IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 7, NO. 3, SEPTEMBER 2002 269

Assessment of Mechatronic System Performance at
an Early Design Stage

Erik Coelingh Member, IEEETheo J. A. de VriesMember, IEEEand Rien Koster

Abstract—For conceptual design of electromechanical motion ~ 2) Path generatarSmoothness of the path.
systems, an assessment method is formulated that supports the de-  3) Controller: Proportional and differential gain.

sign of a feasible reference path generator, control system, and 4) Plant Total mass to be moved, lowest eigenfrequency.
electromechanical plant with appropriate sensor locations, in an locati fth iti d I’ it !
integrated way. This method is based on a classification of standard ocation of the position (and velocity) sensor(s).

transfer functions, plant models, and closed-loop systems. The as- The dominant plant factors motivate the use of simple
sessment method can be applied in several ways, depending on thfourth-order models, i.e., lumped parameter representations of
available knowledge about the design problem. In order to illus- the dominant dynamic behavior of electromechanical motion
trate this method, an application to an industrial motion systemis oy tems in terms of one discrete stifiness and the related mass
described. The assessment method quickly provides insightinthe 7 = .
design problem. Furthermore, feasible goals and required design distribution. Such models take only the rigid-body mode and
efforts can be estimated at an early stage. the lowest mode of vibration into account. They are simple and

Index Terms—Design, mechatronics, motion control, propor- of low-order, h.ave a small number of parameters, and yet com-
tional differential (PD) controllers. petently describe the performance-limiting factor. Hence, they
are a good basis to provide reliable estimates of the dominant
dynamic behavior and the attainable closed-loop bandwidth.
The mass-spring-mass plant is a well-known example, of which
URING conceptual design of controlled electromecharthe often stated industrial relevance [1], [2] can be understood
D ical motion systems, one has to obtain feasible technidadm the above considerations.
design specifications for the path generator, the control system|n this paper, a procedure will be given that allows assessing
and the electromechanical plant with appropriate sensor lotae influence of the above mentioned design factors on the
tions, so that the overall system will perform well. In caseystem performance. By means of iterative application of this
a mechatronic design approach is followed, this should lpegocedure, the “chicken-and-egg” difficulty of formulating
done in an integrated way. That is, the specifications of theell-balanced subsystem specifications can be solved.
subsystems should somehow be balanced in such a way thddefore formulating the procedure, we start by classifying
completing the designs of the subsystems will require abquiant dynamics. First, basic open-loop transfer functions are
the same design effort. When we want to achieve this aim, wlescribed in Section II. In Section I, it is shown how these
encounter a “chicken-and-egg” difficulty. In order to balanctransfer functions are obtained from different physical plant
the subsystem specifications, we have to estimate the inflnodels and sensor locations. In Section IV, a characterization
ence that the controller will have on the system’s performancd. closed-loop system dynamics follows and in Section V,
However, to estimate this, we need to complete a controlidve method for relating design factors to system performance
design. The methods available for this require both definitive described. The resulting assessment procedure is given in
specifications and a definitive model of the electromechanic@éction VI. In Section VII, the assessment procedure is applied
plant, which are not yet available early in the design proceds.an industrial motion system: the placement module of the
In this paper, this problem will be addressed, specifically fdthilips Fast Component Mounter. Finally, in Section VIII, the
systems where the task is to position an end effector atcanclusions are presented.
certain location within a limited period.

During conceptual design, the aim is not to complete a final
design, but rather to identify the performance-limiting factors of

the design proposal(s) and to choose satisfactory specificationgve consider plant transfer function(s) from the input
for these factors. Experience has taught us that the followipgice « to a measured positiop. The mechanical damping

I. INTRODUCTION

Il. BAsIC OPEN-LOOP TRANSFERFUNCTION TYPES

factors dominantly determine system performance. in the plant is neglected. In general, damping does not dom-
1) Task specification Motion distance, motion time, re-inate the dynamics of the mechanism and it unnecessarily
quired positional accuracy after motion time. complicates the considerations that follow here. We also do

not explicitly consider the influence of friction, as mechan-
Manuscript received March 24, 2000. Recommended by Technical Edif&al friction is difficult t(? 'GSt.'mate and hlghly nonlinear [3]; 'F
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Fig. 1. Pole—zero maps of basic open-loop transfer functions.

The denominator polynomial dP(s) is always the same for o 4,
a particular dynamic system, but the numerator polynomial de- E
pends on the locations of the actuator and the position sensor. o e Mg AN
For systems with mechanical flexibilities, this dependency is de- ! '
scribed extensively in [4]. In [5], it is shown how a zero paifig 2. Flexible mechanism.
moves along the imaginary axis for different locations of the
sensor. We will use this phenomenon, which is referred to @g¢ pole—zero map is also shown in Fig. 1(c).
migration of zerosto characterize five differenypesof plant
transfer functions at an abstract level. This characterization orig- Type R: Resonance
inates from [6] and [7]. We consider the location of the complex
conjugate zero pair in the plane with respect to the complex
conjugate pole pair. We will refer to these pairs as the antireso- 1 w?
nance frequency.,, respectively, the resonance frequengy Pr(s) = ms? 2 +w? )
of a plant transfer function.

The typeR transfer function is

This transfer function type has no zero pair, or rather a zero pair
A. Type AR: Antiresonance—Resonance at a frequency outside the frequency range of interest and thus

The typeAR transfer function is no antiresonance frequency [refer Fig. 1(d)].

1 $24w,? w? E. Type N: Nonminimum Phase
PAR(S) = 2" o 5 PR War < Wr (1) : B
ms?  s2+w?  wa The transfer function of a typ system is
wherem is the total mass to be moved. The pole-zero map is 1 2—w,?  w?
shown in Fig. 1(a). Note that the antiresonance frequency of Py(s) = ms?2 2 4w? —wal ®)

a typeAR transfer function is smaller than the resonance fre-

quency: i.e., the zero pair, located on the imaginary axis is clogghS type is characterized by a zerosat= +w,,. Because of
to the origin than the pole pair. the zero in the right-half plane [Fig. 1(e)] this type is referred to

as nonminimum phase.
B. Type D: Double Integrator

The typeD transfer function is given by (1) with,, = w,, [ll. CLASSES OFELECTROMECHANICAL MOTION SYSTEMS

such that it can be rewritten as The basic transfer functions listed above describe the
1 dynamic behavior of fouclassef electromechanical motion
Pp(s) = st @) systems [6]. These classes are characterized by the mechan-

jcal subsystem that contains the dominant stiffness; they are

It seems that we have to do with a second-order transfer funct ically obtained after simplification and reduction of more

that physically i‘cf related to a mass with an applied force. Ho xtensive plant models [8]. Per class, we will indicate which
ever, th? denolmlnat(_)rlpolynom|flll 'ShOf sg:/:ond otrdtehr btecau%e Sic transfer function type results from a particular position
numerator polynomial apparently has two roots that are 10€lg o 5cation. Note that an analogous relation between class,
tical to two roots of the denominator polynomial, i.e., pole—zer\g

llation. Thi be clearl th | elocity sensor location and type exists, however, with only
IC:?;Cle(;) lon. This can be clearly seen In the pole-zero maplq ¢ jess in the denominator of the type.

C. Type RA: Resonance—Antiresonance A. Flexible Mechanism

When the dominant stiffnessis located in the mechanism,

.Th|s type is comparable to the typ transfer function, but the mass-spring-mass model of Fig. 2 can describe the system.
differs because for the tygRAsystem the resonance frequencyﬂ.hiS model has been studied extensively [1], [2]

is smaller than the antiresonance frequency. The transfer func:l_he input force ¢ = F) acts on the motor masss at posi-
tion of a typeRAIs

tion z2. The position of the end-effector masg is x1, which
1 2 4wa? w? is also the position to be controlled When we measure the
Pra(s) = — - 2 w2 wy? War > wr- - (3) position of the actuaton(= xz2), we obtain a transfer function

ms
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of typeAR The parameters in this transfer function are the total : “ i
massn, the antiresonance frequengy, and the resonance fre- o

quencyw,. The expressions for these parameters, in case 0;.8 4
flexible mechanism, are

m =mq + mo (6) 1"'.-. %
¢ T A '.J
War — - (7) | N M o= 2 il | T
m rond | :
c c
Wy =4/ — + —. (8)
my M2

The transfer function from the input force to the position of the
end effector ¢ = x1) is of type R. The expressions for the i
relevant parameters are as in (6) and (8). PR . N P .

B. Flexible Frame Fig. 5. Flexible guidance.

The model of Fig. 3 describes the situation where the dom-
inant stiffnessc is located in the supporting frame. The massf the suspension and the transformed angular velocity of the
of the frame isn, at positionz,. The massn, is arigid body actuator. In Fig. 4, this is represented by the combination of
containing, amongst others, the mass of the actuator and the gaflsmissions between the masses. The figure also shows how
effector. The position of this rigid body, is the position to be the torque’, the actuator positiog and the actuator inertia
controlledz. This position can be measured with respect to the have been transformed. The transfer function from the input
frame or with respect to the fixed world, resulting in a differerforce (v = 7°/4) to the position of the actuatoy (= i) is of
type of transfer function. type AR The expressions for parameters in the tysransfer
The transfer function from the input force (= ) to the function of the flexible actuator suspension are
position measurement with respect to the frape=(z; — x2)
is of typeAR The expression for the parametetsw,,, andw, m :i +my (12)
of the typeAR transfer function, in case of the flexible frame, i

are War =4/ € (13)
mi + Mo
= 9
= ©) (J +4%my)c
War =y —— (10) YT J(m1 +ma) 4+ 2mimy’ (14)
ar my + mo 1 2 17762

Wy = < (11) When the position of the end effector is measunged-(z1),
mo a typeRA transfer function is obtained. The expression for the
When the end-effector position is measured with respect?gtlresonance frequency is
the fixed world {y = =), we obtain a transfer function of type P
D. The single parameter in this transfer functiomig9). The War = My (15)
resonance frequenay, is cancelled by an antiresonance fre-
guencyw,, of equal magnitude, according (11). In [4], a physical interpretation of transfer function zeros for
simple control systems with mechanical flexibilities is given.
C. Flexible Actuator Suspension It is shown that whereas the poles are the resonances of a

The model of Fig. 4 represents a system consisting of a fgxible structure, the zeros are the resonances of a constrained
tating actuator with transmission that is contained in a flexipfbstructure. In case of the flexible mechanism, flexible frame
linear suspension (refer to the Appendix). and flexible suspension, the antiresonance frequency can be

Linear movements of the end effectar, are a combination looked upon as the resonance frequency of the system in case
of movements due to actuator rotations and suspension vibig actuator is blocked, i.e., constrained.
tions. The actuator, with an applied torgifehas an inertia/.
Together with the rotation-to-translation transmissian it is
placed in a suspension with mass and stiffness. The linear ~ The final class is characterized by flexibility in the guiding
velocity of the end effectom is the addition of the velocity system. In Fig. 5, the dynamics of this class are illustrated. Due

D. Flexible Guidance
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to an input force¢ = F) the massn will move in thezx di- - ; -
rection. Additionally,F will excite a rocking mode around the " o o e = [ 1y
center of mass (COM), due to flexibilities : ¥

The type of transfer function from the input foree £ F’) to
the measured positiony (= ) depends on geometrical proper-
ties: the distances; anda,. The expressions for parameters in
the transfer function are

k
Yo =\ T maras (19)

Fig. 6. General closed-loop transient system.

controller structure is basically motivated by the fact that now a

Wy = k (17) fairtradeoff can be made between influence of controller factors
J versus plant factors on system performance. Furthermore, if one
where would allow for a higher order controller, one unjustly presumes
' to have perfect knowledge about all relevant plant properties;
k= 2ch?. (18) unrealistically optimistic predictions of achievable system per-

formance would result then in general.

We now introduce a number of (dimensionless) quantities that
allow us to draw general conclusions for controlled fourth-order
systems. First we define two loop quantities: the position loop
quantityw,, and the velocity loop quantity,

We can distinguish five situations:

1) WhenF andz are on the same side of the COM.(> 0
anda; > 0 orayx < 0 anda; < 0) we obtain a typéAR
transfer function, because,, < w;;

2) When eithel” or z are exactly located at the COM,( = 2
0 or as = 0), we obtain a typeD transfer function, as wp =4/ — (19)
wyy = w,. Note thate, = 0 or a; = 0 are two different kdm
situations, where the plant is unobservable respectively Wy =—. (20)

uncontrollable; m

3) Whenf' andz are on different sides of the COM,{ > 0 An important dimensionless quantity, which is related to the
andas < 0) or (ax < 0 andas > 0) we obtain a typdRA plant is the frequency ratip
transfer function, under the condition that+ may.as >

0; B [war ] 2 (21)
4) WhenF' and x are on different sides of the COM and r= Wr ’

J 4+ maxar = 0 we obtain ank type transfer function, as _ )

wa, is located at infinity; and This ratio relates the resonance frequenc§ a plant to the

5) When F andz are on different sides of the COM and@ntiresonance frequency.

J 4+ maxas < 0 we obtain anV type transfer function The dimensionless controller settinflg and(2,, relate the
aSwar is cOomplex. loop quantitiesw,, and wq to the antiresonance frequency of

the plant. These settings are the dimensionless versions of the

proportional actiong;, andkq.
IV. CONTROLLED PLANT DYNAMICS

In [9] as well as in [6] design knowledge has been formalized wp =, - War (22)
for the design of electromechanical transient systems, in case wq =4 - Wyr- (23)
the dominant stiffness is located in the mechanism, i.e., Fig. 2.
A design procedure has been formulated that aims for the mini-The reference path is assumed to be a smooth spline function.
mization of the positional error of the end effector after a chandée smoothness is determined by a degree. A reference path of
in the reference path (point-to-point motion). We will extendegree two involves two pieces of second-order polynomials.
this method such that it is applicable to all classes of electrbhe reference path specifies, in terms of the position of the end
mechanical motion systems presented in the previous sectiogffector, a distancé,, that has to be covered within a motion

time ¢,,. The control goal is to guarantee an upper boegdn

A. Closed-Loop Characteristics the absolute value of the positional error of the end effector after

i the reference path has reached the end point (Fig. 7).
Before we can consider the closed-loop transfer, we have Orhe maximal relative positional errdk, is defined as the

make a choice for the control system. We have chosen a propgliis petween the positional erroi and the motion distance
tional differential (PD)-type control system that |mplements(?

proportional actiork;, on a positional error and a proportiona

actionky on a measured (or estimated) velogityFig. 6). The _ Lo (24)
positional error is obtained as the difference between a mea- " b

sured Pos't'o@ and the reference pathThe Var'abl(? tobe an- 1For typeR, the frequency ratio generally reduces to a mass ratio. For ex-
trolled is the position of the end effecter Our choice for this ample, for the flexible mechanism class with a typeansferp = 22,
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When, for example, we measure the actuator velocity and
— end-effector position of the flexible mechanism, the open-loop
P I = transfer function from the input forc# to the measured posi-
; ; i tion y is of type R and from the input forcé’ to the measured
velocity v is of typeAR We now obtain conceftR—R We can
also describe this closed-loop transfer functidfs) in terms

of dimensionless quantities

[Tl e

e | 8 1 —_ b
time [s] H,; . +ag’ 28
AR—R(S) CL434 + CL333 + a232 +ais+ ap ( )

Fig. 7. Reference path and typical response. o . . .
The coefficients in this function are

A crucial dimensionless quantity is the periodic ratithat bo = w2 ww? ay =2
relates the antiresonance frequency of the plant and the motion R o,
. as =wWqw.
time #,,, o
o9 (g =W; Wy,
T= . (25) ai :wdwzrwf
wartnl 2 2 2
A =Wa,Wow; - (29)
B. Closed-Loop Transfer Functions In [10] the transfer functions for all relevant concepts have

We now consider the closed-loop transfer functiéf(s),i.e., been derived. So far, the transfer functions have been described
the transfer functions from the reference patb the measured without mechanical damping, as damping is not of importance
positiony, when using a control system as in Fig. 6. In thifor conceptual design of the controlled system. However, during
configuration, two measurements are needed and hence sewimbimulations in the next section we will implicitly use a small
sensor combinations can be thought of for each class, dependingpunt of damping [10].
on the location and the reference of the position and velocity
measurement. For example, for the flexible transmission class, V. CHOOSING DESIGN PARAMETERS
three combinations can be made:

1) position and velocity measurement at the actuator; The di ionl losed-| ¢ fer functi fth
2) position and velocity measurement at the end effector; e dimensionless closed-loop transfer functiéi(s) of the

3) position measurement at the end effector and Velocﬁ?ncepts defined above relate design factors of the plant and
measurement at the actuator the controller to system performance. Different values for the
In Section Ill, it has been shown how a class and a sensor loggpensllconlterz]sslcontrollertstgttln% ;nde (;etiu“ n (?;f;ferentt
tion and reference together determine a type. Hence, we can X‘g.[ges or the loop quantiies,, andwa and thus In ditéren

egorize all relevant closed loop transfer functions on basis of t Q sgd—loop transfer_ fur}cil_onH(s_)t.h'[rTls Ist expl;)refd byt_per— f
two types that describe the position and velocity plant transf rming numerous simufations with tnese transter unctions tor
ouscontroller settingsand identical reference paths and the

Furthermore, the dimensionless quantities described above an°! i ) : : )
itional error is determined. Feasible dimensionless controller

be used to characterize these closed-loop dynamics in geng%ﬁ

terms, independent of a particular class. We will refer to the Vasf(_ett?r}gs are defingd as thos_e_ values th‘.’ﬂ result jn asmall enpugh
ious forms of closed-loop transfer functionscamceptsand in- positional error with a sufficient stability margin [9]. The di-

dicate a particular concept by listing the (two) types, where tlr'réensmnless version of this margin is defined as
velocity transfer type is listed first. a-9 (30)

As an example we consider the flexible mechanism. When War

both the actuator position and veloqty are measured, both the, sufficient stability margin is considered to be attained for
open-loop transfer functions, from input foréeto the mea- G = 0.2. So the stability margin defines a forbidden region

;urg% positioe.‘l?/Randdto thebmgasured veloc':Ai:ty are charag;r- between-g and 0 in thes plane, for the poles of the closed-loop
|fze hya:[lyrf) an weg_ ta|r: con(;:cle[étR— Rofr c?nc;? systemH (s). When we determine the feasible dimensionless
orshort. The corresponding closed-loop transfer funciids) controller settings, we implicitly assume that the settings that

can be expressed in terms of the dimensionless quantities lead to a minimal error of the measured positipalso lead to
bos? 4+ bys + by a minimal error of the end-effector positian

A. Dimensionless Optimal Controller Settings

Har(s) = a15% I azs® + azs? + ais + ag (26) Theopti_mal dimensionlgss controller settin_g_Ee defined as

those settings that result in the smallest positional error with a
where sufficient stability margin, for different values of tifiegquency
by — w202 ay = w2, ratio p.

b2 - :)”pwr a3 = wew? _ In Fig._ 8 three qharts are shown for _concé\pR with f_ea— _
bl T, o, ar= (wzr +w1%) w2, (27) S|_ble regions for different frequency r_at|os. Th_ese regions in-

0= Warplr waw? w? dicate values of2,, and (2, that result in a relative positional
ap = wiwiw? error £y smaller than 0.01, 0.02, 0.04, and 0.08, while meeting



274 IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 7, NO. 3, SEPTEMBER 2002

. 2 1%
1 ’ = 1% < o, £ 2%
2 i 1B
1 F. A
ind 4 o] 1 [~ =
i 1.4 oK 1.6 ] ihd ] | 1 ] 04 k3 | 1.0 |
Fig. 8. Regions with feasible dimensionless controller settings for cordept
TABLE | Ep | .00
OPTIMAL DIMENSIONLESSCONTROLLER SETTINGS | o
il I. §
Concept Condition Optimal | 7 ﬁ.,fl
Qp Qd Tie _._'_-'
AR 0.1<p<08 0.8 09 : .
D - 09 09 0~ AN
RA ) } ) : ine
R 0.1<p<0.12 1.4 0.45 1 i1 .4
N - - - Fig.9. Relative positional error as a function of the periodic rafior concept
AR-D 0.1<p<0.75 0.7 0.7 ARand second-degree reference paths, ugirg0.1,0.5, and 0.8.
0.1<p<08
AR-RA 1.0< p*<14 0.6 0.6 the specification, i.e., the desired motion of the end effector and
AR-R 0.1<p<05 0.6 07 t_he plant, Whlc_h is mdependent_ of the particular pr_oblem set-
ting. This relation is expressed in terms of the maximum rela-
01<p<05 tive positional errorE; and the periodic ratia. We consider
AR-N 0.5<p*<1.4 0.5 0.6 the dimensionless closed-loop transfer functions, i.e., the con-

cepts described in the previous section, with the optimal dimen-
sionless quantities of Table I. In numerous simulations the peri-

the stability margin (30). The difference between these chart&@IC ratior is varied, by applying different second-degree ref-

the value for the frequency ratjothat is used: 0.1, 0.5, respec_erence paths to the (optimal) closed-loop transfer functions. For
values ofr the relative positional error is calculated. The

tively, 0.8. The values for the (dimensionless) damping used
the simulations are similar as the values used in [9] and reflétfPer bound for second-degree reference paths can be expressed
practical settings, refer [10]. During all simulations discussed s [
this section we use a second-degree reference path with a mo-
tion timet,, of 1 s and a periodic time constanof 0.4.

From these three charts we select the optimal dimensionlgggere. is a constant that depends on the particular concept that
controller .setgngs fc_)r cgncemR as{, = 0.8 a”de_I 0.9, is considered. We mainly considered the situations where the
which are indicated in Fig. 8 by means of a cross hair. The crggative positional error is smaller than 1%, as this is generally
hair cannot be located exactly in the regions with minimal eo&quired by modern electromechanical motion systems.
for all values for the frequency ratig rather an acceptable l0- - ag an example, the relation between the relative positional
cation as close as possible to these regions has been select%qzirorE0 and the periodic ratio- for conceptAR is calculated

Not for all concepts feasible dimensionless controller settings; three different values of the frequency ratio0.1, 0.5, and
can be determined, as some transfer function types, €., 4498 puyring all simulations discussed in this section we use an
RA cannot be stabilized by means of a PD-type controller ggiresonance frequenay, of 1 rad/s. In Fig. 9, the results of
in Fig. 6. Table I indicates the optimal dimensionless controll%e simulations with a second-degree reference path are shown.

settings for all concepts and gives limitations on the values $fie siraight line indicates the estimated upper bound of the po-
the frequency ratig for which these settings are applicablegjijonal error. For < 0.4 the constantin the expression for the

The ratiop* indicates a frequency ratio, according (21), with alpper bound (31) for concepR equals 0.09.

antiresonance frequency thatlager than the resonance fre- " |ngead of using a second-degree reference path, the designer
quency. This antiresonance frequency generally occurs in fgy choose a third-degree reference path, i.e., a reference path
transfer function from input force to end-effector position. \yiih limited jerk. When the same simulations as above are per-
formed, an upper bound for third-degree reference paths can

also be determined. The upper bound is characterized by
Using the dimensionless quantities and the optimal dimen-

sionless controller settings, we can determine a relation between Eqg=n~-7° (32)

EOIE~T2 (31)

B. Dimensionless Problem-Plant Relation
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TABLE I 3) Depending on the situation perform one of the following
DIMENSIONLESS PROBLEM-PLANT RELATIONS three alternatives.
Concept Condition Performance a) When the reference path and the desired perfor-
£ /4 mance are fixed, calculate the periodic ratip
AR 0.1<p<0.8 0.09 035 using Table Il and
D - 0.07 0.21
E, E,
R 0.1< p<0.12 0.06 0.06 T=a/=o0rT =2 ==,
AR-D 0.1<p<0.75 0.11 0.33 € v
AR-RA 0.1<p<08 017 0.60 Determine the minimal required antiresonance
1.0< p*<14 frequency of the plant with
AR-R 0.1<p<05 0.12 0.40 o
0.1 0.5 War,req = ——-
AR-N <P 022 0.60 el T
0.5<p*<14

This value can be used to calculate the required
(dominant) stiffness of a particular plant, as well
as the resonance frequengy, in case the mass
distribution is assumed to be fixed.

- ., —— b) When the reference path and the antiresonance fre-
’ﬁ'--.-i----u-ll-- Path 1 7 Plaar quency of the plant are known, calculateac-
. im ....L-___,- o B B cording
;;' o -_--'."-:. o= 2 < B — ;= 27
|:‘-l.-.l:..'H...lI|". S, e : Wartm
Ly K= {5k ug b

and determine the attainable performance, using
K= m Ll oy Table Il and

) o Ey=e-120rEqg =~ 7°.
Fig. 10. Application of assessment method.

¢) When the desired performance and the antireso-
nance frequency of the plant are known, calculate
7 as a function of the motion distanég, using
Table Il and

€ (&
7':1/ 9 orr = 0 .
E'hm ’Y'hm

Next, determine the reference path, by finding a
tradeoff between the motion distanag, and the
motion timet,,, that fulfills the equality

In Table Il the dimensionless problem-plant relations for all
feasible concepts are summarized (refer [10]) for both second-
and third-degree reference paths.

VI. ASSESSMENTPROCEDURE

So far, we have determined (dimensionless) relations between
the attainable performance, the reference path and the plant,
which are independent of the particular problem setting. €o 27

Together with the optimal dimensionless controller settings, £ he | Wat
we use these relations to formulate an assessment method that i } )
can be used in various ways, depending upon the specific desigf?) When the frequency ratip fulfills the requirements
context. The three crucial design parameters are the periodic ©f 1able I, the control system for a particular problem
ratio v, the antiresonance frequengy, and the relative servo _settmg and a particular controller configuration can be
error Ey. Once two of these three design parameters are chosen, implemented by
the third will follow automatically. If the frequency ratjolies hp = m - (R - war)® andky = m - g - war.
between its lower and upper bound given in Table I, the optimal
controller settings can be found, such that the controlled system
fulfills all specifications. This is visualized in Fig. 10. The as- VII. APPLICATION TO AN INDUSTRIAL MOTION SYSTEM

sessment procedure consists of the following steps. We have developed the assessment method for application in
1) Determine the class of electromechanical motion systemsnechatronic design process, where a realization of the com-
that is at hand and the type of plant transfer functioplete electromechanical subsystem is not existing during the de-
Calculatew,,, w., andp. sign of the control system. However, the actual design of other
2) Determine the conceptthatis at hand, by looking at the Isubsystems than the control system is out of the scope of this
cation of the position and velocity sensor. Refer to Tablgdaper. Therefore, we will use an existing Placement Module
to verify whether optimal dimensionless controller setdig. 11) of the Philips Fast Component Mounter (FCM), as an
tings can validly be applied. example of an industrial electromechanical motion system, to
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i ’ Fig. 12. Initial bond graph model of the PM module.
Fig. 11. Placement module of the FCM. B
TABLE I . x
SPECIFICATIONS FOR THEPM MODULE - Ti & ity :
i
quantity value £ 'I *
maximum error o 100 [um] A A r g
motion time t 250 [ms] # 4
i
motion distance . 0.15 [m]
settling time ¢ 30  [ms] i
K . s Fig. 13. Fourth-order model of the PM module.
maximum acceleration  a,,, 10
maximum velocity Vinax 1 TABLE IV
PHYSICAL PARAMETER VALUES IN MODEL OF PM MODULE
evaluate and to illustrate the assessment method. It is not an ob- quantity value
jective to maximize the performance of this specific PM module, motor mass ey 6.53 [kg]
using detailed knowledge of the plant dynamics obtained from frame stiffness . 43-10°
system identification. Rather, our aim is to satisfy the require-
: . ) frame mass mg 115 4+ 5 [kg
ments in a short design cycle. We will only use that plant knowl-
end-effector M, 2.3 [kg]

edge that generally would have been available at the concep-
tual design stage. The resulting control system will be applied

without additional tuning, in order to get a fair impression OB performance Assessment

the practical relevance.

Once the plant model is in the standard form, we apply the
A. Characterization of the Task assessment method.
The task of the PM module is to place a component with 1) Determine the class of electromechanical motion system

an accuracy of 10Q:m at 30 ms after the motion time.
The maximum velocity and acceleration of the system are
specified as 1 [ms™!], respectively, 10 [ms2] [11]. We
consider a 1-D motion along the spindle, i.e.yrdirection.
The relation between the motion distarigg, the motion time
twm, Maximum acceleration,,,, and maximum velocity/,,, .«

for the prescribed second-degree path is [6]

max — 4]2]] =10m- 5_2 =
@ t [ ] }:> hm 0.1m (33)

Vmax = 2% =1.0 [m . 5_2] tm =0.2s"’

This is the characteristic task of the controlled system, i.e.,
the performance obtained for this task is characteristic for the
controlled system. The task we will use in simulations and
experiments will also include a period of 0.05 s with constant
maximum velocity. We will use the task specified in Table IIl.

B. Characterization of the Plant Dynamics

We start with a simple model of the PM module that is built
from several component models. In Fig. 12, the initial bond
graph model of the PM module is shown.

The component models are described in[10], as are the results
of simplification and order reduction. The outcome is shown as
the fourth-order model in Fig. 13 .

The values for the physical parameters in this model are 2)

shown in Table IV.

that is at hand. In Fig. 13 we recognize the flexible
actuator suspension (refer Section Il). We consider the
transfer functions from the input forc&% ! to the
actuator positiorte and to the end-effector position

The total mass to be moved equals

m = my + me = 8.83Kkg. (34)

When the actuator position is considered the transfer
function is of typeAR The antiresonance frequency, re-
spectively, resonance frequency of the lowest mode of
vibration is

e = — S — 478 1 (35)
me + Me S

wr :\/ Clmntime) 456129 (36)
Mm ( S

mp 4+ me) + mrme

When the end-effector position is considered, we
obtain a typeRA transfer function, with antiresonance
frequency

rad
war = | =510 =, (37)
me S
Determine the concept that is at hand, by looking at the lo-
cation of the position and velocity sensor. Refer to Table |
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3)

to verify whether optimal dimensionless controller set- 100
tings can validly be applied. In the case of the PM there
are three possible concepts:

a) Concep®AR position and velocity measurement at
the actuator;

b) ConcepRA position and velocity measurement at
the end effector; 31 [pm]

c)

effector and velocity at the actuator. -100 fm Initts

error [zm]

ConceptAR—RA position measurement at the end

The actual PM module only contains a position sensor 0.245 time [s] 0.285
on the motor axis, therefore, we will consider concept

AR Whether the optimal dimensionless controller seg—

ig.14. Simulation of the positional error at the end effector, with fourth-order
lant model.

tings can validly be applied depends on the value of the

frequency ratiop. For conceptAR the frequency ratio
must have a value between 0.1 and 0.8. The actual value
of the frequency ratio is

a tradeoff between the motion time and the motion
distance

2 2 ] Co
p= <war> =0.97 (38) wartm N - hm

Wy = 2 =0.16 - hy,. (43)

m

which is larger than the permitted 0.8. Despite this fact,
we will continue application of the assessment method, 4) Determine the control system for a particular problem
but we have to reconsider the violation of the bounds on  setting. The dimensionless optimal controller settings for

p afterwards, conceptARare}, = 0.8 and€2y = 0.9 (refer to Table I).
Depending on the situation, perform one of three For the particular problem setting of the PM module, with
alternatives. w,r = 478 rad/s, we obtain

a) When we assume the reference path and the desired 9 6
performance, in terms of the maximal positional kp =m - (2 - war)” = 1.29 - 10
erroreg, to be fixed, we calculate the periodic ratio ka =m - Qq - wa = 3.80 - 10°. (44)

7 according o
From application of the assessment method we learn that the
o 1.0-10-¢ specifications can be met with the given electromechanical sub-
TV eh, Voos-01~ 0.11. (39) system. The specification given for the PM module requires the
positional error to be attained only after a settling time of 30 ms.
Here, we selecteql the vglue ferfrom Table 1. after this settling time the maximum positional error will only
The minimal required antiresonance frequency qf,ye decreased further. As the frequency ratio (38) of the PM
the plant is module is not within the bounds specified by the assessment
27 27 rad method, the stability margin may be smaller than guaranteed.
Warreq = = 077 95 — 28 o (40) ' The guaranteed margin is such that the closed-loop poles are lo-
Ttm  0.11-0.2 S g g pp
L _ cated sufficiently far, i.e., a distanegy, into the left-half plane.
which is smaller than the actual ant[resqnanﬁgor the PM module the required margin is
frequency, thus the lowest mode of vibration is
not an unacceptable limitation for the desired g= G wa = 96. (45)
performance;

b) When we assume the reference path and the anti-The actual margin, with damping as used in the assessment
resonance frequency to be fixed, we calculate thmethod is significantly smaller: only 41. However, a typR
periodic ratior according transfer function with a PD-type controller is always stable,

o therefore, we will proceed with the design, with the knowledge
TS = 0.066. (41) that the stability margin may require extra attention in the re-
Warbm mainder of the design process.
The attainable performance in this situation is pre-
dicted as D. Simulation Experiments
co=Eo-hm=¢-7%hm =39 um 42) Thg simulgtions shovy that the p_osit?or)al error after the mo-
tion timet,, is 31 um (Fig. 14), which is indeed smaller than
which is smaller than the desired accuracy dhe predicted maximum positional error of @0. After the set-
100 psm; tling time ¢, of 30 ms, we see that the error has decreased even
¢) When we assume the desired performance and tluether. Therefore, we conclude that we obtained a feasible de-

antiresonance frequency to be fixed, we can praign for the controlled system and one could continue the design
pose a characteristic reference path. This requirpsocess, keeping in mind the relatively small stability margin.
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i ) ) Fig. 16. Bond graph of flexible actuator suspension.
Fig. 15. Measurement with PSD at pipette.

results. This illustrates that, using minimal plant knowledge, the
assessment method provides the designer with relevant knowl-
We have applied and tested the controller to the real PRfige about the design problem, early in the design process.
module. The motor position is measured by an encoder thatlhe principal benefits of the assessment method are that it can
can measure 2000 steps per revolution, which correspond#ltickly provide insight in the design problem and that feasible
a resolution of 10zm at the end effector. The position ofgoals and required design efforts can be estimated at an early
the end effector is measured over a small range by meansS&ige.
a position sensitive detector (PSD), such that we can verify
the behavior of the variable of interest. The PSD output is
not used for feedback. APPENDIX
The maximal positional error after the motion time is;3% FLEXIBLE ACTUATOR SUSPENSION
(Fig. 15), which is 6um larger than in simulation, but corre-
sponding well with the positional error of 38m predicted by
the assessment method.

E. Practical Experiments

In order to clarify the iconic diagram of Fig. 4, we show a
bond graph model of the flexible actuator suspension in Fig. 16.

Here, it can be seen that the construction of transformers in
Fig. 4 corresponds to a 0-junction. Thus the velocity of the end
effector is a summation of the velocity of the rotating actu-
VIII. CONCLUSION ator—transmission combination and the velocity of the flexible

. L ) i _ suspension.
The aim of conceptual design is to obtain a feasible design for

the path generator, control system and electromechanical plant
with appropriate sensor locations, in an integrated way. For tran-
sient systems, i.e., positioning systems, this has been worked
out. [1] M. Steinbuch and M. L. Norg, “Advanced motion control: An industrial

First we described standard problems, by means of a classifi-_Perspective, Eur. J. Contro] vol. 4, pp. 278-293, 1998.
P y [2] B.Wie andD. S. Bernstein, “Benchmark problems for robust control de-

cation of four electromechanical motion systems. Tiubgsses sign,” in Proc. Amer. Control ConfBoston, MA, 1991, pp. 1929-1930.
use standard fourth-order plant transfer functions, which are3] B. Armstrong-Hélouvry, P. Dupont, and C. Canudas de Wit, “A survey
referred to asypes Dimensionless quantities are used to char- of models, analysis tools and compensation methods for control of ma-
acterize closed-loop behavior, i.e., reference path generator, Bh'}’gelf/l‘.’v't? friction,"Automaticavol. 30, pp. 1083-1138, 1994.

. . K. Miu, “Physical interpretation of transfer function zeros for simple
controller and plant. Again several standard Closed-loop transfer control systems with mechanical flexibilitiesTrans. ASME, J. Dyn.
functions have been defined, which are referred toasepts Syst. Meas. Contrplol. 113, pp. 419-424, 1991.

For these standard problems we have determined standard! o S“f)fif]’;aet:o\;‘eif;‘g'z'fgggmeCha”i"s and Contromechani¢éew
solutions. Relations between the dimensionless quantities Ofg; wm. p. koster, W. T. C. van Luenen, and T. J. A. de Vristechatronica

the reference path, controller and plant have been obtained (Mechatronics), in Dutch, course materialEnschede, The Nether-
heuristically by means of numerous simulations. These relations_ 1ands: University of Twente, 1999. _
can now be used in aassessment methodhich considers [/l A= M. Rankers, “"Machine dynamics in mechatronic systems-an
. . . . e engineering approach,” Ph.D. dissertation, Univ. Twente, Enschede,

functional interaction between domain specific subsystems. e Netherlands, 1997.

By means of application to an industrial motion system, we [8] J.vanAmerongen, E. Coelingh, and T. J. A. de Vries, “Computer support
have illustrated the design enhancement presented in this paper. ;o(; ”;gg%a”o”'c control system desigd, Robot. Autonomous Sysl.
We mainly focussed on evaluation of the design enhancemenfo;  'Groenhuis, “A design tool for electromechanical servo systems,”
and not on maximization of the performance of the controlled  pn.D. dissertation, Univ. Twente, Enschede, The Netherlands, 1991.
system. Assessment learned that the specification of a maj0] H. J. Coelingh, “Design support for motion control systems-a mecha-
imal positional error of 10Q:m can be met: a maximal error tronic approach, . Ph.D. Q|ssertat|0n, Univ. Twente, Enschede, The

. . . . . . Netherlands, [Online]. Available: http://www.ce.utwente.nl/clh/.

of 39 um was indicated as feasible. Simulations with an initial [11] Philips,Fast Component Mounter—II SpecificationsEindhoven, The

plant model, as well as practical experiments, confirmed these  Netherlands: Technical Univ. of Eindhoven, 1998.
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