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Abstract: In mechatronics, an optimal design can only be accomplished if the interaction between the control system
and the structural dynamics is considered in an early design phase. Often, mechatronic systems have varying spatial
configuration, such that their dynamic behavior, described by their most significant eigenfrequencies and mode-
shapes, may vary. Thiswill inevitably affect the performance and the stability of the control design. This behavior can
be predicted using a flexible multibody model, which depends parametrically on the configuration. This paper
presents a methodology to derive and simulate such a model, concurrently with its controllers, in a co-simulation
scheme. The subsystem with configuration-dependent dynamics is modeled as a parameter-dependent linear model.
This model and the controllers are implemented in Matlab/Smulink, whereas the model of the flexible multibody
system is implemented in LMS Virtual.Lab Motion. For each integration step, the parameter-dependent linear model
is re-evaluated, depending on the parameter. The proposed methodology has been applied to an industrial pick- and-
place machine which has configuration-dependent dynamics. Experimental validation showed a confident correlation
between experimental and simulated data. Based on simulations, motion and vibration controllers were designed. The
control scheme adopted was a high-authority motion controller built around a low-authority vibration controller. The
methodology proposed enables the evaluation of the controller not only in frequency domain but also in time domain
and can be applied in an optimization procedure considering concurrently structural and control parameters.
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NOMENCLATURE

A,B,C,D = matrices of the state y = output vector of the state space Subscripts
space model system ) ) _

C = damping matrix z = zeros of the system 1 ass_omated with the internal

f= analytical function flexible modes

f = force Greek Symbols ¢ constrained modes

| = identity matrix £ = modal damping k kept modes

K = stiffness matrix p = modal mass n number of the poles

I = length of the beam n = vector of modal parameters of S subsystem

| = vector of Varying parameters the reduced model u |an|t of the state Space model
(configuration) 8 = vector of the amplitudes of the y _outputof the state space model

L = input influence matrix rigid modes 1 2 subscript of the poles of the

M = mass matrix n' = vector of the amplitudes of the system in crescent order or

p = poles of the system internal flexible modes subscript of the A matrices

q = physical degrees of freedom W = modal transformation matrix constants of the affine model

u = input vector of the state space ® = kept normal modes 0,1 relative to the constant to create
system the affine model using poles,

Q = modal frequencies ;
x = states of the system q zeros and gains

INTRODUCTION

Active vibration control schemes are usually impdened in order to enhance the dynamic performahegend
the first resonance frequency of mechatronic systelioreover, some mechatronic systems have vargpaial
configuration, and their dynamic behavior, desatibg their most significant eigenfrequencies andienshapes, may
vary depending on its configuration. An exampl@a igsick-and-place machine with a gripper carriecabblexible beam
(Fig. 1). During the motion, the length of the beamd its dynamics may vary affecting the perforneanad the
stability of the control system (Van den Braembhsesd 998). These changes should be taken into atdowing the
controller design (Symens, 2004). During the degipase of a mechatronic system, this behavior eaprbdicted
using a flexible multibody model, which dependsapagtrically on the configuration. This model cad tie designer
to evaluate and optimize the system and its cdatsbefore a physical prototype is available.

Furthermore, mechatronic design deals with thegnatied design of a mechanical system and its enauaedantrol
system (Van Amerongen & Breedveld, 2003). An oplidesign can only be accomplished if the interactbetween
the controller and the structural dynamics is cdesd in an early design phase of a mechatrontersysseveral works
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were done concerning structure-control concurrempiymization (Reyer & Papalambros, 1999; Fathyakt.2001). De
Fonseca(2000) optimized control parameters and structdesdign variables of the x-axis drive chain of alingl
machine for eight extreme tool positions of the kirag volume.

This paper presents a methodology to model andlaten@ mechatronic system with configuration-degend
dynamics, using co-simulation between LMS VirtuabLMotion and Matlab/Simulink. Using the hereafteoposed
approach, different optimization methodologies barapplied concerning the mechatronic system nigtiardiscrete
positions but also in a continuous operation. Thxth time domain and frequency domain performaridée control
system can be evaluated.

In general, the controller is designed using Md8ahulink, while the model of the flexible multibpcdsystem is
implemented in the multibody environment. Howeveis not possible to simulate a flexible subsysteitih dynamics
depending on the configuration on a flexible mwtig environment such as LMS Virtual.Lab Motion. Rostance,
considering the pick-and-place machine, the fldixjbof the beam depends on its length. As a resltmodel to
simulate this behavior requires an updating fieleament model for each integration step or a gdlijlsnt applied at the
flexible body. Neither of these options is avaitaht this time in the most widespread commercidtibogdy softwares.
In fact, some integrated environments such as Sacacesupport this kind of application. Howevere thim of this
work is to propose an alternative way for those #ra using multibody environments based on Camesbordinates
that can not handle this kind of application, feample, MSC.Adams and LMS Virtual.Lab Motion.

During the modeling procedure, the system is divide two parts. The subsystem that has configumatio
independent dynamics is modeled in a flexible rbolfly environment. Whereas, the subsystem with gardtion-
dependent dynamics can be modeled as a paramgienatnt linear model constructed in three steps:

1. Firstly, a parametric high-order finite element rabid elaborated;
2. Then, local linear models are extracted at sevefatence configurations using a linear reductemhhique;

3. Finally, the parameter-dependent state-space niedwrlilt by affine interpolation in the configurati space
between poles, zeros and gains. This parametendepe linear model may be simulated using
Matlab/Simulink which, for each integration stepvaluates the state-space model depending on tameger.
This parameter represents the spatial configuratidghe systems.

The interface between these two virtual environmeadtlows a concurrent simulation of the flexibleinody
model, the parameter-dependent model and the ¢@ystem using one integration/solver procedure.

The presented methodology has been applied to nioeled-motion of an industrial pick-and-place maghiwhich
is described in the next section. Subsequentlyntathodology and experimental validations are desdr Based on
this virtual model, motion and vibration controeare designed to evaluate the integrated envirohoeapabilities.
Finally, some results and conclusions are addressed

DESCRIPTION OF THE TEST CASE SET-UP

The test-case is an industrial 3-axis pick-andglamachine (Fig. 1). The Y-motion is gantry driventtwvo linear
motors and the X-motion (over the carriage) is alggen by a linear motor. The vertical Z-motionaistuated by a
rotary brushless DC-motor which drives a verticalim through a ball screw/nut combination. The posiof the
linear motors and the length of the beam are medswith optical encoders and the acceleration @ftid point of the
beam in the X-direction is measured with an acoeheter.

The objective is to move the beam tip as accunatefast as possible along a prescribed trajectothe working
area. However, fast movements of the linear mouglisexcite the eigenfrequencies of the flexibleabe which may
vary during the movement since the length of thentés continuously changed.

Figure 1 — Pick-and-place machine used as test-case
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As mentioned before, the system can be dividedingarts: the subsystem with configuration-indegenénd the
subsystem with configuration-dependent dynamice. fobhmer is modeled in the multibody environmerd aomprises
the frame, the two linear motors which drive thanétion, the carriage, their bushings and jointsilevthe latter is
modeled as a parameter-dependent linear model@ngrises the flexible beam and the linear motorchirives the
X-motion. The modeling of the latter is addressethe next section.

MODELING SYSTEMS PARAMETRICALLY DEPENDENT ON THE SP ATIAL CONFIGURATION

Parameter-dependent linear models, also knowmaearliparameter varying (LPV) models, can be defawtinear
systems whose describing matrices in state-space depend on a vector of time-varying parametetschvcan be
measured (D’Angelo, 1970), such as described inHq.

x=A()x+B(l)u O
y=C()x+D()u

wherex represents the states of the systerandy represent, respectively, the inputs and the ositandl represents a

vector of varying parameters.

The LPV modeling approach follows the three-stepho@ology described before. Each step is desciiivedore
detail in the next sections.

Parametric finite element model

In order to have an affine LPV model, firstly, aliorder finite element model of the subsystem matal vertical
beam is created. In view of the fact that seveisadrdte models for different lengths of the beamrscessary, a good
approach to generate these finite element modétsdeeate a parametric high-order finite elemeatieh In this way,
several finite element models can be generatedvatically depending on the length of the beam. This easily be
done by changing the nodes coordinates accordirigetdength of the beam, the mass of the clampedapal the
stiffness of the clamping spring. The clamping =deled as a linear stiffness.

Figure 2 shows a scheme of the parametric depeadzfrihe model for two discrete positions: the maxin and
the minimum lengthaM represents the motor massthe motor degree of freedom amdthe equivalent mass of the
part of the beam that is connected to the spring.

A model reduction technique is applied to these ef®dn order to generate a suitable way to simuthaie
parameter-dependent model. The applied reducta@migue is described in the next section.

X X
v WA

=]

M

i o o Nl

:

I::lll]l]l]l]

maximum length minimum length
Figure 2 — Scheme of the parametric finite element ~ model

Model reduction

Models of dynamic systems are useful primarily tiwo reasons: first for simulation and second fontoa. Any
realistic model will have high complexity requirimrgany state variables to be adequately describkd. résulting
complexity is such that a simplification or modeduction will be needed in order to perform a satioh in an
reasonable amount of time or for the design ofvadoeder controller, which achieves desired objegiyAntoulas &
Sorensen, 2001). Generally, for a particular kih@malysis, there is a small subset of the totahler of degrees of
freedom in a finite element model that are sigatfity active (Hintz, 1975). Consequently, there \aags to simulate
complex structures using only a limited number edmrdes of freedom.

Component mode synthesis (CMS) provides an apmtepsgolution for the reduction of a finite elemembdel
(Craig, 1981 and 1987). It is a form of substruetwoupling analysis in which the dynamic behaviféreach
substructure is formulated as a superposition afahocontributions.
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A multi-degree of freedom system can be modeled gt of second order differential equations
MG+Cqg+Kq=Lf (2)
whereM is the mass matriX; is the damping matriX is the stiffness matrixq are the physical degrees of freeddm,

are the forces applied ahdis the input force influence matrix, indicatingettvay the input forces act on the structure.

In any CMS technique, the displacements of the iphysoordinateq are represented in terms of component-
generalized coordinateg using the classical modal transformation:

q=¥n 3)
where the transformatiow consists of pre-selected component modes of thewiog types: normal modes, rigid

body modes, constrained modes, attachment modgtairelief modes and inertia relief attachmentlie®

There are combinations of these sets that genarstperposition of the modes, which is able tordete exactly
the static response of a component submitted termett forces applied at the boundary nodes. Thete Htatically
complete can be defined: the Hintz's method of taireed modes superset, the Hintz's method of latt@nt modes
superset, and the inertia-relief mode superset.Hihiz’'s method of constrained modes supersetfiaei® by the rigid
body modes, the constrained modes, and the imetief modes. The Hintz's method of attachment nsosigperset is
defined by the rigid body modes, attachment modad, the inertia relief modes. The inertia-reliefdacsuperset is
defined by the rigid body modes, and inertia relithchment modes. These three static componeng sukersets
span the same subspace. The rigid body modes aalntdiaed as a linear combination of the constchimedes (Craig,
1987).

Any of these static component mode supersets magupplemented by dynamic modes: fixed-interfacee-fr
interface, or hybrid-interface defined by the normmmdes. The well-known Craig-Bampton method ontyploys a
static subset containing the constrained modesnbutncluding the inertia-relief modes; and fixiederface normal
modes to dynamically supplement it. Some other dépations can obtain more accurate results becawesestatic
component mode superset is not complete in thishadetHowever, for the desired accuracy of the stoalge, an
adequate reduced model can be generated usingBaeigton method.

So, the modal transformatiop used is defined by the Eq. (3), whepe are the constrained modes abg are
the kept normal modes.

v=[¥, @] 4)

Performing the modal transformation proposed by ), the equation of motion can be written in nmoda
coordinates.

i+ 280+ Q% =p w1 (5)

where Q are the modal frequencies,is the modal fraction of the critical damping,is the modal mas§,is the input
forces, ¥ = LT¥ andL is the force influence matrix (Premount, 2002). Tiedal coordinates are now represented

by the kept degrees of freedof, representing the actuators and the modal codgging , Eqg. (6).

n:m 6)
n

The output equation for a set of sensors, repredesyt the matrix.  , can be defined by
y=Lyx=L,¥n=¥,n (7)

The state-space formulation can be written as @)snd (9).

[ o | 0
X{—QZ —2@9} XJ{;{“PI} f ®)

y= [‘I‘y ij (9)
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wherex = ["} is the state variable.

n

This approach is performed for several models witferent lengths of the beam. Each model has @awad of
freedom for the actuator (linear motor), and 2 nhadardinates, representing the first and the sgeesonances. The
model is a single input multiple outputs (SIMO) teys, where the input is the force applied by théamand the
outputs are the acceleration of the beam tip aadatiteleration of the motor. Figure 3 shows thquieacy response
functions (FRF) of the system for three differamdths (I = 0.53, 0.43, 0.33 m).
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Figure 3 — (a) FRF — Acceleration of the motor/forc e motor and (b) FRF — Acceleration of the beam tip/  force
motor for three different lengths of the beam

The local construction of the reduced-order modegblves a computationally demanding numerical pdoce.
However, the variations of the model in the confadion space can be described by a simplified gamteximated
metamodel. In this paper, this metamodel is eldbdrhy selecting a set of discrete configuratiansning a local
reduction algorithm for each configuration and diefiy an approximated function which fits the modatiation with
the parameter variation. This has been implemengdg affine models technique which is describedhia next

section.

Affine models — interpolation and simulation

The set of reduced models resulted from the praeedescribed in the previous section were affiriagua linear
interpolation technique proposed by Paijmetnsl. (2006) in order to create a parameter-dependedemBxperience
shows that there are three criteria for a reliattierpolation technique: (1) a stability preservintgrpolation is needed;
(2) a performance preserving interpolation is ndealed (3) the parameters of the interpolated ctetsoshould be
smooth and continuous functions of the varying petar to avoid discontinuous controller states @uput signals as

a function of time.
The poles, zeros and gains are described by a laffiae interpolation dependent on the functioritef scheduling
parameter f (I) Equation (10) shows the technique for the poles vector.

pa(1) Pox P11
p%(l) _[Poz || P12 | ¢ (10)

Pn (l) Po.n P1n

where p till p, are the poles of the systepy; till pg, andpy; till pyn are constants arlt(l) is an analytical
function of the scheduling parametere. g., the length of the beam. Similar affinections have been derived to
describe the varying zeros and gains consideriegsdme functioﬁ(l). The next step is to transform the affine
functions of poles, zeros and gains into varyiregesspace matrices. Equation 11 shows the affinetiin for the A
matrix of the state-space model.

Al)=Ag+T()AL+T()2 A, (11)
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The main idea in this transformation is that aexystiefined by a gain, an amount of poles and zeregual to a
concatenation of subsystems. These subsystemefimediby one pair of complex poles and one paaowfiplex zeros.
The interconnection of these subsystems is perfiinyea concatenation of the states of the subsgstesaulting in a
global affine parameter dependent state-space semi@ion. Equation 12 illustrates how a subsystsubscripts)
defined by one pair of complex conjugated poles@m&l pair of complex conjugated zeros is transfdrinestate-space
representation. More details on this methodologylmafound in Paijmargt. al. (2006).

AS(I):Re{pi )+ piaal) -py (')@iﬂ(')} BS(I):F}

1 0 0

_ —Z (')‘Zi+1(|)+ P (|)+ pi+1(|) T _
SR R il OB

This approach was used to build an affine modehefSIMO reduced model of the vertical beam incigdihe
linear motor inertia, described in the previougisec The system has one input: the force imposethé linear motor
in X-direction and two outputs: the acceleratiofghe linear motor and of the beam tip. In otheiirtplement the
methodology, this SIMO model was divided into 2géininput single output (SISO) models. The chosealydical
function wasf (I):I , the measurement of the length of the beam. EBigushows the comparison between the original

model and the affine model for a fixed length (03

(12)
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Figure 4 — Comparison between the original model a  nd the affine model for | = 0.53m (a) FRF — Acceler ation of
the motor/force motor and (b) FRF — Acceleration of the beam tip/force motor

Several multibody environments have interface céifiab with Matlab/Simulink. For this reason, Safttions were
implemented in order to run these affine SISO m&dEhere are two inputs for the S-functions: thredoof the linear
motor and the length of the beam. For each integratep, the S-functions compile the ABCD-modehirthe affine
model depending on the length. The S-functiondt buiC MEX-file in order to speed up the simulatjare shown in
the Fig. 5.
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Figure 5 — Scheme of the S-function in the Simulink environment
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CO-SIMULATION IN AN INTEGRATED ENVIRONMENT

LMS Virtual.Lab Motion was the multibody environntensed to model the subsystem with configuration-
independent dynamics (Fig. 6). The interface betvietual.Lab Motion and Matlab/Simulink allows fferming time
domain simulations of arbitrary mechanisrpkaftout in Fig. 7). The mathematical representation ofrttechanism in
Virtual.Lab Motion is fully nonlinear and can inde rigid and/or flexible bodies connected by ideaits. Internal or
externally applied forces and time-dependent kin@®arules influence the motion of these joints amatlies.
Virtual.Lab Motion provides libraries of predefingdint, driver and force elements. These modelitgments are
automatically transformed into the appropriatecdatonlinear differential algebraic Newton-Eulematjons of motion
during the analysis. Simultaneous numerical intiégnaof the states is performed by LMS Virtual.Litotion and
Matlab. In this way, it is possible to simulate rmtly dynamic models such as described before lsat eontrol
systems in Matlab environment.

frame

carriage

linear
motor

translational joints bushings

applied motion

Figure 6 — Multibody model of the pick-and-place ma  chine
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Figure 7 — Co-simulation between Matlab/Simulink an  d Virtual Lab Motion

The pick-and-place machine was modeled using bigidies, bushings, joints and forces to simulatentbgement
(Fig. 6). The vertical beam and the motor are follydeled by the affine model in Matlab/Simulink #omment, where
the position of the motor and the acceleratiorheftieam tip are calculated.

In Virtual.Lab Motion environment, a sensor measutes length of the beam and this parameter isijgut ito the
S-Function responsible for the ABCD models updatifigranslational joint is applied between the @aye and the
motor, and a position feedback controller is resjiaa for the motor position tracking in the V.L&ttion. This keeps
the subsystem motor and flexible beam at the cbplace, which is quite important if the Y-moti@simodeled.

A force generated by the motor is applied to théamand to the carriage with opposite directionse Encoder of
the motor measures the difference between theigosiof the motor and the carriage, obtained inltéSimulink and
V.Lab Motion, respectively. Figure 7 shows the ootdation between these two environments. The ccliom is
made by thelantout which is a subsystem with the outputs and inpaisifthe Virtual Lab Motion and one S-Function
that connects the environments.
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RESULTS

The objective of the technique proposed here isréate an environment able to simulate mechatreystems
parametrically dependent on the spatial configaratand their controllers. Since the alternativesimulate the
parameter-dependent system is to use Matlab/Sikyuiire environment to simulate the controllerséady to use.
Figure 8 shows the FRFs obtained using the apprdastbribed for several fixed lengths. The simuldi&fs for a
fixed length (I=0.43m) showed an acceptable cdiimgiavith the experimental FRFs until 2000 Hz (F3g.

Since the approach generates a new state-spacd fopdach time-integration step, it is possibleperform a
trajectory varying the length of the beam. Thishdes to evaluate the performance of the systemonbt in the
frequency domain but also in the time domain. Apezimental input was applied to the model genegadirirajectory
response. The motor position (encoder) from thizutation is compared with the experimental dat&im 10. In this
experiment, the length doesn't change significatalyout 20% of the total range). Therefore, the ehaxinot validated
for continuously modification. However, the varyidgnamics depend quite smoothly on the length efiam, which
can assure a confident correlation between the haodkthe real system. A deadzone filter was usetid input data
in order to simulate dry friction. The error pretgehby the results was about 0.5%.
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Figure 10 — Comparison between the simulated and th e experimental motor position for the same input

In order to evaluate the methodology, a controllas designed and simulated. The methodology usdddign the
controller was proposed by Paijmastsal. (2006). An appropriated way to design motion ardmtation controllers is to
design a high-authority motion controller (HAC) andl the low authority vibration controller (LAC)jg- 11. Details
about the methodology applied to derive the colerelare described in Verschewste al. (2006). Fixed vibration
controllers for different fixed configurations wederived based on &1 mixed-sensitivity synthesis method for robust
control loopshaping design. The chosen weights mbpan the resonance frequency of the system. Caesdy,
several controllers were derived for different ldrsgof the beam. The vibration controllers derifren this approach
were affine using the same technique describetiénptevious section. The result was a gain-schagldontroller,
since it depends on a parameter. The motion cdetreias a standard PID controller fixed for all figarations. The
beam tip acceleration for an input step and a filkedm length is shown in Fig. 12. The residual atibn can be
reduced tuning the PID controller, but there isaale-off between vibration reduction and motiontoan For high-
bandwidth motion controller, the eigenfrequencyhaf beam is more excited. For low-bandwidth motontroller, the
settling time is lower when used in combinationhvatvibration controller.

WIBRATION CONTROLLER ACCELERATION
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Figure 11 — Motion and vibration controllers using LAC-HAC structure

FOSITION
REFEREMNCE

—— with vibration control |
— without vibration control

Acceleration (m/s2)

0.8 1 1.2 1.4 1.6
time (s)

Figure 12 — Beam tip acceleration for a step input  with and without vibration control
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The objective of this paper is not to discuss aifipecontroller strategy for this pick-and-placeachine, but to
propose a convenient way to simulate a mechatsystem with configuration-dependent dynamics. Ia tay, the
methodology proposed is reasonably generic andearsed in several applications.

CONCLUSIONS

During the design phase, a parametric flexible-itnatty model containing structural dynamics and walgrs is
quite useful to aid the designer to infer aboulicttiral and control parameters. The procedure iestin this work
relies on the generation of affine metamodel oficedl FE models to describe the dynamics dependirthe spatial
configuration and the co-simulation of these affinedels with a multibody system environment.

The advantage of this approach lays clearly inuhe of user-friendly commercial software for mutily systems,
LMS Virtual.Lab Motion, and the most widespreackenfiace for control design, Matlab/Simulink. Moregvesing the
proposed methodology, it is possible to simulateeghatronic system which its dynamics depend oooitgiguration
not only in discrete positions but also in continsicoperations. This enables to evaluate the pedfioce of the
controller not only in the frequency domain bufalls the time domain.
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