time of servo systems

with these parameter values differ somewhat from the exponential course of arrCt) and E(t).
Consequently, the estimated settling-time does not correspond to the minimum settling-time.

5.3.3 CD player mechanism

Sketch and system data

The second case deals with a rotating CD player mechanism, of which a sketch is given in Figure 5.6.
The load of the system consists of the moving parts, i.e. the radial actuator, the focus actuator and
their housing, which can make a (limited) rotation relative to the frame of the CD player mechanism.
The disc drive and servo panel are part of this frame. The output y of the system represents the
rotation of the objective relative to the frame in order to follow the track on the disc.

In Table 5.3 the system parameter values are entered together with the upper and lower bounds of the
variable parameter values.

Table 5.3 Parameter values for CD player mechanism

Fixed parameter values Parameter values to be optimized
mj =2.5e-5 [kgmL] mrr ~ 1.5e-4 [kgmL]

aset =3270 [rad/sL] 1 15 ~ frr ~ 75 [Hz]

Eaee =1 [~rad] 200 ~fBw ~ 1000 [Hz]

13 ~0.1O [-]

I
I

focus actuator"'l """"-
!~

FRAME

LOAD:

radial actuator

Figure 5.6 A sketch of a rotating CD player mechanism

1 The acceleration amplitude aset of 3270 [rad/s2
] corresponds to a linear acceleration amplitude of 109 =98.1 [rnIs2

]
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Engineering estimation

A low settling-time can be reached by increasing the frame frequency, so that a higher stiffness and
absolute damping are accomplished. In this case, an increase of the frame mass gives the same
results. So, it is expected that the system, considered as the optimal solution, has a frame mass as
high as possible (mfr = 1.5e-4 [kgm2

]) and a frame frequency as high as possible (ffr = 75 [Hz]). The
relative damping will also be as high as possible, ~ =0.1.

The bandwidth frequency of the system can be chosen very high in relation to the frame frequency. In
that case, the settling-time decreases for increasing bandwidth frequency (as has been shown in
Section 4.2). So, the bandwidth frequency is chosen to be as high as possible, fBw = 1000 [Hz].
An estimation of the minimum settling-time can be made with aid of Equation 3.5, using the
estimated optimal parameters mentioned in the above:

£ (t) = m j a Sel E e -Ilrofrl = (8 I *10-6 )e -47.It < Ie - 6 [rad] :=} t ::::: 0 044 [s]
exp A' settl •

m fr fr ro.
I,

SO, the estimated minimum settling-time for an acceptable position error of Ie-6 [rad] is 0.044 [s].

Results

Appendix D.3 shows the relevant MATLAB programs for this case. The system parameter values
found with the optimization are rather different as can be seen in Appendix D.4. A lot of
optimizations end with a settling-time of about 0.048 [s] for a system with a frame mass, frame
frequency, bandwidth frequency and relative damping as high as possible. However, a system which
is configured with these system parameter values, does not have an absolute minimum settling-time.

According to the table in the appendix, the system with a frame frequency just below the highest
possible frame frequency has a somewhat smaller settling-time: 0.043 [s]. This is due to the fact that
the settling-time is considered as the length of time elapsed between the end of the set-point signal
and the time the position error signal £(t) becomes smaller than a certain value. So, a minor change in
the position error signal can give a somewhat greater or smaller settling-time. In general, it can be
said that the system parameters must be as high as possible to get an optimal system.

Table 5.4 Comparison between estimation and optimization results of the CD player mechanism
with an acceleration step as set-point signal (aSel =3270 [rad/s2

])

System parameter Engineering estimation Optimization results
frame mass mfr I.5e-4 [kgmL

] 1.5e-4 [kgmL
]

frame frequency ffr 75 [Hz] 74.4 [Hz]
bandwidth frequency fBw 1000 [Hz] 1000 [Hz]

relative damping ~ 0.10 [-] 0.10 [-]

settling-time tsettl 0.044 [s] 0.043 [s]

The estimation of the minimum settling-time corresponds highly with the minimum settling-time
coming from the optimization routine. The frame acceleration afr(t) and the estimation afr,exp(t) and
the position error signal £(t) and the estimation £exp(t) are shown in Figure 5.7 for the optimal system
parameter values. The estimations of the exponential course of the frame acceleration and the
position error signal are rather good when comparing the estimations with the signals.
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Figure 5.7 a) Frame acceleration afr(t) and afr,exp(t) and b) Position error E(t) and £exp(t) with mfr =
1.5e-4 [kgm2

], ffr = 75 [Hz], fBw = 1000 [Hz], P=0.1 and aset =3270 [rad/s2
] (ace. step)

Now, the optimization routine is run for a frame mass mfr = 1.5e-4 [kgm2
], a bandwidth frequency

fBw =1000 [Hz], a damping ratio p=0.10 and an acceleration amplitude aset =3270 [rad/s2
], which

are all non-variable. Only the frame frequency ffr is variable in order to get a clearer view on the
effect of changing the frame frequency. In this case, the optimization routine is run 5 times with the
initial values of the frame frequency ffr set to 15,30,45,60 and 75 [Hz]. The results can be found in
Table 5.5. According to this table, the same conclusion can be drawn as mentioned before: the frame
frequency has to be chosen as high as possible.

Table 5.5 Optimization results with variable frame frequency for mfr =1.5e-4 [kgm2
],

fBw =1000 [Hz], P=0.1 and aset =3270 [rad/s2
] (ace. step)

ffrO [Hz] ffr [Hz] tsettl [s]
15.00 75.00 0,048
30.00 74.41 0.043
45.00 74.59 0.043
60.00 75.00 0.048
75.00 74.44 0.043
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Figure 5.8 Frame acceleration afr(t) with mfr =1.5e-4 [kgm2
], fBw =1000 [Hz], P=0.1,

aset =3270 [rad/s2
] (ace. step) and a) ffr =15 [Hz] and b) ffr =75 [Hz]
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Figure 5.9 Position error E(t) with mfr =1.5e-4 [kgm2
], fBw =1000 [Hz], ~ =0.1, aset =3270 [rad/s2

]

(ace. step) and a) ffr =15 [Hz] and b) ffr =75 [Hz]

In Figure 5.8 and Figure 5.9 , the frame acceleration afr(t) and position error signal c(t) are given as
function of time for a frame frequency of 15 [Hz] and of 75 [Hz]. The other system parameter values
remain the same. The settling-time for a system with a frame frequency of 15 [Hz], the lowest
possible frame frequency, is 0.057 [s], while a system with a frame frequency of 75 [Hz] has a
settling-time of about 0.048 [s]. So, this is a confirmation of the optimization results.

A similar optimization has been done with aset =1635 [rad/s2
], in order to see the influence of the

acceleration amplitude on the optimization. Again, the optimization routine is run 5 times using 5
different initial values of the frame frequency. See Table 5.6 for the results.

Table 5.6 Optimization results with variable frame frequency for mfr =1.5e-4 [kgm2
],

fBw =1000 [Hz], ~ =0.1 and aset =1635 [rad/s2
] (ace. step)

ffr 0 ffr tsettl
15.00 15.00 0.003
30.00 75.00 0.028
45.00 75.00 0.028
60.00 75.00 0.028
75.00 75.00 0.028

This table shows that the optimal frame frequency is now as low as possible, namely 15 [Hz]. In
Figure 5.10 and Figure 5.11 the frame acceleration signal and the position error signal are drawn for a
system with a frame frequency of 15 [Hz] and a frame frequency of 75 [Hz]. The system with a
frequency of 15 [Hz] has the lowest settling-time. Compared to the results with aset =3270 [rad/s2

], it
can be concluded that a change of the acceleration amplitude has reasonable influence on the optimal
system parameters values.

In case of an acceleration step as set-point signal, a change of the acceleration amplitude gives the
same settling-time as a proportional change of the acceptable error Eacc. This can be concluded when
considering Equation 3.5, where an increase of the set-point acceleration amplitude aset gives a
proportional increase of the position error c(t). So, the size of the acceptable error Cacc influences also
the optimal values of the parameters.
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Also a shock as set-point signal is used, consisting of half a sinusoid as acceleration signal with an
amplitude of 3270 [rad/s2

] and a duration of 11 [ms]. Then, a minimum settling-time of 0.004 [s] can
be reached with a frame mass of 1.5e-4 [kgm2

], a bandwidth frequency of 1000 [Hz], a relative
damping of 0.1 and a frame frequency of 15 [Hz], which is the lowest possible frame frequency.
Actually, when these parameter values are reached, the optimization stops while the optimum has not
been reached yet. Then, the maximum number of iterations are exceeded. So, the results are as
follows:

Table 5.7 Comparison between estimation and optimization results of the CD player mechanism
with a shock as set-point (aset =3270 [rad/s2

], tshock =11 [ms])

System parameter Engineering estimation Optimization results
frame mass mfr 1.5e-4 [kgm2

] 1.5e-4 [kgm2
]

frame frequency ffr 75 [Hz] 15 [Hz]
bandwidth frequency fsw 1000 [Hz] 1000 [Hz]
relative damping B 0.10 [-] 0.10 [-]

settling-time tsettl 0.044 [s] 0.004 [s]
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Now, optimization takes place with a frame mass mff = 1.5e-4 [kgm2
], a bandwidth frequency fBw =

1000 [Hz], a damping ratio ~ =0.1 and an acceleration amplitude aset =3270 [radfs2
], all being

constant, while only the frame frequency ffr is variable. Again, the optimization routine is run 5 times
with the initial values ffr.O =15,30,45,60 and 75 [Hz]. The results are shown in the following table.

Table 5.8 Optimization results with variable frame frequency for mff =1.5e-4 [kgm2
],

fBw = 1000 [Hz], ~ = 0.1 and aset =3270 [radfs2
], tshock =11 [ms]

ffr,O [Hz] ffr [Hz] tsettl [s] remarks
15.00 15.00 0.004 MAX. NUMBER OF ITERATIONS EXCEEDED
30.00 75.00 0.055
45.00 75.00 0.055
60.00 75.00 0.055
75.00 75.00 0.055

b)

0.90.80.7
t[sj

0.60.5

.
. , ,

f .....

.....
'.

Ilh~ j

I~ V

,

,

, , , l

200

o

400

a" [rad/s']
600

-400

-600
0.4

-200

a)

0.90.80.7
t[s]

0.60.5

i
.

_.. . .....

f\ ....

\ r'\ f\ /'. ~ ,

VV y '-./

.
i .....

"
j

, ,

400

200

o

a" [rad/s']
600

-600
0.4

-400

-200

Figure 5.12 Frame acceleration afr(t) with mfr =1.5e-4 [kgm2
], fBw =1000 [Hz], ~ =0.1,

aset =3270 [rad/s2
], tshock =11 [ms] and a) ffr =15 [Hz] and b) ffr =75 [Hz]

Eacc

face

b)

0.90.80.7
t[s]

0.60.5

,

,

........ !. ..

.........•

III h
,

HV
I ,

j

i

.......

4

x 10·' pos. error [rad]
8

2

o

6

-8
0.4

-6

-4

-2

a)

0.90.80.7
t[s]

0.60.5

f-------!f--=---+----~--~--leacc

f----+tt----+-------+--r---i£acc

41-·· + ; + , ~

61- , ; , ,

x 10·' pos. error [rad]
8,----,-----,.---.---,--,---,

Figure 5.13 Position error signal e(t) with mfr =1.5e-4 [kgm2
], fBw =1000 [Hz], ~ =0.1,

aset =3270 [radfs2
], tshock =11 [ms] and a) ffr = 15 [Hz] and b) fff =75 [Hz]

Calculation of the settling-time with a frame mass of 1.5e-4 [kgm2
], a frame frequency of 15 [Hz], a

bandwidth frequency of 1000 [Hz] and a damping ratio of 0.1 gives a settling-time of 0.004 [s]. In
this case, it is obvious that a system with a frame frequency of 15 [Hz] gives a smaller settling-time
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than a system with a frame frequency of75 [Hz] (see also Figure 5.12 and Figure 5.13). It can be
concluded that the results of optimization depend on the sort of set-point signal.

To investigate this problem, another optimization has been done with a shock having the same
amplitude, namely aset =3270 [rad/s2

], but with a duration of 20 [ms]. The same values for the frame
mass, bandwidth frequency and relative damping and the same initial values of the frame frequency
are used as in the previous optimizations. The results are given in Table 5.9. For tshock =20 [ms], the
optimal system has a frame frequency of 75 [Hz] as can also be seen in Figure 5.15.

Table 5.9 Optimization results with variable frame frequency for mfr =1.5e-4 [kgm2
],

fBw =1000 [Hz], ~ =0.1 and aset =3270 [rad/s2
], tshock =20 [ms])

ffrO [Hz] ffr [Hz] tsettl [s]
15.00 15.21 0.032
30.00 75.00 0.016
45.00 75.00 0.016
60.00 75.00 0.016
75.00 75.00 0.016
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So, the results of optimization not only depend on the initial values of the system parameters, but
also on the characteristics of the set-point signal. In this section, only an acceleration step and half a
sinusoid as acceleration signal have been used, but the effects are clear. Consequently, estimation of
the optimal system parameter values can be very difficult in this case.

5.4 Conclusions

The estimated system parameter values and the system parameter values found by optimization do
not always correspond to each other. It is a result of the fact that there are many factors influencing
the objective function. The magnitude of the possible differences between the estimation of the
courses of the time-domain responses of the system and the appearing time-domain responses of the
(optimal) system depend on the magnitude of the system parameter values. As a result of this, the
estimated settling-time differs proportionally from the minimum settling-time.

Some remarks can be made with respect to the optimization routine. Because of the strong influence
of the set-point signals on the system behaviour (for example, the presence of interference),
optimization is necessary to achieve a system configuration having a minimum settling-time.

Optimization of a system configuration with variable system parameters is possible with the
MATLAB constr.m function. It has been shown that the results of the optimization routine depend
strongly on the initial values of the variable system parameters. This is due to the fact that the
optimization routine stops when a (local) minimum of the objective function has been found. So, the
optimization routine has to be passed through with different initial values of the variable system
parameters in order to find a global minimum. However, this is a very time-consuming activity.

The optimization shows to be very sensitive to small changes in the system parameter values. This is
caused by the fact that the settling-time is characterized by the point of time where the position error
becomes and remains smaller than a certain acceptable error. A minor change of the position error
signal will give another settling-time, which eventually may lead to complete different optimization
results.
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6. Overall conclusions and recommendations

6.1 Conclusions

Due to the increasing requirements of motion systems with respect to speed and accuracy, there is a
growing influence of mechanical vibrations on the performance of the motion systems. This
performance can be greatly influenced by the dynamic properties of the mechanical system, which
are characterized by a limited mass and stiffness of the stationary machine frame. The frame
vibrations result from the set-point signal and influence the time-domain performance, in particular
the position error of the system.

Estimations of the time-domain responses of the system can be made to predict the behaviour of the
system. The approximations are based on the assumption that the motion of the frame is an
independent disturbance. This leads to the following equation:

maE RE (t)=a 1 set e-pOlr,t (6.1)
exp A

mfr fr
Olfr

The validity of the approximation function for a range of system configurations can be summarized
in a table. In practice, systems in the field of interest mostly have a damping ratio of about 0.1 or less.
Table 6.1 is applicable for systems having a bandwidth frequency at least equal to the frame
frequency. The approximation function becomes worse for a decreasing mass ratio and/or damping
ratio because of an increasing influence of the load motion on the frame motion.

Table 6.1 Validity of approximation function

v = 100 v = 10 v=l
B= 0.1 (very) good (very) good moderate

B= 0.01 (very) good moderate insufficient

In order to achieve a minimum settling-time with a certain system configuration, the effects of a
change of one of the system parameters on the system behaviour are studied. It is useful to divide the
range of system configurations into a group for which the approximation function is valid and a
group for which it is not valid, according to Table 6.1. The load mass and the set-point signal remain
unchanged in these cases.

First, the group is considered for which the approximation function is valid. Minimization of the
settling-time is possible by:
- increasing the frame mass.
- increasing the damping ratio.
- increasing the frame stiffness while the frame mass remains constant, thus resulting in an increase

of the frame frequency.
- increasing the bandwidth frequency of the system, by which the frame vibration has less effect on

the position error (disturbance suppression).

Second, the group is considered for which the approximation function is not valid. In this case, two
effects are important with respect to the minimization of the settling-time. The first effect is the
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disturbance suppression: a high bandwidth frequency leads to less influence of the frame vibration on
the position error and thereby decreases the settling-time. The second effect deals with the possibility
of the frame vibration being absorbed by the servo damping for a lower bandwidth frequency.

In the case of a system configuration which is part of the second group, simulations have to be
performed to achieve a minimum settling-time. However, it is possible to make some general
statements with respect to these system configurations. The settling-time can be minimized by:
- increasing the damping ratio.
- increasing the bandwidth frequency of the system. However, for systems with a damping ratio

lower than 0.1, the bandwidth frequency has to be at least a number of times the frame frequency
(by which the value of this bandwidth frequency depends on other system parameter values).
When this (high) bandwidth frequency can not be reached, a bandwidth frequency of about 0.2 to
0.4 times the frame frequency gives a (local) minimum settling-time.

- increasing the frame stiffness while the bandwidth frequency of the system is not very low.
- decreasing the frame mass while the frame stiffness remains constant for a system with a low

bandwidth frequency or increasing the frame mass (with constant frame stiffness) for a system
with a high bandwidth frequency. In between, there is an area where the settling-time first
increases and then decreases with increasing mass ratio.

The effects of the system parameters on the system behaviour and in particular the settling-time make
clear that the results depend strongly on the choice of the system parameters. In some cases, root-loci
plots may be useful in order to form a picture of the system behaviour when changing one system
parameter.

Optimization of a certain system configuration with more variable system parameters is necessary in
order to achieve a system configuration with a minimum settling-time. For example, different set
point signals imposed upon the system, result in a different behaviour of the system.

The MATLAB constr.m function can be used to optimize a system configuration. However, this is
time-consuming, because the optimization routine has to be run with different initial values of the
variable system parameters to find a global minimum settling-time. The definition of the settling
time (i.e. the point of time where the position error becomes and remains smaller than a certain
acceptable error) makes the optimization method of the system very sensitive to small changes in the
system parameters, leading to different optimization results.

6.2 Recommendations

The investigation presented in this paper is restricted to one single (ideal) system structure with a
fixed controller structure using a limited range of values for the system parameters. Most attention is
paid to systems with a relative low mass ratio and relative low damping ratio. So, it is recommended
to be cautious when using the results and conclusions of this investigation for different systems.

It is not clear whether in practice an increase of the frame mass for a constant frame stiffness leads to
a change of the absolute damping (bfr) or the damping ratio (~) of the frame. With the aid of some
experiments, it may be possible to gain more insight into this problem.
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During the simulations in this study, no attention has been paid to parasitic effects in the system
(such as cogging or friction). All simulations have been carried out with a model containing none of
these effects. To investigate the influences of these parasitic effects on the system behaviour,
experiments can be carried out and simulations can be performed with an adapted version of the
model used in this thesis.
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Appendix A Calculation of transfer functions

Appendix A.1 Transfer function ~
Air

The calculation of the transfer function ~, according to Figure 2.4 in Section 2.2:
A fr

mAl = H con (Yset - y) + mSset
m,s2Q] = HconE + mts2Yset

mts
2(QI -Q fr - Yset ) = HconE+mts2Yset -mls

2Qfr -m]s2Yset
-m,s2E - HconE = -m1Afr

E m]
:::::> =-----=----=----

Afr mts
2 + H con

(A.l)

(A.2)

PID controller.

When the controller only has a proportional part K, the transfer function~ can be written as:
A fr

E I

A 2 2
fr S + (OBW

The transfer function~ with both the controllers is shown in Figure A.I.
A fr

(A.3)

gain [dB)

-120 '-----'---'--'-...............:....u._---'----'---'-'"'-'-'-.w...J...._--'--'--'--'--'--'-'-""

10° Wsw 102

0) [rad/s]

Figure A.I Bode diagram of~ (with P and PID controller)
A fr
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Appendix B Time responses of systems with different parameter values

Appendix B .1 Survey of the investigated systems and legend of the line types

The cases mentioned in the subjoined table have been investigated. The figure numbers in the table
refer to the figures of the time responses (corresponding to the relevant system configuration) in the
following sections.

Table B.l Survey of investigated systems with relevant figure references

13 fBw v=lOO v=lO v=l
0.3 O.lffr Figure B.1, B.2a Figure B.7, B.8a Figure B.13, B.14a

ffr Figure B.l, B.2b Figure B.7, B.8b Figure B.13, B.14b
10ffr Figure B.1, B.2c Figure B.7, B.8c Figure B.13, B.14c

0.1 O.lffr Figure B.3, BAa Figure B.9, B.lOa Figure B.15, B.16a
ffr Figure B.3, BAb Figure B.9, B.lOb Figure B.15, B.16b

lOffr Figure B.3, BAc Figure B.9, B.lOc Figure B.15, B.16c
0.01 O.lffr Figure B.5, B.6a Figure B.11, B.12a Figure B.17, B.18a

ffr Figure B.5, B.6b Figure B.l1, B.12b Figure B.17, B.18b
lOffr Figure B.5, B.6c Figure B.11, B.12c Figure B.17, B.18c
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Appendix B.2 Figures of time responses of system with mass ratio v=1 00 and ~=0.3
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Appendix B .3 Figures of time responses of system with mass ratio v=1 00 and ~=0.1
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Figure B.3 Frame acceleration as function of time for system with v =100 [-] and ~ =0.1 [-]:
afr(t) with fBW =O.lffr, ffr, lOffr and afr,exp(t)
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Appendix B .4 Figures of time responses of system with mass ratio v=1 00 and ~=0.01
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Figure B.5 Frame acceleration as function of time for system with v = 100 [-] and ~ = 0.0 1 [-]:
afr(t) with fBw =O.lffr, ffr, lOffr and afr,exp(t)
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Figure B.6 Position error as function of time (£(t), tappet) and £exp(t)) for system with v = 100 [-],
~ =0.01 [-] and a) fBw =O.lffr [Hz], b) fBw =ffr [Hz], c) fBw = lOffr [Hz]
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Appendix B .5 Figures of time responses of system with mass ratio v=1 0 and ~=O.3
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Appendix B .6 Figures of time responses of system with mass ratio v=1 0 and J3=O.1
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Figure B.9 Frame acceleration as function of time for system with v = 10 [-] and J3 = 0.1 [-]:
afr(t) with fBW =O.lffr , ffr, lOffr and afr,exp(t)
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Appendix B .7 Figures of time responses of system with mass ratio v=10 and /3=0.01
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Appendix B .8 Figures of time responses of system with mass ratio v=1 and 13=0.3
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Appendix B .9 Figures of time responses of system with mass ratio v=1 and f3=O.1
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Appendix B .10 Figures of time responses of system with mass ratio v=1 and ~=O.01
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Appendix C Settling-time plots and root-loci plots of systems

Appendix C .1 Settling-time as function of the bandwidth frequency

Figures of settling-time as function of the bandwidth frequency for different mass ratios, damping
ratios and frame stiffness. See Table C.1 for the used system parameter values.

Table C.1 Used parameter values for the settling-time plots of Figure C.1 and Figure C.2

mfr = m" 2m/, 5m), 10m) ~ = 0.01,0.05,0.10,0.30 [-]
= 0.015, 0.030, 0.075, 0.150 [kgm2

]

kfr = 42.8,267 [Nm/rad] bfr = 2~mfrffi[r [Nms/rad]

ffr = l/(21t)~(kfrlmfr) [Hz] tacc = 1e-4 [rad]
fBw = O.1ffr.... lOffr [Hz]
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Figure C.1 Settling-time as function of bandwidth frequency fBw and damping ratio ~ for
kfr = 42.8 [Nm/rad] and a) v =1, b) v = 2, c) v = 5 and d) v = 10

WFW report 96.149 C.1



Frame vibrations and settling-time of servo systems

101"I"
IBw [Hz]

a)

c)

i .

1\

1\
.
.w'.0." i

r\~\
.

V
,-"v crr\ ',=1

I
',,~ :J< /~- " \ P=OiO

;----i--·

\~ .
pO.3D ~

o
0.11"

0.1

0.3

0.4 t,,, [5]

0.2
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Appendix C .2 Root-loci plots as function of the bandwidth frequency1

Root-loci plots as function of the bandwidth frequency for v =2 and v =10 with ~ =0.01 and ~ =
0.3 and with k fr =42.8 [Nm/rad] and kfr =267 [Nm/rad]. The pole locations are indicated with an
increasing bandwidth frequency from fBw = 0.3 [Hz] to 86 [Hz] with a step size of 0.3 [Hz]. The
remaining system parameters have values according to Table c.l.
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Figure C.3 Root-loci as function of fBw for v =2, kfr =42.8 [Nm/rad] and a) ~ =0.01 and b) ~ =0.30
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Figure C.4 Root-loci as function offBw for v =2, kfr =267 [Nm/rad] and a) ~ =0.01 and b) ~ =0.30

I Remark with respect to the root-loci plots in this appendix: in general, the figures show only a part of the root-loci
plots, i.e. the part with the most dominant poles.
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Figure C.5 Root-loci as function of fBw for v = 10, kfr = 42.8 [Nrn/rad] and a) ~ = 0.01
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Appendix C .3 Settling-time as function of the mass ratio

Figures of settling-time as function of the mass ratio for different bandwidth frequencies, damping
ratios and frame stiffness. See Table C.2 for the used system parameter values.

Table C.2 Used parameter values for the settling-time plots of Figure C.7 and Figure C.8

mrr = m\.... 100m\ = 0.015.... 1.50 [kgmL
] 13 = 0.01, 0.05, 0.10, 0.30 [-]

krr = 42.8,267 [NmJrad] brr = 213mrrCOrr [Nms/rad]

frr = 1/(2rc)-,J(kr/mrr) [Hz] Eacc = 1e-4 [rad]
fBw = 0.85, 4.3,8.5, 12.8,21.3,34 [Hz]
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Figure C.7 Settling-time as function of mass ratio v and bandwidth frequency fBw for
kfr = 42.8 [NmJrad] and a) ~ =0.01, b) ~ = 0.05, c) ~ = 0.10 and d) ~ = 0.30
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kfr = 267 [NmJrad] and a) ~ =0.01, b) ~ = 0.05, c) ~ = 0.10 and d) ~ = 0.30
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Table C.3 Used parameter values for the settling-time plots of Figure C.9

mfr = mj.... lOOml = 0.015 .... 1.50 [kgm2
] bfr = 0.016,0.080,0.160, [Nms/rad]

0.480
kfr =42.8 [Nm/rad] 6 = bf/C2mfrffi[r) [-]

ffr = lIC21t)-VCkf/mfr) [Hz] taee =le-4 [rad]
fBw = 0.85, 4.3,8.5, 12.8,21.3,34 [Hz]
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Figure C.9 Settling-time as function of mass ratio V and bandwidth frequency fBw for
kfr = 42.8 [Nm/rad] and a) bfr =0.016 [Nms/rad], b) bfr =0.080 [Nms/rad],
c) bfr = 0.160 [Nms/rad] and d) bfr =0.480 [Nms/rad]
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Appendix C .4 Root-loci plots as function of the mass ratio

Root-loci plots as function of the mass ratio Y for fBw =4.3 [Hz] and fBw =21.3 [Hz], with ~ =0.01
and ~ =0.3 (or with bfr =0.016 [Nms/rad] or 0.48 [Nms/radD and with kfr =42.8 [Nm/rad] and kfr =
267 [Nm/rad]. The pole locations are indicated with an increasing mass ratio from Y = 1 to 10 with a
step size of 1. The remaining system parameters have values according to Table C.2.
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Appendix C .5 Settling-time as function of the frame stiffness

Figures of settling-time as function of the frame stiffness for diffferent mass ratios, bandwidth
frequencies and damping ratios. See Table CA for the used system parameter values.

Table CA Used parameter values for the settling-time plots of Figure C.16 to Figure C.19

mfr = m), 2m" 5m), 10m] ~ = 0.01,0.30 [-]
= 0.015, 0.030, 0.075, 0.150 [kgm2

]

kfr = 21.4....385.2 [Nrn/rad] bfr =2~mfrffi[r [Nms/rad]

ffr = 1I(21t)--J(kfrlmfr) [Hz] Cacc =leA [rad]

fBw = 0.85, 4.3, 8.5, 12.8, 21.3, 34 [Hz]
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Figure C.16 Settling-time as function of frame stiffness kfr and bandwidth frequency fBw for
v = 1 and a) ~ =0.01 and b) ~= 0.30

1000

b)

100
~, [Nmfrad]

t••" [5]

"'"
, , "

.' 'A' 'H71 ,

N ,

..... ,.....

'"i1 : ,

r
BW ,~., !lr,'j

~
r ~'::::(

~ IW !B,p "',
[HZ]\ :,"'. - f'iw 0; 12

......
l..~ <~ iBI 21.3[H~

,

'-'- V r-." , --......
"

IBW = 34 [I ~zJ J 1-,:: h."
,

o
10

0.2

0.4

1.2

0.6

0.8

1.4
a)

fBW ;;;;

oL_.L---l...-J......j---'--u....:....c::.::==~~""-.J......u-L..LJ

10 100 1000
~, [Nmfrad]

6
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Appendix C.6 Root-loci plots as function of the frame stiffness

Root-loci plots as function of the frame stiffness kfr for v =2 and v =10 with ~ =0.01 and B=0.3
and with fBw =4.3 [Hz] and fBw =21.3 [Hz]. The pole locations are indicated with an increasing
frame stiffness from kfr =21.4 [Nm/rad] to 385.2 [Nm/rad] with a step size of 21.4 [Nm/rad]. The
remaining system parameters have values according to Table CA.
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Appendix C.7 Settling-time as function of the damping ratio and absolute damping

Figures of settling-time as function of the damping ratio for diffferent mass ratios, bandwidth
frequencies and frame stiffness. See Table C.5 for the used system parameter values.

Table C.5 Used parameter values for the settling-time plots of Figure C.24 and Figure C.25

mfr =m), 2m), 5m), 10m) ~ =0.01.. ..0.30 [-]
=0.015,0.030,0.075,0.150 [kgm2

]

kfr =42.8,267 [Nm/rad] bfr =26mfrffitr [Nms/rad]

ffr = lIC2rt)-VCkfr!mfr) [Hz] Cacc =1e-4 [rad]
fBw =0.85, 4.3,8.5, 12.8,21.3,34 [Hz]
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Figure C.24 Settling-time as function of damping ratio ~ and bandwidth frequency fBw for
kfr =42.8 [Nm/rad] and a) v =1, b) v =2, c) v =5 and d) v =10
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Figure C.25 Settling-time as function of damping ratio ~ and bandwidth frequency fBw for
krr =267 [NmJrad] and a) v =1, b) v =2, c) v =5 and d) v =10

Table C.6 Used parameter values for the settling-time plots of Figure C.26a) to Figure C.29a)

mrr =ml.... lOml =0.015....0.150 [kgmL
] B =0.01, 0.05, 0.10, 0.30 [-]

krr =42.8,267 [NmJrad] brr =2Bmrrffirr [Nms/rad]
frr =1I(21t)...J(krrlmrr) [Hz] Caee = le-4 [rad]
fBw =4.3, 21.3 [Hz]

Table C.7 Used parameter values for the settling-time plots of Figure C.26b) to Figure C.29b)

mfr =ml.... l0ml =0.015 ....0.150 [kgm2
] brr =0.016, 0.080, 0.160,

0.480 [Nms/rad]
krr =42.8,267 [NmJrad] B =brrl(2mrrffirr) [-]

ffr =1/(21t)-V(krr/mfr) [Hz] Caee = le-4 [rad]

fBw =4.3,21.3 [Hz]
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Appendix C .8 Root-loci plots as function of damping ratio

Root-loci plots as function of damping ratio ~ for v = 2 and v = 10 with fBw = 4.3 [Hz] and fBw =
21.3 [Hz] and with k fr =42.8 and 267 [Nm/rad]. The pole locations are indicated with an increasing
damping ratio from ~ =0.01 to 0.30 with a step size of 0.01. The remaining system parameters have
values according to Table c.s.
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Figure C.31 Root-loci as function of ~ forY = 2, fBw = 21.3 [Hz] and a) kfr = 42.8 [Nmlrad]
and b) kfr =267 [Nmlrad]
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Appendix D Optimization of systems

Appendix 0 .1 MATLAB programs for optimization of component mounter design

concasla.m:

The optimization routine for case 1: the component mounter (Section 5.2.2) with one single
acceleration step as set-point signal.

% minimize settling-time with aid of function constrl.m
% CASE 1: component mounter
% (with acceleration step)

clear all

for mfrO=60:60:300
for ffrO=5:5:50

for fBWO=10:5:30
disp(['mfrO=' ,num2str(mfrO) , , i ffrO=' ,num2str(ffrO), 'i

fBWO=' ,num2str(fBWO)])

% data input:

clear global mfr ml beta aset vmax stroke epsacc cm fBW ffr tstop
clear global kfr bfr wfr wb K taui taudl taud2
clear global As Bs Cs Ds
clear global tsettl time epsl

global mfr ml beta aset vmax stroke epsacc cm fBW ffr tstop
global kfr bfr wfr wb K taui taudl taud2
global As Bs Cs Ds
global tsettl time epsl fid

ml=60icm=liepsacc=le-6ibeta=0.liaset=15ivmax=2istroke=0 .3i
mfr=300iffr=50ifBW=30i

tstop=6i

% normalized variables and bounds:

VAR=[mfrO/mfr ffrO/ffr fBWO/fBW]i
VLB=[O.Ol 0.01 0.01];
VUB=[l 1 1];

options=foptions;
options (1) =1;
options(16)=0.01;
options(17)=0.1;

% begin estimation
% lower bound variables
% upper bound variables

[VAR,options]=constrl('optcasla' ,VAR,options,VLB,VUB);

VAR(l)=VAR(l)*mfr;
VAR(2)=VAR(2)*ffr;
VAR(3)=VAR(3)*fBW;

end
end

end
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constrl.m:

The function constr1.m is a slightly adapted version of the MATLAB constr.m function. Only some
routines have been added to acquire information about the used parameter values.

optcasla.m:

function [tsettl,g] = OPTCAS1A(VAR)
* with acceleration step as set-point signal

global epsacc tstop
global mfr ffr fBW
global beta wfr kfr bfr wb K taui taud1 taud2
global As Bs Cs Ds tsettl time eps1 fid

VAR(l)=VAR(l)*mfr;
VAR(2)=VAR(2)*ffr;
VAR(3)=VAR(3)*fBW;

wfr=2*pi*VAR(2) ;
kfr=VAR(1)*wfr A 2;
bfr=2*beta*VAR(1)*wfr;
pidcas1
matcas1

[time, state, eps1] =rk45 ( 'simcas1a' , tstop, [0 0 0 0 0 0 0 0], [le-8 1e-4 1e-2]);

% calculate settling-time

tsettl=0;tsetp=0.5;
[j,k]=size(eps1) i

epsflip=flipud(eps1) ;

ev=abs (epsflip) >epsacc;

[1 ,m] =max(ev) ;

if l*m==l I (1==1 & m<200)

tsettl=100;

% flip matrix eps1 in up/down direction
% position error < acceptable error
% ev is column containing zeros and ones.
% a 1 appears when abs(epsflip»epsacc,
% otherwise a 0 appears.
% m indicates the position of the first
% maximum value (in this case it is a 1)
% in column ev. 1 contains the maximum
% value of ev (= 1).
% the criterion m<200 is used
% to minimize the chance that
% a settling-time is given,
% while the settling time is
% just somewhat greater than
% the simulation time
% when tsettl=100, than
% settling-time > simulation time

else
if 1==0

tsettl=O;
else tsettl=time(j-m)-tsetp;
end

end
VAR(l)=VAR(l)/mfri
VAR(2)=VAR(2)/ffri
VAR(3)=VAR(3)/fBW;
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pidcasl.m:

The parameters of the controller.

% PID-parameters

global ml

wb=2*pi*VAR(3) ;

K=ml*wb"2;
wi=O.l*wb; % breakpoint at 0.10 * bandwidth frequency
wdl=0.3*wb; % breakpoint at 0.30 * bandwidth frequency
wd2=5*wb; % breakpoint at 5.00 * bandwidth frequency

taui=l/wi;
taudl=l/wdl;
taud2=1/wd2;

matcasl.m:

The matrices of the state space description of the mechanical system.

% state space description of mechanical system

global ml kfr bfr cm

As= [ 0
-kfr/VAR(l)

o
o

1 0
-bfr/VAR(l) 0

o 0
o 0

0;
0;
1;
0] ;

Bs=cm*[O -l/VAR (1) o l/ml] ;

Cs=[-l 0 1 0];

Ds= [0] ;

simcasla.m:

The SIMULINK scheme of the system with one single acceleration step as set-point signal.

state-space
description

mech. system

Figure D.I SIMULINK scheme (with one single acceleration step as set-point signal)
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Appendix D .2 Results of optimization component mounter design (ace. step)

The results of the optimization of the component mounter design are shown in Table D.2. The system
parameter values and bounds can be found in Table D.l. Note that in this case the set-point signal is
one single acceleration step.

Table D.l System parameter values and bounds of component mounter design

m, =60 [kg] mfr $300 [kg]

B =0.10 [-] ffr $ 50 [Hz]

aset = 15 [m/s L
] fBw $ 30 [Hz]

tacc = 1 [,,"m]

The first three columns of Table 0.2 give mfr,O, ffr,O, and fBw,o, which stand for the initial values of the
variable system parameters mfr, ffr and fBw. The 4th, 5th and 6th column of the table give the values of
the variable sytem parameters mfr, ffr and fBw after optimization. tsettl gives the settling-time of the
system with the optimal parameter values found.

Table D.2 Results of the optimization of the component mounter design with one single
acceleration step as set-point signal

m'r,O f'r,o fsw,o m'r fir fsw tsetll
60 5 10 60 5 10.00 No opt
60 5 15 294.6 50 30.00 0.073
60 5 20 295.31 50 11.41 0.061
60 5 25 300.02 50 30.00 0.074
60 5 30 300.02 50 30.00 0.074
60 10 10 226.23 50 21.09 0.066
60 10 15 299.98 50 12.28 0.062
60 10 20 299.95 50 17.15 0.064
60 10 25 300 50 20.25 0.064
60 10 30 299.51 50 29.91 0.073
60 15 10 300 50 12.27 0.062
60 15 15 300 50 11.45 0.061
60 15 20 294.77 50 25.30 0.073
60 15 25 299.94 50 27.02 0.073
60 15 30 300 50 27.96 0.073
60 20 10 237.06 50 11.55 0.061
60 20 15 276.48 50 14.35 0.064
60 20 20 300 50 19.00 0.064
60 20 25 296.12 50 27.02 0.073
60 20 30 300 50 29.57 0.073
60 25 10 299.93 50 11.43 0.061
60 25 15 270.53 50 11.97 0.062
60 25 20 300 50 21.64 0.064
60 25 25 300 50 27.01 0.073
60 25 30 300 50 29.35 0.073
60 30 10 299.99 50 11.46 0.061
60 30 15 218.14 50 14.94 0.066
60 30 20 215.85 50 11.75 0.062
60 30 25 290.24 49.92 11.25 0.061
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m'r,O f'r,O fsw,o m'r fir fsw tsetll
60 30 30 300 50 29.32 0.073
60 35 10 166.36 50 16.46 0.070
60 35 15 242.26 50 11.45 0.061
60 35 20 296.46 50 11.41 0.061
60 35 25 247.63 50 25.01 0.075
60 35 30 299.88 50 29.59 0.073
60 40 10 295.74 50 20.11 0.064
60 40 15 300 50 12.85 0.062
60 40 20 296.61 50 16.38 0.064
60 40 25 292.76 50 11.23 0.062
60 40 30 295.06 50 20.57 0.064
60 45 10 158.68 50 30.00 0.081
60 45 15 166.29 50 12.92 0.071
60 45 20 226 50 12.72 0.063
60 45 25 243 49.21 20.11 0.067
60 45 30 173 50 30.00 0.079
60 50 10 119 50 20.08 0.074
60 50 15 186.95 50 20.70 0.068
60 50 20 224.85 50 21.48 0.066
60 50 25 299.72 50 25.98 0.073
60 50 30 228.43 50 30.00 0.076

120 5 10 300 50 27.03 0.073
120 5 15 299.46 50 20.40 0.064
120 5 20 300 50 25.98 0.073
120 5 25 289.95 50 29.65 0.074
120 5 30 300 50 28.51 0.073
120 10 10 299.05 50 18.69 0.064
120 10 15 298.71 50 21.30 0.064
120 10 20 300 50 13.22 0.062
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mfr,O ffr,o faw,o mfr ffr faw tSettl

120 10 25 300 50 29.31 0.073
120 10 30 289.15 50 11.31 0.061
120 15 10 216.05 50 11.78 0.062
120 15 15 180.22 50 13.31 0.069
120 15 20 196.67 50 11.83 0.062
120 15 25 300 50 20.59 0.064
120 15 30 300 50 29.98 0.074
120 20 10 159.77 50 13.83 0.071
120 20 15 215.85 50 11.75 0.062
120 20 20 202.29 50 18.81 0.067
120 20 25 287.46 50 20.82 0.064
120 20 30 187.13 50 29.39 0.078
120 25 10 286.61 50 13.41 0.063
120 25 15 224.74 50 11.60 0.062
120 25 20 240.07 50 30.00 0.076
120 25 25 300 50 25.71 0.073
120 25 30 280.37 49.94 11.99 0.062
120 30 10 210.41 50 14.34 0.066
120 30 15 206.45 50 21.05 0.067
120 30 20 237.36 50 11.36 0.061
120 30 25 199.08 50 20.01 0.067
120 30 30 298.93 50 27.91 0.073
120 35 10 241.43 50 13.37 0.064
120 35 15 299.18 50 14.12 0.063
120 35 20 209.95 49.99 11.62 0.062
120 35 25 151.85 50 18.53 0.071
120 35 30 247.01 50 15.64 0.065
120 40 10 215.97 50.01 11.37 0.062
120 40 15 299.4 50 20.26 0.064
120 40 20 194.83 50 11.91 0.063
120 40 25 300 50 30.00 0.074
120 40 30 180.5 50 29.36 0.079
120 45 10 239.58 50 21.08 0.066
120 45 15 299.3 50 11.41 0.061
120 45 20 281.44 50 11.58 0.061
120 45 25 218.92 50 11.73 0.062
120 45 30 172.97 50 30.00 0.079
120 50 10 172.62 50 20.94 0.069
120 50 15 176.33 50 20.15 0.069
120 50 20 263.65 50 11.82 0.062
120 50 25 299.77 50 29.58 0.073
120 50 30 300 50 27.88 0.073
180 5 10 195.17 49.95 10.10 0.079
180 5 15 292.11 50 21.91 0.064
180 5 20 300.02 50 30.00 0.074
180 5 25 289.8 50 29.68 0.073
180 5 30 293.95 50 30.00 0.073
180 10 10 300 50 18.03 0.064
180 10 15 291.5 50 12.17 0.062
180 10 20 260.4 50 19.73 0.065
180 10 25 300 50 30.00 0.074
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mfr,O ffr,o faw,o mfr ffr faw tsettl

180 10 30 201.41 50 30.00 0.078
180 15 10 171.13 50 15.05 0.070
180 15 15 286.57 50 21.37 0.064
180 15 20 245 50 16.81 0.065
180 15 25 298.27 50 27.88 0.073
180 15 30 263.7 50 29.50 0.074
180 20 10 232.84 50 11.45 0.061
180 20 15 286.49 50 19.35 0.064
180 20 20 184.58 50 20.29 0.068
180 20 25 209.85 50 26.06 0.077
180 20 30 208.4 50 30.00 0.077
180 25 10 281.7 50 12.41 0.062
180 25 15 288.7 50 21.65 0.064
180 25 20 238.03 50 19.10 0.066
180 25 25 245.15 50 30.00 0.075
180 25 30 300 50 27.92 0.073
180 30 10 259.71 49.89 21.03 0.065
180 30 15 218.64 50 20.83 0.067
180 30 20 228.83 50 21.17 0.066
180 30 25 300 50 29.59 0.073
180 30 30 300 50 30.00 0.074
180 35 10 217.04 50 15.05 0.066
180 35 15 283.67 49.47 11.83 0.062
180 35 20 221.27 50 20.69 0.066
180 35 25 251.61 50 22.56 0.074
180 35 30 164.93 50 17.43 0.070
180 40 10 268.35 50 11.94 0.062
180 40 15 207.7 50 14.11 0.067
180 40 20 258.36 50 12.23 0.062
180 40 25 186.11 50 19.81 0.068
180 40 30 207.61 50 30.00 0.077
180 45 10 300 50 30.00 0.074
180 45 15 217.25 50 11.81 0.062
180 45 20 215.29 50 20.71 0.067
180 45 25 300 50 27.05 0.074
180 45 30 300 50 30.00 0.074
180 50 10 300 50 30.00 0.074
180 50 15 204.26 50 11.68 0.062
180 50 20 237.68 50 19.87 0.066
180 50 25 300 50 25.00 0.073
180 50 30 300 50 30.00 0.074
240 5 10 233.26 50 10.06 0.078
240 5 15 189.08 50 20.44 0.068
240 5 20 299.66 50 11.31 0.062
240 5 25 299.91 49.99 16.46 0.064
240 5 30 293.82 50 30.00 0.073
240 10 10 275.41 50 12.46 0.062
240 10 15 300 50 14.48 0.064
240 10 20 248.24 50 18.06 0.065
240 10 25 300 50 28.30 0.073
240 10 30 293.79 50 30.00 0.073
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mfr,O ffr,o fBW,o mfr ffr fBW tSettl

240 15 10 268.26 50 11.50 0.061
240 15 15 276.97 50 11.65 0.061
240 15 20 255.9 50 20.08 0.065
240 15 25 294.07 50 30.00 0.073
240 15 30 175.96 50 15.16 0.069
240 20 10 285.92 50 11.67 0.061
240 20 15 210.12 50 11.88 0.062
240 20 20 267.6 50 20.85 0.065
240 20 25 158.96 50 14.22 0.071
240 20 30 246.47 50 29.24 0.075
240 25 10 177.52 49.61 20.74 0.069
240 25 15 274.97 50 12.04 0.062
240 25 20 248.55 50 19.53 0.065
240 25 25 249.59 49.98 11.57 0.061
240 25 30 265.59 50 30.00 0.074
240 30 10 296.98 50 11.42 0.061
240 30 15 294.41 50 20.07 0.064
240 30 20 251.49 50 22.30 0.074
240 30 25 260.88 50 30.00 0.075
240 30 30 242.42 50 30.00 0.075
240 35 10 238.67 45.67 8.90 0.088
240 35 15 233.52 50 11.74 0.062
240 35 20 300 50 16.24 0.064
240 35 25 250.93 50 25.43 0.075
240 35 30 298.83 50 28.81 0.073
240 40 10 266.37 50 30.00 0.074
240 40 15 230.41 50 11.36 0.061
240 40 20 288.73 50 21.18 0.064
240 40 25 244.87 50 22.66 0.074
240 40 30 299.92 50 29.59 0.073
240 45 10 226.88 50 11.64 0.062
240 45 15 259.99 50 14.79 0.065
240 45 20 300 50 16.80 0.064
240 45 25 300 50 27.02 0.073
240 45 30 256.43 50 30.00 0.075
240 50 10 246.64 49.9 21.37 0.065
240 50 15 264.18 50 13.39 0.063
240 50 20 276.57 50 16.62 0.065
240 50 25 298.18 50 16.01 0.064
240 50 30 273.48 50 11.86 0.062
300 5 10 298.94 50 11.42 0.061
300 5 15 289.33 50 19.36 0.064
300 5 20 299.99 50 27.96 0.073
300 5 25 295.11 50 30.00 0.073
300 5 30 293.91 50 30.00 0.073
300 10 10 295.25 50 11.41 0.061
300 10 15 300 50 12.41 0.062
300 10 20 296.83 50 18.90 0.064

WFW report 96.149

Frame vibrations and settling-time of servo systems

mlr,O flr,o fBW,o mlr fir fBw tSettl

300 10 25 294.03 50 30.00 0.073
300 10 30 290.39 50 29.68 0.074
300 15 10 300 50 13.65 0.063
300 15 15 266.71 50 11.46 0.061
300 15 20 295.91 50 21.45 0.064
300 15 25 300 50 27.88 0.073
300 15 30 293.93 50 30.00 0.073
300 20 10 247.84 50 11.54 0.061
300 20 15 292.43 50 18.48 0.064
300 20 20 298.92 50 17.12 0.064
300 20 25 300 50 28.20 0.073
300 20 30 272.72 50 29.94 0.074
300 25 10 206.64 50 20.67 0.067
300 25 15 295.42 50 11.38 0.061
300 25 20 299.92 50 21.35 0.064
300 25 25 296.4 50 28.03 0.073
300 25 30 287.13 50 29.41 0.074
300 30 10 250.36 50 12.16 0.062
300 30 15 300 50 11.43 0.061
300 30 20 297.25 50 19.86 0.064
300 30 25 299.96 50 12.28 0.062
300 30 30 280.53 50 29.71 0.074
300 35 10 289.65 50 9.54 0.079
300 35 15 299.99 50 11.89 0.061
300 35 20 300 50 19.87 0.064
300 35 25 300 50 27.74 0.073
300 35 30 299.96 50 29.59 0.073
300 40 10 293.82 50 30.00 0.073
300 40 15 297.27 50 11.92 0.062
300 40 20 284.95 50 21.60 0.064
300 40 25 291.43 50 23.53 0.073
300 40 30 286.53 50 29.42 0.074
300 45 10 261.46 50 11.36 0.061
300 45 15 298.2 50 12.26 0.062
300 45 20 297.48 50 19.35 0.064
300 45 25 295.64 50 25.35 0.073
300 45 30 294.93 50 30.00 0.073
300 50 10 300 50 19.98 0.064
300 50 15 293.66 50 11.80 0.061
300 50 20 289.57 49.96 19.43 0.064
300 50 25 299.16 50 12.63 0.062
300 50 30 293.92 50 30.00 0.073

I No opt means that the optimization stopped, while no
correct solution was found: the settling-time was
greater than the simulation time.
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Appendix D.3 MATLAB programs for optimization of optical disc drive mechanism

concas2a.m:

The optimization routine for case 2: the optical disc drive mechanism (Section 5.2.3), with one single
acceleration step as set-point signal.

% minimize settling-time with aid of function constr2.m
% CASE 2: optical disc drive mechanism
% (with acceleration step as set-point signal)

clear all

for mfrO=[2.5e-5,5e-5,le-4,1.5e-4]
for ffrO=15

for fBWO=200:200:1000
for betaO=[0.01,0.05,0.10]

disp(['mfrO=' ,num2str(mfrO),'; ffrO=' ,num2str(ffrO),';
fBW=' ,num2str(fBWO),'; beta=' ,num2str(betaO)])

% data input:

clear global mfr ml beta aset tshock epsacc cm ffr fBWmax fBWmin
clear global kfr bfr wfr wb K taui taudl taud2
clear global As Bs Cs Ds
clear global tsettl time eps1 tstop

global mfr ml beta aset tshock epsacc cm fBWmax fBWmin ffr tstop
global kfr bfr wfr wb K taui taud1 taud2
global As Bs Cs Ds
global tsettl time eps1 fid

ml=2.5e-5;cm=1;epsacc=le-6;aset=3270;tshock=11e-3;
mfr=1.5e-4;ffr=75;fBWmax=1000;fBWmin=200;beta=0.1;

tstop=1.5;

% normalized variables and bounds:

VAR=[mfrO/mfr ffrO/ffr fBWO/fBWmax betaO/beta];% begin estimation
VLB=[O.Ol 0.2 fBWmin/fBWmax 0.01]; % lower bounds
VUB=[l 1 1 1]; % upper bounds

options=foptions;
options(l)=l;
options(16)=0.01;
options(17)=0.1;

[VAR,options]=constr2('optcas2a' ,VAR,options,VLB,VUB);

VAR(l)=VAR(l)*mfr;
VAR(2)=VAR(2)*ffr;
VAR(3)=VAR(3)*fBWmax;
VAR(4)=VAR(4)*beta;

end
end

end
end
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constr2.m:

The function constr2.m is a slightly adapted version of the MATLAB constr.m function. Only some
routines have been added to acquire information about used parameter values.

optcas2a.m:

function [tsettl,g] OPTCAS2A(VAR)

global epsacc tstop
global mfr ffr fBWmax
global beta wfr kfr bfr wb K taui taud1 taud2
global As Bs Cs Ds tsettl eps1 fid

VAR(l)=VAR(l)*mfr;
VAR(2)=VAR(2)*ffr;
VAR(3)=VAR(3)*fBWmax;
VAR(4)=VAR(4)*beta;

wfr=2*pi*VAR(2) ;
kfr=VAR(1)*wfr A 2;
bfr=2*VAR(4)*VAR(1)*wfr;
pid_cas1
mat_cas1

[time,state,eps1]=rk45( 'simcas1a' ,tstop, [0 0 0 0 0 0 0 0], [le-8 1e-5 1e-2]);

% calculate settling-time

tsettl=0;tsetp=0.5;
[j,k]=size(eps1) ;
epsflip=flipud(eps1);

ev=abs(epsflip»epsacc;

[ 1 , m] =max (ev) ;

if l*m==l I (1==1 & m<200)

tsettl=100;

% flip matrix eps1 in up/down direction
% position error < acceptable error
% ev is column containing zeros and ones.
% a 1 appears when abs (epsflip) >epsacc,
% otherwise a 0 appears.
% m indicates the position of the first
% maximum value (in this case it is a 1)
% in column ev. 1 contains the maximum
% value of ev (= 1) .
% the criterion m<200 is used
% to minimize the chance that
% a settling time is given,
% while the settling-time is
% just somewhat greater than
% the simulation time
% when tsettl=100, than
% settling-time > simulation time

else
if 1==0

tsettl=O;
else tsettl=time(j-m)-tsetp;
end

end
VAR(l)=VAR(l)/mfr;
VAR(2)=VAR(2)/ffr;
VAR(3)=VAR(3)/fBWmax;
VAR(4)=VAR(4)/beta;
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pidcasl.m:

See Appendix D.l.

matcasl.m:

See Appendix D.1.

simcasla:

See Appendix D.1.
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Appendix 0 .4 Results of optimization of the optical disc drive mechanism (ace. step)

The results of the optimization of the optical disc drive mechanism are shown in Table D.4 using one
single acceleration step as set-point signal. The other system parameter values and bounds can be
found in Table D.3.

Table D.3 System parameter values and bounds of optical disc drive mechanism

m, =2.5e-5 [kgmL
] mfr :s; l.5e-4 [kgmL

]

aset =3270 [rad/sL
] 15 :s; ffr :s; 75 [Hz]

Eacc = 1 [J,.lm] 200 :s; fBw :s; 1000 [Hz]

13 :s; 0.10 [-]

The first four columns of give mfr,O, ffr,O, fBw,o and /30, which are the initial values of the variable
system parameters mfr, ffr, fBw and /3. The 4th up to the 8th column give the values of the variable
system parameters mfr, ffr, fBw and /3 after optimization. tsettl gives the settling-time of the system with
the optimal parameter values found.

Table D.4 Results of optimization of the disc drive mechanism with one single acceleration step
as set-point signal

mlr,O flr,o fBw,o ~o mlr fIr fBw ~ tsettl

2.50E-05 15 200 0.01 2.50E-05 15.00 200.00 0.01 No opt
2.50E-05 15 200 0.05 2.50E-05 15.00 200.00 0.05 No opt
2.50E-05 15 200 0.1 2.50E-05 15.00 200.00 0.10 No opt'
2.50E-05 15 400 0.01 2.50E-05 15.00 400.00 0.01 No opt
2.50E-05 15 400 0.05 2.50E-05 15.00 400.00 0.05 No opt
2.50E-05 15 400 0.1 1.50E-04 74.62 1000.00 0.10 0.043
2.50E-05 15 600 0.01 2.50E-05 15.00 600.00 0.01 No opt
2.50E-05 15 600 0.05 2.50E-05 15.00 600.00 0.05 No opt'
2.50E-05 15 600 0.1 1.50E-04 16.89 1000.00 0.10 0.053
2.50E-05 15 800 0.01 2.50E-05 15.00 800.00 0.01 No opt
2.50E-05 15 800 0.05 1.50E-04 74.14 1000.00 0.10 0.043
2.50E-05 15 800 0.1 1.49E-04 17.94 1000.00 0.10 0.051
2.50E-05 15 1000 0.01 2.50E-05 15.00 1000.00 0.01 No opt
2.50E-05 15 1000 0.05 1.50E-04 74.38 999.93 0.10 0.043
2.50E-05 15 1000 0.1 1.50E-04 18.46 1000.00 0.10 0.050
2.50E-05 30 200 0.01 2.50E-05 30.00 200.00 0.01 No opt'
2.50E-05 30 200 0.05 2.50E-05 30.00 200.00 0.05 No opt
2.50E-05 30 200 0.1 1.50E-04 74.12 1000.00 0.10 0.043
2.50E-05 30 400 0.01 2.50E-05 30.00 400.00 0.01 No opt
2.50E-05 30 400 0.05 2.50E-05 30.00 400.00 0.05 No opt'
2.50E-05 30 400 0.1 1.41E-04 74.90 1000.00 0.10 0.049
2.50E-05 30 600 0.01 2.50E-05 30.00 600.00 0.01 No opt
2.50E-05 30 600 0.05 1.50E-04 75.00 714.77 0.10 0.065
2.50E-05 30 600 0.1 1.50E-04 73.84 1000.00 0.10 0.043
2.50E-05 30 800 0.01 2.50E-05 30.00 800.00 0.01 No opt
2.50E-05 30 800 0.05 1.50E-04 73.14 999.37 0.10 0.044
2.50E-05 30 800 0.1 1.31 E-04 75.00 1000.00 0.10 0.050
2.50E-05 30 1000 0.01 2.50E-05 30.00 1000.00 0.01 No opt
2.50E-05 30 1000 0.05 1.50E-04 72.92 997.15 0.10 0.044
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mlr,O flr,o faw,o ~o mlr fir faw ~ tSettl

2.50E-05 30 1000 0.1 1.50E-04 75.00 929.52 0.10 0.050
2.50E-05 45 200 0.01 2.50E-05 45.00 200.00 0.01 No opt
2.50E-05 45 200 0.05 2.50E-05 45.00 200.00 0.05 No opt
2.50E-05 45 200 0.1 1.48E-04 71.67 998.51 0.10 0.044
2.50E-05 45 400 0.01 2.50E-05 45.00 400.00 0.01 No opt
2.50E-05 45 400 0.05 1.50E-04 73.49 999.20 0.10 0.043
2.50E-05 45 400 0.1 1.50E-04 75.00 1000.00 0.10 0.048
2.50E-05 45 600 0.01 2.50E-05 45.00 600.00 0.01 No opt'
2.50E-05 45 600 0.05 1.50E-04 74.69 999.38 0.10 0.043
2.50E-05 45 600 0.1 1.06E-04 75.00 679.52 0.10 0.081
2.50E-05 45 800 0.01 2.50E-05 45.00 800.00 0.01 No opt
2.50E-05 45 800 0.05 1.45E-04 75.00 995.21 0.10 0.049
2.50E-05 45 800 0.1 1.50E-04 75.00 1000.00 0.10 0.048
2.50E-05 45 1000 0.01 2.50E-05 45.00 1000.00 0.01 No opt
2.50E-05 45 1000 0.05 1.50E-04 75.00 1000.00 0.10 0.048
2.50E-05 45 1000 0.1 1.50E-04 74.03 999.58 0.10 0.043
2.50E-05 60 200 0.01 2.50E-05 60.00 200.00 0.01 No opt
2.50E-05 60 200 0.05 1.49E-04 75.00 393.74 0.10 0.101
2.50E-05 60 200 0.1 1.50E-04 75.00 1000.00 0.10 0.048
2.50E-05 60 400 0.01 2.50E-05 60.00 400.00 0.01 No opt
2.50E-05 60 400 0.05 1.50E-04 73.38 999.98 0.10 0.043
2.50E-05 60 400 0.1 1.48E-04 71.74 1000.00 0.10 0.044
2.50E-05 60 600 0.01 2.50E-05 60.00 600.00 0.01 No opt
2.50E-05 60 600 0.05 1.50E-04 75.00 1000.00 0.10 0.048
2.50E-05 60 600 0.1 1.50E-04 75.00 1000.00 0.10 0.048
2.50E-05 60 800 0.01 2.50E-05 60.00 800.00 0.01 No opt
2.50E-05 60 800 0.05 1.50E-04 74.97 1000.00 0.10 0.043
2.50E-05 60 800 0.1 1.50E-04 73.39 1000.00 0.10 0.043
2.50E-05 60 1000 0.01 2.50E-05 60.00 1000.00 0.01 No opt
2.50E-05 60 1000 0.05 1.50E-04 70.58 990.93 0.10 0.045
2.50E-05 60 1000 0.1 1.50E-04 75.00 1000.00 0.10 0.048
2.50E-05 75 200 0.01 2.50E-05 75.00 200.00 0.01 No opt
2.50E-05 75 200 0.05 1.50E-04 73.17 999.99 0.10 0.044
2.50E-05 75 200 0.1 1.50E-04 75.00 1000.00 0.10 0.048
2.50E-05 75 400 0.01 2.50E-05 75.00 400.00 0.01 No opt
2.50E-05 75 400 0.05 1.50E-04 75.00 1000.00 0.10 0.048
2.50E-05 75 400 0.1 1.50E-04 75.00 1000.00 0.10 0.048
2.50E-05 75 600 0.01 2.50E-05 75.00 600.00 0.01 No opt
2.50E-05 75 600 0.05 1.49E-04 73.13 999.63 0.10 0.044
2.50E-05 75 600 0.1 1.50E-04 75.00 998.38 0.09 0.049
2.50E-05 75 800 0.01 2.50E-05 75.00 800.00 0.01 No opt
2.50E-05 75 800 0.05 1.50E-04 73.72 999.98 0.10 0.043
2.50E-05 75 800 0.1 1.50E-04 75.00 1000.00 0.10 0.048
2.50E-05 75 1000 0.01 2.50E-05 75.00 1000.00 0.01 No opt
2.50E-05 75 1000 0.05 1.50E-04 75.00 1000.00 0.10 0.048
2.50E-05 75 1000 0.1 1.50E-04 72.63 999.42 0.10 0.044
5.00E-05 15 200 0.01 5.00E-05 15.00 200.00 0.01 No opt'
5.00E-05 15 200 0.05 5.00E-05 15.00 200.00 0.05 No opt
5.00E-05 15 200 0.1 5.00E-05 15.00 200.00 0.10 No opt
5.00E-05 15 400 0.01 5.00E-05 15.00 400.00 0.01 No opt
5.00E-05 15 400 0.05 5.00E-05 15.00 400.00 0.05 No opt
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Frame vibrations and settling-time of servo systems

mlr,O flr,o fBw,o /30 mlr fir fBw /3 tSettl

5.00E-05 15 400 0.1 1.50E-04 75.00 1000.00 0.10 0.048
5.00E-05 15 600 0.01 5.00E-05 15.00 600.00 0.01 No opt
5.00E-05 15 600 0.05 1.50E-04 73.52 999.82 0.10 0.043
5.00E-05 15 600 0.1 1.50E-04 18.05 1000.00 0.10 0.051
5.00E-05 15 800 0.01 5.00E-05 15.00 800.00 0.01 No opt
5.00E-05 15 800 0.05 1.43E-04 38.89 1000.00 0.09 0.066
5.00E-05 15 800 0.1 1.50E-04 75.00 993.05 0.09 0.050
5.00E-05 15 1000 0.01 5.00E-05 15.00 1000.00 0.01 No opt1

5.00E-05 15 1000 0.05 1.50E-04 72.23 1000.00 0.10 0.044
5.00E-05 15 1000 0.1 1.50E-04 75.00 1000.00 0.10 0.048
5.00E-05 30 200 0.01 5.00E-05 30.00 200.00 0.01 No opt
5.00E-05 30 200 0.05 5.00E-05 30.00 200.00 0.05 No opt1

5.00E-05 30 200 0.1 1.50E-04 74.23 1000.00 0.10 0.043
5.00E-05 30 400 0.01 5.00E-05 30.00 400.00 0.01 No opt
5.00E-05 30 400 0.05 1.50E-04 75.00 1000.00 0.10 0.048
5.00E-05 30 400 0.1 1.49E-04 33.08 1000.00 0.10 0.061
5.00E-05 30 600 0.01 5.00E-05 30.00 600.00 0.01 No opt
5.00E-05 30 600 0.05 1.49E-04 73.66 1000.00 0.10 0.043
5.00E-05 30 600 0.1 1.50E-04 74.97 1000.00 0.10 0.043
5.00E-05 30 800 0.01 5.00E-05 30.00 800.00 0.01 No opt 1

5.00E-05 30 800 0.05 1.50E-04 75.00 993.24 0.09 0.049
5.00E-05 30 800 0.1 1.50E-04 75.00 1000.00 0.10 0.048
5.00E-05 30 1000 0.01 5.00E-05 30.00 1000.00 0.01 No opt1

5.00E-05 30 1000 0.05 1.50E-04 15.39 1000.00 0.10 0.057
5.00E-05 30 1000 0.1 1.48E-04 66.72 1000.00 0.10 0.047
5.00E-05 45 200 0.01 5.00E-05 45.00 200.00 0.01 No opt
5.00E-05 45 200 0.05 1.49E-04 73.73 999.52 0.10 0.043
5.00E-05 45 200 0.1 1.50E-04 73.40 1000.00 0.10 0.043
5.00E-05 45 400 0.01 5.00E-05 45.00 400.00 0.01 No opt
5.00E-05 45 400 0.05 1.50E-04 73.76 1000.00 0.10 0.043
5.00E-05 45 400 0.1 1.50E-04 74.55 1000.00 0.10 0.043
5.00E-05 45 600 0.01 5.00E-05 45.00 600.00 0.01 No opt
5.00E-05 45 600 0.05 1.50E-04 75.00 1000.00 0.10 0.048
5.00E-05 45 600 0.1 1.50E-04 75.00 1000.00 0.10 0.048
5.00E-05 45 800 0.01 5.00E-05 45.00 800.00 0.01 No opt
5.00E-05 45 800 0.05 1.48E-04 21.54 1000.00 0.10 0.067
5.00E-05 45 800 0.1 1.50E-04 75.00 1000.00 0.10 0.048
5.00E-05 45 1000 0.01 5.00E-05 45.00 1000.00 0.01 No opt
5.00E-05 45 1000 0.05 1.50E-04 75.00 997.23 0.09 0.050
5.00E-05 45 1000 0.1 1.50E-04 75.00 1000.00 0.10 0.049
5.00E-05 60 200 0.01 5.00E-05 60.00 200.00 0.01 No opt
5.00E-05 60 200 0.05 1.50E-04 70.14 1000.00 0.10 0.045
5.00E-05 60 200 0.1 1.25E-04 75.00 634.79 0.07 0.109
5.00E-05 60 400 0.01 5.00E-05 60.00 400.00 0.01 No opt1

5.00E-05 60 400 0.05 1.50E-04 71.37 995.36 0.10 0.045
5.00E-05 60 400 0.1 1.50E-04 74.91 999.98 0.10 0.043
5.00E-05 60 600 0.01 5.00E-05 60.00 600.00 0.01 No opt
5.00E-05 60 600 0.05 1.50E-04 74.18 999.47 0.10 0.043
5.00E-05 60 600 0.1 1.50E-04 74.95 999.99 0.10 0.049
5.00E-05 60 800 0.01 5.00E-05 60.00 800.00 0.01 No opt
5.00E-05 60 800 0.05 1.50E-04 71.64 989.99 0.10 0.044
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Frame vibrations and settling-time of servo systems

mlr,O flr,o fBw,o ~o mlr fir fBw ~ tsettl
5.00E-05 60 800 0.1 1.50E-04 75.00 1000.00 0.10 0.048
5.00E-05 60 1000 0.01 5.00E-05 60.00 1000.00 0.01 No opt
5.00E-05 60 1000 0.05 1.50E-04 73.69 999.64 0.10 0.043
5.00E-05 60 1000 0.1 1.50E-04 75.00 1000.00 0.10 0.048
5.00E-05 75 200 0.01 5.00E-05 75.00 200.00 0.01 No opt
5.00E-05 75 200 0.05 1.19E-04 75.00 1000.00 0.10 0.050
5.00E-05 75 200 0.1 1.39E-04 75.00 998.32 0.10 0.049
5.00E-05 75 400 0.01 5.00E-05 75.00 400.00 0.01 No opt
5.00E-05 75 400 0.05 1.50E-04 71.64 994.77 0.10 0.044
5.00E-05 75 400 0.1 1.50E-04 74.85 611.31 0.09 0.079
5.00E-05 75 600 0.01 5.00E-05 75.00 600.00 0.01 No opt'
5.00E-05 75 600 0.05 1.50E-04 73.02 995.54 0.10 0.044
5.00E-05 75 600 0.1 1.50E-04 73.85 999.31 0.10 0.043
5.00E-05 75 800 0.01 5.00E-05 75.00 800.00 0.01 No opt
5.00E-05 75 800 0.05 1.50E-04 73.86 999.03 0.10 0.043
5.00E-05 75 800 0.1 1.50E-04 75.00 1000.00 0.10 0.048
5.00E-05 75 1000 0.01 1.50E-04 73.27 1000.00 0.10 0.043
5.00E-05 75 1000 0.05 1.50E-04 75.00 1000.00 0.10 0.048
5.00E-05 75 1000 0.1 1.50E-04 75.00 1000.00 0.10 0.048
1.00E-04 15 200 0.01 1.00E-04 15.00 200.00 0.01 No opt
1.00E-04 15 200 0.05 1.00E-04 15.00 200.00 0.05 No opt
1.00E-04 15 200 0.1 1.50E-04 75.00 1000.00 0.10 0.048
1.00E-04 15 400 0.01 1.00E-04 15.00 400.00 0.01 No opt
1.00E-04 15 400 0.05 1.49E-04 75.00 1000.00 0.10 0.048
1.00E-04 15 400 0.1 1.50E-04 72.26 999.85 0.10 0.044
1.00E-04 15 600 0.01 1.00E-04 15.00 600.00 0.01 No opt
1.00E-04 15 600 0.05 1.50E-04 73.85 999.24 0.10 0.043
1.00E-04 15 600 0.1 1.50E-04 74.77 1000.00 0.10 0.043
1.00E-04 15 800 0.01 1.00E-04 15.00 800.00 0.01 No opt
1.00E-04 15 800 0.05 1.50E-04 75.00 1000.00 0.10 0.048
1.00E-04 15 800 0.1 1.50E-04 75.00 1000.00 0.10 0.048
1.00E-04 15 1000 0.01 1.00E-04 15.00 1000.00 0.01 No opt
1.00E-04 15 1000 0.05 1.50E-04 17.91 1000.00 0.10 0.051
1.00E-04 15 1000 0.1 1.50E-04 75.00 1000.00 0.10 0.048
1.00E-04 30 200 0.01 1.00E-04 30.00 200.00 0.01 No opt
1.00E-04 30 200 0.05 1.27E-04 75.00 1000.00 0.10 0.050
1.00E-04 30 200 0.1 1.50E-04 75.00 999.85 0.09 0.049
1.00E-04 30 400 0.01 1.00E-04 30.00 400.00 0.01 No opt
1.00E-04 30 400 0.05 1.50E-04 74.97 1000.00 0.10 0.043
1.00E-04 30 400 0.1 1.50E-04 74.56 1000.00 0.10 0.043
1.00E-04 30 600 0.01 1.00E-04 30.00 600.00 0.01 No opt
1.00E-04 30 600 0.05 1.50E-04 74.98 1000.00 0.10 0.048
1.00E-04 30 600 0.1 1.50E-04 74.99 1000.00 0.10 0.048
1.00E-04 30 800 0.01 1.00E-04 30.00 800.00 0.01 No opt
1.00E-04 30 800 0.05 1.50E-04 75.00 1000.00 0.10 0.048
1.00E-04 30 800 0.1 1.47E-04 17.14 1000.00 0.09 0.054
1.00E-04 30 1000 0.01 1.50E-04 75.00 999.99 0.10 0.048
1.00E-04 30 1000 0.05 1.50E-04 75.00 999.25 0.10 0.048
1.00E-04 30 1000 0.1 1.50E-04 75.00 999.98 0.10 0.048
1.00E-04 45 200 0.01 1.00E-04 45.00 200.00 0.01 No opt'
1.00E-04 45 200 0.05 1.39E-04 75.00 989.09 0.07 0.071
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Frame vibrations and settling-time of servo systems

mlr,O flr,o fBw,o ~O mlr fIr fBw 13 tsenl
1.00E-04 45 200 0.1 1.50E-04 75.00 1000.00 0.10 0.048
1.00E-04 45 400 0.01 1.00E-04 45.00 400.00 0.01 No opt
1.00E-04 45 400 0.05 1.50E-04 73.39 997.29 0.10 0.043
1.00E-04 45 400 0.1 1.50E-04 75.00 1000.00 0.08 0.056
1.00E-04 45 600 0.01 1.00E-04 45.00 600.00 0.01 No ope
1.00E-04 45 600 0.05 1.50E-04 75.00 554.44 0.10 0.079
1.00E-04 45 600 0.1 1.49E-04 73.04 999.23 0.10 0.044
1.00E-04 45 800 0.01 1.00E-04 45.00 800.00 0.01 No opt
1.00E-04 45 800 0.05 1.50E-04 74.22 1000.00 0.10 0.043
1.00E-04 45 800 0.1 1.50E-04 75.00 999.51 0.10 0.048
1.00E-04 45 1000 0.01 1.23E-04 56.24 1000.00 0.10 0.057
1.00E-04 45 1000 0.05 1.50E-04 75.00 1000.00 0.10 0.049
1.00E-04 45 1000 0.1 1.50E-04 49.00 999.65 0.10 0.053
1.00E-04 60 200 0.01 1.00E-04 60.00 200.00 0.01 No opt
1.00E-04 60 200 0.05 1.50E-04 75.00 997.47 0.10 0.048
1.00E-04 60 200 0.1 1.50E-04 75.00 906.67 0.10 0.050
1.00E-04 60 400 0.01 1.00E-04 60.00 400.00 0.01 No opt
1.00E-04 60 400 0.05 1.50E-04 71.87 996.83 0.10 0.044
1.00E-04 60 400 0.1 1.50E-04 75.00 1000.00 0.10 0.049
1.00E-04 60 600 0.01 1.00E-04 60.00 600.00 0.01 No opt1

1.00E-04 60 600 0.05 1.50E-04 75.00 1000.00 0.10 0.048
1.00E-04 60 600 0.1 1.50E-04 75.00 1000.00 0.10 0.048
1.00E-04 60 800 0.01 1.50E-04 74.39 1000.00 0.10 0.043
1.00E-04 60 800 0.05 1.37E-04 75.00 1000.00 0.10 0.049
1.00E-04 60 800 0.1 1.50E-04 75.00 999.69 0.10 0.048
1.00E-04 60 1000 0.01 1.50E-04 75.00 1000.00 0.10 0.048
1.00E-04 60 1000 0.05 1.50E-04 75.00 1000.00 0.09 0.049
1.00E-04 60 1000 0.1 1.49E-04 75.00 991.20 0.09 0.049
1.00E-04 75 200 0.01 1.00E-04 75.00 200.00 0.01 No opt
1.00E-04 75 200 0.05 1.42E-04 75.00 1000.00 0.10 0.049
1.00E-04 75 200 0.1 1.49E-04 75.00 942.92 0.10 0.049
1.00E-04 75 400 0.01 1.00E-04 75.00 400.00 0.01 No opt
1.00E-04 75 400 0.05 1.50E-04 75.00 1000.00 0.10 0.048
1.00E-04 75 400 0.1 1.50E-04 74.12 998.97 0.10 0.043
1.00E-04 75 600 0.01 1.00E-04 75.00 600.00 0.01 No opt
1.00E-04 75 600 0.05 1.50E-04 75.00 1000.00 0.10 0.048
1.00E-04 75 600 0.1 1.50E-04 75.00 1000.00 0.10 0.049
1.00E-04 75 800 0.01 1.22E-04 75.00 1000.00 0.10 0.050
1.00E-04 75 800 0.05 1.50E-04 75.00 1000.00 0.10 0.048
1.00E-04 75 800 0.1 1.50E-04 75.00 1000.00 0.10 0.049
1.00E-04 75 1000 0.01 1.50E-04 75.00 999.60 0.10 0.048
1.00E-04 75 1000 0.05 1.50E-04 75.00 1000.00 0.10 0.048
1.00E-04 75 1000 0.1 1.50E-04 75.00 1000.00 0.10 0.048
1.50E-04 15 200 0.01 1.50E-04 15.00 200.00 0.01 No opt1

1.50E-04 15 200 0.05 1.50E-04 15.00 200.00 0.05 No opt
1.50E-04 15 200 0.1 1.48E-04 75.00 999.99 0.09 0.049
1.50E-04 15 400 0.01 1.50E-04 15.00 400.00 0.01 No opt
1.50E-04 15 400 0.05 1.50E-04 75.00 1000.00 0.10 0.048
1.50E-04 15 400 0.1 1.50E-04 75.00 519.34 0.10 0.086
1.50E-04 15 600 0.01 1.50E-04 15.00 600.00 0.01 No opt
1.50E-04 15 600 0.05 1.46E-04 18.08 999.99 0.10 0.051
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Frame vibrations and settling-time of servo systems

mlr,O flr,o fBw,o ~O mlr fir fBw 13 tsettl

1.50E-04 15 600 0.1 1.50E-04 75.00 731.38 0.10 0.064
1.50E-04 15 800 0.01 1.50E-04 15.00 800.00 0.01 No opt
1.50E-04 15 800 0.05 1.50E-04 75.00 1000.00 0.10 0.048
1.50E-04 15 800 0.1 1.50E-04 75.00 1000.00 0.10 0.048
1.50E-04 15 1000 0.01 1.50E-04 75.00 1000.00 0.10 0.048
1.50E-04 15 1000 0.05 1.46E-04 75.00 1000.00 0.10 0.049
1.50E-04 15 1000 0.1 1.50E-04 75.00 1000.00 0.10 0.048
1.50E-04 30 200 0.01 1.50E-04 30.00 200.00 0.01 No opt
1.50E-04 30 200 0.05 1.50E-04 73.39 1000.00 0.10 0.043
1.50E-04 30 200 0.1 1.50E-04 74.39 1000.00 0.10 0.043
1.50E-04 30 400 0.01 1.50E-04 30.00 400.00 0.01 No opt1

1.50E-04 30 400 0.05 1.24E-04 75.00 874.11 0.10 0.058
1.50E-04 30 400 0.1 1.50E-04 75.00 1000.00 0.10 0.048
1.50E-04 30 600 0.01 1.50E-04 30.00 600.00 0.01 No opt
1.50E-04 30 600 0.05 1.50E-04 75.00 1000.00 0.10 0.048
1.50E-04 30 600 0.1 1.50E-04 75.00 1000.00 0.10 0.048
1.50E-04 30 800 0.01 1.50E-04 30.00 800.00 0.01 No opt
1.50E-04 30 800 0.05 1.50E-04 73.28 1000.00 0.10 0.044
1.50E-04 30 800 0.1 1.45E-04 75.00 1000.00 0.10 0.049
1.50E-04 30 1000 0.01 1.50E-04 75.00 1000.00 0.10 0.048
1.50E-04 30 1000 0.05 1.50E-04 75.00 1000.00 0.10 0.048
1.50E-04 30 1000 0.1 1.50E-04 73.84 1000.00 0.10 0.043
1.50E-04 45 200 0.01 1.50E-04 45.00 200.00 0.01 No opt
1.50E-04 45 200 0.05 1.50E-04 74.29 999.99 0.10 0.043
1.50E-04 45 200 0.1 1.50E-04 74.23 999.99 0.10 0.043
1.50E-04 45 400 0.01 1.50E-04 45.00 400.00 0.01 No optl

1.50E-04 45 400 0.05 1.50E-04 75.00 1000.00 0.09 0.049
1.50E-04 45 400 0.1 1.50E-04 72.25 995.71 0.10 0.044
1.50E-04 45 600 0.01 1.50E-04 45.00 600.00 0.01 No opt1

1.50E-04 45 600 0.05 1.49E-04 75.00 999.94 0.06 0.078
1.50E-04 45 600 0.1 1.50E-04 75.00 1000.00 0.10 0.049
1.50E-04 45 800 0.01 1.50E-04 74.55 1000.00 0.10 0.043
1.50E-04 45 800 0.05 1.48E-04 72.91 1000.00 0.10 0.044
1.50E-04 45 800 0.1 1.50E-04 74.56 1000.00 0.10 0.043
1.50E-04 45 1000 0.01 1.48E-04 69.66 989.33 0.10 0.046
1.50E-04 45 1000 0.05 1.50E-04 75.00 1000.00 0.10 0.048
1.50E-04 45 1000 0.1 1.50E-04 75.00 1000.00 0.10 0.048
1.50E-04 60 200 0.01 1.50E-04 60.00 200.00 0.01 No opt
1.50E-04 60 200 0.05 1.50E-04 75.00 1000.00 0.10 0.048
1.50E-04 60 200 0.1 1.50E-04 75.00 200.00 0.10 0.125
1.50E-04 60 400 0.01 1.50E-04 60.00 400.00 0.01 No opt1

1.50E-04 60 400 0.05 1.49E-04 75.00 1000.00 0.10 0.049
1.50E-04 60 400 0.1 1.30E-04 75.00 1000.00 0.10 0.050
1.50E-04 60 600 0.01 1.50E-04 60.00 600.00 0.01 No opt1

1.50E-04 60 600 0.05 1.50E-04 75.00 1000.00 0.10 0.048
1.50E-04 60 600 0.1 1.27E-04 74.99 956.30 0.09 0.057
1.50E-04 60 800 0.01 1.50E-04 71.70 991.97 0.10 0.044
1.50E-04 60 800 0.05 1.50E-04 75.00 1000.00 0.10 0.048
1.50E-04 60 800 0.1 1.50E-04 75.00 844.97 0.10 0.057
1.50E-04 60 1000 0.01 1.50E-04 71.39 991.20 0.10 0.045
1.50E-04 60 1000 0.05 1.50E-04 44.74 999.96 0.09 0.058

WFW report 96.149 D.15



Frame vibrations and settling-time of servo systems

mlr,O flr,o few,o ~o mlr fIr few ~ tsetll

1.50E-04 60 1000 0.1 1.50E-04 75.00 1000.00 0.10 0.048
1.50E-04 75 200 0.01 1.50E-04 75.00 200.00 0.01 No opt'
1.50E-04 75 200 0.05 1.15E-04 75.00 1000.00 0.10 0.051
1.50E-04 75 200 0.1 1.50E-04 74.49 1000.00 0.10 0.043
1.50E-04 75 400 0.01 1.50E-04 75.00 400.00 0.01 No opt
1.50E-04 75 400 0.05 1.50E-04 74.97 1000.00 0.10 0.048
1.50E-04 75 400 0.1 1.50E-04 75.00 1000.00 0.10 0.048
1.50E-04 75 600 0.01 1.50E-04 74.37 1000.00 0.10 0.043
1.50E-04 75 600 0.05 1.50E-04 75.00 1000.00 0.10 0.048
1.50E-04 75 600 0.1 1.50E-04 75.00 1000.00 0.10 0.048
1.50E-04 75 800 0.01 1.50E-04 74.47 1000.00 0.10 0.043
1.50E-04 75 800 0.05 1.50E-04 75.00 1000.00 0.10 0.048
1.50E-04 75 800 0.1 1.50E-04 73.25 998.95 0.10 0.043
1.50E-04 75 1000 0.01 1.49E-04 75.00 1000.00 0.10 0.048
1.50E-04 75 1000 0.05 1.50E-04 75.00 1000.00 0.10 0.048
1.50E-04 75 1000 0.1 1.50E-04 73.95 999.3 0.10 0.043

1 No opt means that the optimization stopped, while no correct solution was found: the settling-time was greater than the
simulation time.
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