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control, overactuation. theory have evolved separately and we believe that significant
progress in the development of motion systems is possible if

Abstract these two fields are integrated right from the start of the design
process.

In this paper an introduction and motivation is given towards an
integrated design approach for motion systems usirggactu- 2  Status of control in mechatronic systemsinin-
ation. Looking to motion systems and their history, the current dustry

status of mechatronic motion systems is discussed. One of the

main aspects that limit performance in mechanical systemsgst motion system designs use (decentralized) SISO con-
the presence of vibrations. An overview is presented of sevefi@| loops, since proper mechanical design aims at decoupling
passive and active methods to solve vibration problems. ACtiM% dynamics for the desired degrees of freedom. |n generaj,
vibration control can be regarded as a formowéractuatiorto  pased on specifications of the process, a bandwidth is selected.
improve system performance. It is expected that an integratgige mechanical design is optimized, providing all resonances
overactuated design approach will be advantageous over HBove this bandwidth. In general, this means stiff coupling be-
ditional vibration control solutions, which often make use afyveen actuator and sensor positions, which will result in a rela-
adaptations after the mechanical design has been complefg@ly heavy construction. In order to design stiff constructions,
Before a framework for an integrated design approach canklgh E-module materials are used, which are intrinsically badly
pOSEd, different Strategies of overactuation must be invef‘d-hmped_ However, up to the proposed bandwidth such system
gated. To study the closed-loop characteristics of resonangefaves as a rigid body, and proper control design is relatively
in mechanical systems with more actuators more closely, sogigightforward (SISO-loopshaping). Such controller can be
first explorations of a dual-input single-output motion systegimple and of low order, which is desirable for the purpose

are made. of implementation. Due to variability in production of motion
systems, non-modelled nonlinearities (i.e. position dependen-
1 Introduction cies) and time-varying behavior (i.e. friction), a controller has

to be robust against variations in the plant model. In general,
The goal of a motion system is to let a certain part of the systeime controller design is used for all produced plants, which also
(the end-effector) perform a motion task. This can be the tradkduces some conservatism, which limits performance. Due
ing of a certain setpoint or the execution of a point-to-poitid this, sophisticated model-based controllers are undesired in
motion. Although point-to-point motion is the main task irpractice. Overviewing these facts, one can conclude that there
practice, often trajectory-control is used to limit speed, accéd-little integration of mechanical design and control design in
eration and jerk of the moving parts. Still, mechanic resonandagustry nowadays.
are likely to be excited for fast motion tasks. Examples of high-
accuracy motion systems are component mounters, wirebound- T ‘ } z

\

ers and the stages in waferscanners. Trends in technology are ————» I
always heading towards higher accuracies, higher densities and | ‘
faster systems but costs may not rise drastically. For position- \ |
ing systems this means not only accuracy must increase, but } u y }
| |
| |

also throughput is an issue. Unfortunately these two demands
are conflicting.

From a historical point of view, motion systems stem from N =

industrial positioning systems, which are traditionally cam-

driven. The design was done by mechanical engineers orfigure 1. A maotion system as a standard plant. For a control
To make these systems more flexible and to meet higher speiegineer the only freedom is the design of the contralleép
ifications, actuators were added and also control engineers gotain the desired closed-loop performance z).



Some problems can be solved by proper constructive desige Improve damping is a strategy that can be used best if the
(i.e. friction,backlash, hysteresis), others will always cause vibration problem is driven by structural resonances. The
problems. For example resonances will be always present in most commonly used method is to include viscoelastic
a motion system, and will often be the main reason for lim- materials along the mechanical construction as distributed
ited bandwidth. For stability reasons, it is always easier to de- damping system.

sign the controller based oncallocatedplant. In theory the
closed-loop can always be stable [11] and in case an intrinsi-® X )
cally passive controller is used, robust stability can be guaran- (€ construction. Such an extra system (a single mass or
teed. In general the controlled position in collocated control SP'iNg) can lead to the desired performance improvement
does not coincide with the position of the end-effector. The ©f the combined mechanics. A combination of a mass and
performance output of the systenis different from the con- a spring can act as a vibration absorber [7].

trolled measuremenj (Fig. 1). A very stiff controller will

not automatically give the best performance due the resonade@ Active solutions

modes of the plant.

Localized additions can be applied at discrete points in

In contrast to passive vibration contralgtive vibration con-
On the other hand, inon-collocatedcontrol the actuator and trol makes use of external power to drive actuators. In general
sensor (mostly placed as close as possible to the end-effectiagse actuators are specialized for compensating vibrations and
placement are not the same. From the viewpoint of stabilidye driven by a controller (both feedback and feedforward is
the control of a non-collocated plant is always less robust (iggossible). If the vibration source is an actuator in the system it-
against plant variations). But the controlled position coincidgglf (as in a motion system), the vibration control problem can
with the performance output of the system. Since performarise regarded as a motion control problem. Motion control is not
of both collocated and non-collocated SISO-control topologiesgarded as active vibration control, although i.e. a notch filter
is always limited by resonances, the next chapter will give @im feedback) or input shaping (feedforward) can be regarded
overview of strategies to overcome resonance problems: vibsg-strategies to solve a vibration problem. Categorizing active
tion control. solutions can be done is several ways and it is hard to get a

complete overview.

3 Vibration control The field of science which is interesting for our application (vi-
. L - ._bration control within a motion system) is calletructural
Since vibrations are limiting the performance of mechanica : ; ; .

. . . o . “Vibration control (i.e. [3] and [8]). Much of this work consid-

systems, this chapter gives an overview of existing vibration L .

; ) . ers the use of distributed sensors and actuators (mostly piezo

control strategies. Vibration problems can be driven by twg

mechanismsnon-resonant vibrationinduced by an external materials)_, and robust control techniques. _Design 's planned

system and excitation aftructural resonances the mechan- as modelll_ng of the structure, modal analysis and robust con-

ics. Our research is mainly focussed on the latter me<:hanisr.tr§o|k:"r design (’.“OS“V model pasgd)dodal control plays an
' important role in structural vibration control. By decoupling

the dynamics it is possible to control certain modes. For recon-

3.1 Passive solutions struction of modal coordinates of a system, an observer can be

I . . . ... used [2]. The disadvantage of using this method is that the un-
In general vibration control can be split up in two parts; active

. L . o modelled dynamics causes observer and control spillover. This
and passive vibration control. jpassive vibration contrabne y P

tries to solve the vibration problem by modifying the plant’g rgglcehmuscsg ntzgasszl;/:‘;j dt:;/ :Jasére]?n;ct)ga;nzltﬁ;éggi ;)hrlsicas_ ua-
properties, like its stiffness, mass and damping. The availa P g d

e : S
passive methods can be divided into four categories [6] as Iisii('zgd1 s to reconstruct modal coordinates. Most d_lstrlbuted sensor
below: research focuses on model-based modal sensing. Exceptions in

this field use distributed sensors as spatial filters ([5] and [15]).
The latter methods are less model based and are specifically
e Vibration isolation tries to minimize transmission of vi- interesting for our design approach.
brations betwee'f‘ parts of th_e m_echanlcal StF“Ct“re- T@%nsor and actuator placemenis a topic related to struc-
can be accomplished by using interconnecting elements_, .. .. S :
which are sufficiently soft. One of the biggest robt_ural vibration control, which is already widely explored (see
. L y Somt. 199€est p [10] for lumped /O selection or [14] for a general overview).
lem in d_e5|gn|ng suthbratlon |§olato_rsorant|-V|b_rat|on_ By input-output design certain modes can be made control-
(rannoouuntf] Isste:t(i)c ggfrf?] Zlgse a%?jos(ir;d?r:lon properties Wltr]able/observable, while others are uncontrollable/unobservable
9 gth. (spillover). In general quantitative methods make use of a cost

« Structural redesign can be used if vibration problems al_functlon, which is usually some combination of controllabil-

ready are visible in the design stage. Along the wide ran'tg gramians and observability gramians. These methods are

of available techniques the most important methods deaﬁtua"y solving an optimization problem.
with vibration problems dominated by a single resonan@dmost all of the above literature on these topics present ac-
mode @letuningandnodalising. tive vibration control as a technique to increase performance



by adapting the existing plant. Strategies for integrated desigimple as possible. To make real mechatronic improvement,
of motion systems are hard to find (i.e [1]) although there ®mbined redesign of both mechanics and controller must be
industrial relevance [4]. considered. Having the freedom of designing plant and con-
troller at the same time it is to be expected that we can fully
benefit from active vibration control. To make use of the ben-
efits of mechanics and control and to interchange them in the
In order to design more efficient systems for more accura®sed-loop system, we have to use of extra actuators (and sen-
specifications in future, we explore the potential of an int&ors). However, at this moment we are not able to come up with
grated design approach. In such approach plant (mechanf#gh a design approach. Therefore small steps are taken to get
together with controller dynamics are designed simultaneougi§ore insight in the use of extra actuators on mechanical sys-
Looking to both plant and controller it can be trade-off whdems. Before a promising design procedure can be optimized,
closed-loop problems can be best solved in the mechanical gieveral general topological decisions have to be made before
sign and what problem can be best solved by the controller. W€ can pose a certain design procedure.
long as the final closed-loop dynamical behavior (transfer from
r to 2) fquiII_s the performance specifications, dynamic Propes  QOveractuation
ties can be interchanged between controller and plant Fig. 2. In
such new approach we keep in mind that the complete designsee what overactuation can contribute to an integrated de-
must be robust against uncertainties, as the traditional dessign approach, some first explorations are made using two ac-
is. One of the advantages of such an approach is the freedomtors. Although not often encountered in industry, intuitively
the effect of multiple actuators in a mechanical structure must

4 New design approach

r-r—— Iz be advantageous in handling resonances. Extending the free-
4‘—" 4‘—" dom in choosing multiple inputs and outputs for the controllers
P almost gives an unlimited freedom in the design if no further
B ] . . n it
constraints are included. However, the focus in this research

\ \ ) el _
| | will be on a limited number of actuators to increase perfor-
overpctuation oyersensing mance. For several reasons the number of actuators will be
\
\
\
|

limited in an industrial motion system:

o it keeps design relatively simple, following the trend in
industry nowadays

Figure 2: Created freedom in a true mechatronic design ap® 00king to the costs in production, extra actuators imply
proach extra work but also extra complexity in assembling the

system
in interconnecting plant and controller. This means the place- ) ) o
ment of sensors and actuators, but also their numbers are fre® constraints for the mechanical design (i.e. thermal and ge-
to choose. The idea is that the use of extra actuators (and pos- ometrical constraints), will limit the number of actuators
sibly extra sensors) with a properly designed controller can be
beneficial for the (closed-loop) system in several ways. Using MIMO design methods (i.eHs, H., and u-synthesis)

. . oo L . little insight in the design process is obtained and the result-
Since active vibration control implies adding extra actuators ;

o . INg compensators are often of high order. In order to get more
this is a way of over-actuation. Why should we use ov

ef-> . :
L . . {eellng for the problems resonances cause in closed-loop, more
actuation in the first place? If we look to over-actuation as a

. . ; oo agmatic methods tested on simple systems are better to start
way of implementing active vibration control there are several : : :
. : : ) with. For DISO-plants (Dual-input, single output) a design ap-
advantages compared to passive vibration control:

proach exists [13] based on SISO loopshaping, which is also

e Further improving the mechanical design can become eerlown in industry [12]. This PQ-method splits up the design

o e . A roblem into two SISO design problems. This design method
g?:dsllj\g Sr.i((a:.ehlgh quality parts), and will give rise to thlé:)s especially suited for systems with a fine and a coarse ac-

tuator, since the individual contribution of both actuators can
e Compared to passive methods, active vibration control caasily be tuned. However, in what way both actuators change
change the closed-loop dynamics in a variety of waythe closed-loop characteristics of resonances is not completely
However, active methods are in general more expensiiear.
and are only considered when passive means have been

exhausted. 5.1 First exploration

Traditionally, increased performance is reached by mechanigalexplore the effects of resonances in closed-loop using more
redesign and or passive add-ons. Controller design is keptaatuators, we focus on a ideal lumped parameter model of a 1-



DOF motion structure (Fig. 3) which represents the behaviorof 5. _ 1 (1 — K)mas® +bs+k 3)

a real structure for frequencies just beyond the first resonance. (m1 +ma)s? s 4 bs + k
For a single resonance system this value is uniquely given by
X X, the mass-distribution ofr; andms. In the lightly damped
> > case, K can be calculated from the resonance and anti-
%‘HH m, VVV m, resonance frequencies, which can be determined experimen-
~— F,—
O O tally.

(a) Schematic representation of the lumped pa-
rameter model o0 —
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(b) General control diagram for a DISO plant
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Figure 3: 1-DOF mechanical system with one resonance mode 0
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First objective is to eliminate the effect of the resonance, using

the combination of 2 actuators and only 1 sensor. To study

this effect the control structure as depicted in Fig. 3.b is uséd9ure 5: Anti-resonance frequency as a function of tuning
The open-loop transfer fromto y can be expressed as Eq. 19ain K. Positive gain shifts the anti-resonance towards the res-

Note that in this description dampirgs added (parallel to the Onance.

stiffnessk) but this value will be small in practice.
From Eqg. 3 itis clear thakl changes the value of the com-

10 plex zero, which corresponds to a shift of the anti-resonance
: in the plant transfer. From Fig. 5 it becomes clear that a pos-

itive K move the anti-resonance towards the resonance. Ex-

ceeding the value for exact cancellatidki & 0.5 in the case

Transfer gain
3

o e o of equal masses as in Fig. 5) will result in a resonance/anti-
ot ] resonance pair in the plant transfer function. This will lead to a
| e ' | 90° phase lag, which is undesirable for control design. The ob-

£ ol ; 1 | tained effect is the same as tuningkew notcHilter (actually
' a complex double lead filter), however now only one parameter

has to be tuned, whereas the double lead filter counts at least
3 independent tunable parameters. Note that the value of the
nti-resonancey,,. is very sensitive to changes in the domain
€< 0,1 > which is mandatory for exact cancellation.

Frequency [Hz]

Figure 4: Bode plots for both transfers separate and for t

overactuatedituation (2% mismatch in tuning gais).
Next the adapted plan?* is evaluated in collocated closed-

loop. In general concerning the SISO case (withGuteing

actuated) a PD-like controller is implemented in motion con-

(1— %)m252 +bs+k trol problems. Normally higher performance is gained by loop-
: C1 (1) shaping. Using such a controller acting Bn(which is equiv-
alent to fixing the structure at positian to the setpoint), all

This equation makes clear that exact cancellation of the fifggonances will benefit from the added damping in the closed-
resonance in the overall plant transfer (frarto z1) is possible 100p situation. By using the second actuator as given in Eq.
for a certain relation between the two actuator forces (Eq. 4)and Eq. 2(; = 1K), the benefits of the damping in the

Note that this static gain difference between the first and secdi@sed-loop completely disappears (Fig. 8). However in the

actuator is the only way to exactly cancel the resonance.  Sensitivity closed-loop transfers this effectis strongly cancelled
by the influence of the zeros af,,- which is very close the the

Cs mo w2, pole if K is properly tuned. To show this effect, a root-locus of
= =K~1- @) the closed-loop system is presented in Fig. 6.

Hol =

s2(mymas? + b(my + ma)s + k(my + ma))

. 2
Ci mp+mg w?



5.2 Conclusions

500

» : XQY* | Looking to the overall damping it would even be better to use a
negative value of<. Although the difference betwedr and
wer 5 1 F, is static, damping is increased (Fig. 6). This can be un-
201 ! ] derstood concerning resonances in a lumped parameter model.
00| : If we want to avoid vibrations, parts between the compliance
(stiffness element) must be actuated with the same force (Fig.
ol & | 9.a). For every real-life system the ratio between the forces
strongly depends on the placement of the actuators. Neglect-
ing how to control and what measurement has to be used, the
only way to dampen out resonances is to use two forces in op-
posite direction (Fig. 9.b). The way how this is achieved is
completely free since the use of overactuation and oversensing
may allow for different solutions.
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Figure 6: Root-locus of the closed-loop system. Increasing
K moves the complex poles towards the imaginary axis (de-
creasing damping drastically). Zeros increase in frequency anc
around the point of exact cancellation, closed-loop damping
equals the mechanical dampihg For negativeK (grey ar-

rows) damping further increases. Note that the valug dfas

minimal influence on the controller induced complex poles. o2

Position [m]
Position [m]

0 0
095 1 105 14 115 12 095 1 105 11 115 12
Time [s] Time [s]

This diagram shows the loci as function of the tuning g&in

of the closed-loop system of Fig. 3.b. For weakly damped sys-
tems the poles can even become unstable for overtuned gains.
As long as we focus on sensitivity or closed-loop transfers we
do not see any problems. However, concerning the transfers of
the process sensitivity (Fig. 7), zero-pole cancellation is notthe "
case any more, equal to the situation tuning a normal notch fil- 2
ter. Any disturbances on the actuator inputs or offsets betweer - !
to two actuators will cause excitation of the badly damped res-
onance.

(a) K = 0 (1 actuator) (b) K = 0.49 (badly

damped, 2% gain mismatch)

Position [m]
Position [m]

— _Ps 02 02

— PS4

T

0
0.95 1 1.05 11 1.15 12
Time [s]

(c) K = 0.50 (exact cancel-
lation)

0
0.95 1 1.05 11 1.15 12
Time [s]

(d) K = 0.53 (instable be-
haviour)

Transfer gain
3
T

Figure 8: Closed-loop time-domain results: step responses
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If exact cancellation is achieved, the resonance cannot be ex-
cited by the reference signal. However, the drawback of this ef-

) o fect is the lack of controllability of that resonance mode. Since
Figure 7: Closed-loop and process-sensitivity transfers for §kz resonance can not be excited by the controller, there is also
act cancellation. Although the closed-loop transféseems g way to reject the mode. This is equivalent to the spillover
promising, both process-sensitivities suffer from the badlyoplems when using modal control strategies. Overviewing
damped resonance. this, resonance cancellatiois better suited for feedforward
control. Known disturbances (so also trajectories in motion
systems) will not excite the resonance. For feedback con-
trol, we prefer a negative gaii, which will result in a better

Frequency [Hz]



damped closed-loop system without affecting the bandwidtf4] M.B.G. Cloosterman, H.J. Goossens, M. Steinbuch, and
(the damped frequencies of the poles will not change (see Fig. M.G.E. Schneiders. Compensation of mode shapes with

6). Fortunately, the value oK (for both negative and posi-

tive values) does almost have no influence on the disturbance

rejection (for low frequencies).

F

F RN
™ W™
(a) Avoid resonance
F F
_—r m —AN m, &

(b) Dampen out resonance

Figure 9: Two different ways to influence a compliance

6 Discussion and future work

(5]

(6]

[7]

(8]

9]

(10]

Although current mechatronic systems are examples of state-
of-art technology, more integration in the design strategies is
still possible. Also for motion systems this integration can be

increased. Historically there is a huge gap between mechbkl]

ical and control design, and a new way of thinking is needed

to overcome this. This paper only presents some first ide

and a lot of work must be carried out to really come to an

]

design approach. From the exploration it may be clear that
the benefits of using extra actuators is strongly depending on
design-topology and application field. Further research will

be focused on reducing the bandwidth-limiting effects of rept3]

onances. Modal filters and modal control strategies will be
explored, since these techniques reveal a lot of insight com-
pared the general MIMO-design techniques. Once a good con-
ceptional design is found, a next step is to come up with an

optimization of both mechanical and control part of the tot&l4]

system. Objective of the optimization can be the reduction of

moving mass in a complete motion system, which is the gc&ls]

in our current research project.
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