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Damped Harmonic Smoother
for Trajectory Planning and Vibration Suppression

Luigi Biagiotti, Claudio Melchiorri, Lorenzo Moriello

Abstract—In this paper, a novel filter for online trajectory many contributions, mainly focussed on trajectory design v
generation is presented. The filter can be categorized as an analytic expression optimization, the adoption of trigowtric
input smoother since it acts on the input signal by increasig functions is proposed with the purpose of planning motions

its continuity level. When fed with simple signals, as e.g. a . . . - .
step input, it behaves like a trajectory generator that prodices with smoother acceleration or jerk profiles that reducedresi

harmonic motions. Moreover, it can be combined with other ual vibrations when applied to resonant systems, see [9].
filters, and in particular with smoothers having a rectangular In particular, in [10] polynomial multi-segment trajects

impulse response, in order to generate (online) more compte (with constant jerk) and multi-segment trajectories witonare
trajectories compliant with several kinematic constraints. On the sine jerk have been experimentally compared in this respect

other hand, being a filter, it possesses the capability of siping . - - .
the frequency spectrum of the output signal. This possibity can showing that the sine-based trajectories outperform srahd

be profitably exploited to suppress residual vibration by inposing ~constant jerk trajectories at the price of a noticeableciase
that the zeros of the filter cancel the oscillatory dynamics bthe of the motion duration.

plant. To this purpose, the standard harmonic filter has been The use of trigonometric functions has been also invesiat
generalized in order to take into account not only the naturd ;e input shaping framework, where filters similar - but no

frequency but also the damping coefficient of the plant. In ths . . s .
manner, the so called ‘damped harmonic filter’ and the relatel identical - to the one studied in this paper have been predent

‘damped harmonic trajectory’ have been defined. By means of formerly, see [11], [12], [13], [14]. However these workson
theoretical considerations, supported by experimental tgts, the focus on the problem of residual vibration suppression]avhi

novel approach has been compared with existing methods and a thorough analysis of the motion profiles obtained when used
the advantages of its use have been proved. alone or with other filters has not been performed.

Index Terms—Harmonic trajectory, trajectory planning, resid-  In this article, we start from the results presented in the
ual vibration, smoother, input shaping. conference papers [15], [16], concerning the generation of
trajectories by means of dynamic filters with trigonometric
(and in particular sinusoidal) velocity, acceleration erkj

The growing interest for planning trajectories online hasrofiles. These results are summarized in Sec. Il and Sec. Il
led to the development of a number of filters able to produden, in Sec. IV, it has been shown that the main advantages
motion profiles with the desired degree of smoothness sim@y sinusoidal filters consists in the reduction of residual
starting from basic reference signals to set the desired findbrations, since kinematic constraints can be more piafita
position, such as step functions. For this purpose, maayestr satisfied with the use of rectangular smoothers. For thisorea
gies have been proposed including filtering and smoothiagdeep analysis of the performance achievable in vibrations
techniques by means of various kind of filters, ranging frosuppression with this type of filter has been carried outyglo
Finite Impulse Response (FIR) filters [1], [2], [3] to invers with a comparison with some well-settled techniques alstla
dynamics of the plant, or feedback control of a chain af the literature that involve the same motion duration. In
integrators with bounds on velocity, acceleration, jertc.,e this manner, pros and cons of the use of sinusoidal motion
as e.g. in [4], [5], [6], [7]. In these latter works, time-profiles have been definitely proved. And, more importantly,
optimal trajectory planners are proposed based on a closedrder to improve its performance, the harmonic smoother
loop chain of integrators (whose output represents thaetksihas been generalized taking into account not only the natura
trajectory) properly designed to track in the fastest pumesi frequency of the resonant plant but also its damping ratio.
way the reference input while remaining compliant with then this way, in Sec. V thedamped harmonic smootheand
given constraints. In [8], it is shown that time-optimal tiwul the novel‘damped harmonic trajectoryhave been defined.
segment polynomial trajectories with constraints on thst firFinally, in Sec. VI the experimental tests performed with th
n derivatives are equivalent to the outputs of a chaimof proposed filter are reported and the achieved results hare be
moving average filters, also known as rectangular smoothetgnmarized in the conclusive Sec. VII.

(see Sec. Il for a brief overview). On the other hand, in

|. INTRODUCTION
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min



h - u(t)

Mi(s) qn(t) IIl. SINUSOIDAL SMOOTHERS FOR THE GENERATION OF
/1 S

M, G
n(s) MULTI-SEGMENT TRAJECTORIES

' _ _ _ The step response of the trajectory generator obtained by
Fig. 1. Snytelm ;?Lmﬁ’osed by filters for the computation of an optimal jhserting, in the chain of. rectangular smoothers of Fig. 1,
trajectory of clasC™~*. X . .

jectory m filters characterized by the impulse response

q(t) q2(1) . .q.nfl (t)

A[Q(S)

™ m .
I . . - sin | — <t<T;
by filtering a step input with a cascade ofdynamic filters, si(t) = 2T; St <Ti > ’ TO<t<T (4)
Fig. 1, each one characterized by the transfer function 0 otherwise
_ »—38T;
M;(s) = 1il-e™ i=1,....n (1) is a multi-segment trajectory, in which each tract is linear

Ti s combinations of the basis function§, i = 0,...,n and

where the parametédy; (in general different for each filter) is a g, (= ; 4 0;),i=1 m, wherey; are proper constants
7 , AN 8

time length. As described in [8], the resulting trajectoryt)

diti d that all th t distinct.
is composed by several polynomial segmepts (¢) defined anc n IS suppose at all the parametéfsare distinc

The transfer function of the filters can be readily obtained

as linear combination of the basis functiotis: = 0,...,n, . .

i.e. thek-th segment is defined ag 1 (t) = Y., aiit". by Laplace transforming (4): )

The smoothness of the trajectory, that is the number of Si(s) = 1 (1) 14T )
continuous derivatives, is strictly tied to the number akfi ! 2\ T; )\ 2

composing the chain. I filters are considered, the resulting 87+ (i)

trajectory will be of clas€’™ . For this reason the filters (1) ) ) ) .

are also callesmoothersince they increase the smoothness siince the impulse response 6f(s) is described by a sine

the input signal, while the nameectangular’, used to denotes function, the filter is callecsinusoidal smootherEach sinu-

M;(s), refers to the shape of their impulse response. soidal smoother increases of two the continuity level of the
The genericj-th derivative Qr(ij) (t) of the output trajec- output signal with respect to the input, and therefore a gene

tory is composed by polynomial functions which are linedfajectory generator based onfilters M;(s) and m filters
combination oft’, i — 0,...,n — j and, accordingly, the Si(s) produces trajectories that are at least of class> 1.

n-th derivativeqﬁln) (t) is composed by constant tracts. FOI’:O_r instance, if a step input of amp_litudei_s apF_’"ed to a

instance, the classical constant-jerk trajectory is olehiwith trajectory generator_composed Py a smgle sinusoidal smeoot

3 smoothersM;(s). Note that by increasing the smoothnesd'® Standararmonic trajectoryis obtained:

of the trajectory adding extra filters in the chain, its dionat nor1dg h) h 1 (7,

augments as well. As a matter of fact, the total duration of () = 1) p=aotg (Lo 7

a trajectory generated in t.h's manner is simply given by t.r\]/vehere qo 1s the initial position, andl} the duration of the

sum of the lengths of the impulse response of each filter, i.e.. . . ) .

! ) ) _ ' irajectory. For this reason$;(s) is also called*harmonic

Tior = T1+T+. . .+T,. With the purpose of imposing desired,.,.” | . . . 1 .
. O : ” filter’. The harmonic trajectory;, (¢) is of classC', being the

bounds on velocity, acceleration, jerk, and higher deikieat

) . . step is a discontinuous function, i.e. of class!.
given a desired displacemehtthe parameterg; are set as M . o . . . .
ore in general, it is possible to obtain trajectories chara

|| q%;wl) terized by velocity, acceleration, jerk or higher derivas,

= q(1) andT; = q(i) , 1=2,..,n @) depending on the order of the trajectory, composed only by
. e e sinusoidal functions by adding the sinusoidal filtgy(s) at
with the constraints the end of a chain of filters M;(s). For instance, the profile
- q1,,(t) obtained with one rectangular filter and one sinusoidal
> ; =1,...,n—1. N - . . .
Ty, 2 Z T, k=1...,n—1 () filter is the modified trapezoidal velocitgf classC?, while

=k »(t) generated by means of the cascade of two rectangular

.. - . q2,
Inequalities (3) are necessary and sufficient conditions f@ers and one sinusoidal filter is tieodified double-S velocity
assuring the time-optimality 8§ the output trajectory ahe t o ¢|ass(?, see Fig. 2. Also in this case, the time-optimality
compliance with the boundgyas, @ = 1,...,n. FOr more of the trajectory subject to kinematic constraints is goteed
details refer to [8]. . . only if the time constantd; of all the filters, including the
Alternatively, the parametd; of each filter of the chain can beharmonic smoother, satisfy condition (3).
determined with the purpose of properly shaping its fregyen  Note that the analytical expressions of composite trajec-
response. As a matter of fact, the magnitude of the frequengyijes ¢n.n(t) tend to become very complex and may be

response of a generic filte¥/; (jw) is intractable even for small values of e.g. forg. ;(t) which
_ sin (412 _ w is characterized by 7 different tracts. In these cases tieesfil
|M;(jw)| = | —72=| = |sinc (—) ‘ which are suitable for online computation of the trajectang
2 wi also preferable for off-line generation.

where sinc( denotes the normalized sinc function defined a€onsidering that the filte, (s) increases the continuity level
sinqz) = smz) andw; = QT—” Note that function M;(jw)| of the trajectorygq,(t) by two, the time constant;,.; can

mr

has a low-pass characteristics and is equal to zero ferk w;. be computed by taking into account the constraints on the
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Fig. 4. Percent residual vibration of sinusoidal and regtidar filters as

a function of the normalized frequeney,, /&, (a); position, velocity and

acceleration profiles obtained by applying a unit step irpua sinusoidal

! ! T filter S1(s) with 71 = 37 s and to a chain of rectangular filtekg; (s) M2 (s)

WL T Ty T with Ty = 27 s andT2 = 7 s (b).

o+ T W+ T ) ] ) )

| T+ T+ Ty 1 iS gm(t) = qres(t), being ¢..s(t) the reference trajectory
) obtained with the proposed filter. In this case, the dynamic

relation between the reference trajectayy.;(¢), and the

Fig. 2. Position, velocity and acceleration profiles of thedified trapezoidal ; _ _ _ _ i
velocity trajectoryg; 5, () and modified double-S velocity trajectayy 5, (0). tracking errore(t) = ¢i(t) — gres(t) = ai(t) — am(?) is

a5 (t)

o

- . B(s) s o ,
(n + 1)—th and (n + 2)—th derivatives of the trajectory by Ores(5) ST Boms v a? <(s) (7)
assuming

whereE(s) = L{c(t)} and Qe (s) = L{qres(t)}. Note that

the tracking error=(t) at the end of the reference trajectory
(6)  coincides with the definition of residual vibration [17].

It is possible to prove that when the plant is fully undamped,
Remark.The additional duratior},; caused by the sinu-i.e. d = 0, the residual vibration is completely suppressed by
soidal filter, computed according to (6), is certainly higtien a sinusoidal smoothe;(s), inserted in the chain of filters for
the duration of a cascade of two rectangular filters designegference generation, if

according the same constraints, i.e. 3971 3.
E = —— = —T(). (8)
(n) (n+1) 2wy 2
Tyt + Ty = Jmaz_y Gmaz _
nt q(n+1) (n+2) wherew,, denotes the nominal value of the natural frequency
max Qmaw

of the plant, and’}, is the (nominal value of the) period of the

For this reason, when a task imposes only kinematic con- o : )
. , . ree oscillation. Since the magnitude of frequency respafs
straints the use of rectangular filte¥$;(s) only is preferable, . . .
the sinusoidal smoother is

while sinusoidal smoothers can be helpful to fulfil differen
requirements such as the suppression of residual vibgation ‘cos (wi)‘

. wi
|1Si(jw)| =
IV. VIBRATIONS SUPPRESSION WITH SINUSOIDAL FILTERS ‘

2
1= ()
In order to evaluate the capabilities of the sinusoidalrfilte
in cancelling residual vibrations, the motion system of.Fg the condition (8) assures theff;(jwy, )| = 0 and, accordingly,
already considered in [8], has been assumed as benchm#}R.oscillating component at the resonant frequency= w,,
It is composed by two inertias with a lightly damped elastitt completely cancelled. It is worth noting that function
transmission. An ideal control system is supposed to imposg(jwn)| represents the sensitivity of the filter in residual

the desired motion profile to the (rotor) inertid,, that Vibration suppression to the variation of, with respect to
its nominal value. Usually, this function is expressed as a

percentage - called for this reasBarcent Residual Vibration
J (PRV) - to quantify the robustness of the filter [18]. In

2
with P = =,
YT,

Im

ke 25w 8 + w2 Fig. 4(a), the PRVs of the sinusoidal smootlt&(s) and of
G(s) = # rectangular smoothel/;(s) are compared. It is evident that
57T 20WnS T Wi he sinusoidal filter (black) outperforms the rectangulkerfi
I] ki by (red) since the PRV is considerably smaller over the entire
f Wn = I 0= ovk.J, ‘range of frequencies. On the other hand, it is worth noting
p by m that the value of7; which determines the time length of

the impulse response of the smoothers is rather different in
Fig. 3. Lumped constant model of a motion system with eldstissmission the two cases, bein@; = To for the rectangular filter, and

i _ Qi) o r gL = .
Ia”‘fjtrans_tf_er functiorts(s) = 7y between the motor positiog, and the 7 — 1 57, for the sinusoidal one#50%). To perform a fair
oad positiong;.
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Fig. 6. Response of a resonant system (solid line) with 0 (a) andj = 0.1
(@) (b) (b) to the reference trajectory, (¢) (dashed line) obtained with a sinusoidal
Fig. 5. Percent residual vibration of a sinusoidal smoott@mpared with filter S;(s) applied to a step input.
the combination of a rectangular smoother and a ZV inputethapd with a
ZVDD input shaper (a); position, velocity and acceleratimofiles obtained nominal conditions. In fact, when a step input filterediys)

by applying a unit step input to the three types of filters wite same total g applied to the system in Fig. 3, the tracking error between

duration, i.e.Tto¢t = 3w s (b).
. .., the load position and the motor position can be computed as
analysis, the harmonic filte$; (s) is therefore compared with P P P

a chain of two rectangular smoothevs (s) M2 (s) (blue), with B(s) = —s2 Su(s) 1 )
T, = Ty andTy = 0.5T}, in order to match the time durations 82+ 20wps + w? ! s

of the impulse response. Also in this case, the sinusoi
filter S1(s) is more robust than the chaii; (s) Mz (s) with
respect to resonance frequency variations, since its PBfilgor )

is smaller over the entire range af,, and especially for (4= %nt {( 2 ”_2) (cos(Qt) 4 edwnTy Cos(Q(t—Tl)))
high frequencies. Therefore, while for the compliance with T

kinematic constraints two rectangular filters are prefierab 2 TN (o Swn Ty _

for vibrations suppression the harmonic smoother is thé bes V1 — 42 (w" - Tf) (Sm(m) * sin(s Tl)))]

option in terms of robustness. By observing the trajectofyhere A is a constant depending of, w,, § and Q =
profiles obtained by applying a simple step input to the twg, \/1 — §2. From the analytical expression eft) it is clear
kinds of filters, shown in Fig. 4(b), it results that both auftp that, even if it is assumed; = 3%, because of the presence
trajectories have continuous velocity and limited ac@glen, of ¢9«=71 the two termscos(Qt) + eéwnTl cos(Q(t — T1) and
but their maximum values are slightly higher in case of thgn(Qt) + ™ sin(Q(t — T1)) are not null if§ # 0, and
harmonic motion. therefore the residual vibration is reduced but not sumecs
Going forward, taking into account input shapers [12], thg, Fig. 6 the residual vibrations produced by resonant syste
sinusoidal smoother is compared with different feedfodvaiyith § = 0 andd = 0.1 respectively, tracking a properly tuned
techniques for vibration suppression that are charae®rizharmonic trajectoryy, (¢), are compared in order to highlight
by the same time duration, namely the combination of tajs behavior.
rectangular filter withTy, = 7y and a Zero Vibration input  The impossibility of cancelling residual vibration with a
shaperZV (s) [19] with time-constantTyy = 0.57), and a sinusoidal filter if applied to a damped system has a straight
triple order input shapeZV?(s) with Tzy = 0.57y, also forward explanation by analyzing the functish (s)G.(s) in
known as Zero Vibration Double Derivative input shaper (ahe s-plane. As a matter of fact, the filtes, (s) introduces an
ZVDD) [19]. As shown in Fig. 5(b), the PRV profiles of theinfinite number of zeros;, = +j(2k + 1)~ located along
filters that include an input shaper are considerably lowant the imaginary axis. The first pair of zeros are cancelled by th
the PRV obtained with the sinusoidal smoother, at leasten tboles of the filter itselfp = +j 7, while the remaining ones
neighbourhood of,,. However, the filtetS; (s) possesses two can be used to cancel the oscillating poles of the plant ierord
features that can make it preferable in many applications: tg suppress the vibrations. As shown in Fig. 7(a) i£ 0 a
o The PRV of the sinusoidal smoother has a low-pagrfect cancellation occurs since also the poles of thet ke
characteristics and, as a consequence, the effectsoafthe imaginary axis. Conversely, df+ 0 this cancellation
additional resonant modes that may affect the plant dbes not take place, see Fig. 7(b), and the zeroing effect,
higher frequencies are better mitigated. which is responsible of the vibration reduction, decreases
o As already mentioned, when fed with a step signahe oscillating mode moves away from the imaginary axig, tha
the trajectory produced by (s) is of classC' (with is as§ grows. In order to obtain a perfect cancellation even for
limited acceleration), while the output of the combinatiodamped plants, a possible solution consists in transla&ngs
M (s)+ ZV(s) is a signal of class€” and the response (and poles) of5; (s) along a line parallel to the imaginary axis
of ZV3(s) remains of clas§ ! and therefore discontin- whose abscissa is equal to the real part of the poles.6f).
uous, see Fig. 5(b). The procedure used in [20] for rectangular filters, based on a
frequency shift of the real quantity; and on a modification
V. DAMPED SINUSOIDAL FILTER of the gain in order to assure unitary static gain, has been
If the damping) of the oscillating plant is not negligible, thefollowed and the transfer function of the new smoother has
filter S;(s) is unable to suppress the residual vibration even been derived:

1 .
wn/a)n 0 2 4+ ¢ s 8 10

dﬂl/ inverse Laplace transforming(s) and assuming > 71,
the analytic expression of residual vibrations descends:

2
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Fig. 7. Pole-zero map a$(s)G<(s) for 6 = 0 (a) andd # 0 (b). In the

latter caser = —0.1 s~1(§ = 0.1, wy, = 1 rad/s).
Fig. 9. Impulse response, ;(¢t) of the damped harmonic smoother for
: o 2 different values of;.
: ®| +isFE / Since s, ;(t) is given by the product of a sine function and
o ®| +itE - an exponential function witlr; < 0 (the plant is supposed to
3 ®| iz = be asymptotically stable), ;(s) is calleddamped sinusoidal
i o _ji= g filter. When fed with a step input, it provides @amped
" o TR oz harmonic trajectorywhich generalizes the standard harmonic
Dl R ol . motion and whose analytical expression is
7 t h 01T T
(@ (b) Gh,o(t) = qo+ —— (1+em? (L sin (—t) -
Fig. 8. Pole-zero map of the cascadg,1(s)G=(s) for § = 0.1 (a) and I+enh ™ Ty
corresponding step response (b). T
—cos | =t
2 T
s 2
(Tl) + o; 1+ efsTiea'i T; . o . ] )
S,.i(s) =k Si(s —0;) = — whereq is the initial position/ the desired displacemenf;
' 14 eoiti

(5—01)2 + m > the duration of the trajectory and the decay rate coefficient.
! T; Note that the impulse response of the filtgr;(¢) coincides
(10)  with the velocity of the damped harmonic trajectory. In Fg.

By defining the shape of, ;(t) for different values of; is shown, and it
o = —0w, and T, = _ 3 (11) is possible to appreciate tha ;(t) becomes more and more
wpV1 =62 asymmetric as the magnitude @f grows and its peak value

a perfect cancellation of the damped poles of the plant tends to increase as well. This means that, for a given value
achieved by the zeros of, ;(s), see Fig. 8(a). As a conse-of T;, the velocity of the damped harmonic motion, i.e. the
quence, the application to the system of a trajectory, geedr first derivative of the filter step response, grows wiif.

by feeding the filter with a step input does not cause residygl parameter identification and sensitivity to errors
vibrations, as highlighted in Fig. 8(b). From an analytical
point of view, the expression of residual vibrations coesiag
a damped sinusoidal smooth#y, ;(s) filtering a step input
becomes

The filter parameters; andT; can be readily determined
by applying (13) once the nominal values of the damping
coefficients and of natural frequenay,, of the resonant plant
are known. Alternatively, as for the other smoothing filters
e(t)=Ae™%nt [B(cos(Qt) + el@1H0wen)Th cog(Q(t — Tl))) input shapers, it is possible to experimentally estimatsrth
. (o1460m)Th values. As a matter of fact condition (13), that assureslvedi
+C(Sm(m) + e 7T sin(Q(F — Tl)))} (12)  vibration suppression for a second-order system with poles
=6+ Q) = —d&, + j@,V1— 62, can be rewritten as

~ 3 3.
s =~k = &, Ti:k%:k§To, k=1,2,... (15)

whereQ = w,v/1 — 62, andA, B, C are constant parameters’-
that depend ow, 71, § andw,,. Therefore, the necessary and -
sufficient condition that guarantee&) = 0, Vt > Ty is

3m k- 13 As a consequence, the two parameters can be obtained by an-
w102 L2,... (13 alyzing the vibrations induced on the plant by a generic inpu

. . : signal or non-null initial conditions, vibrations charadzed
Note thaF t_he cond|t|0r_1 (11)isa par_t|cular case of (13)lieg by a periodTy = 2Z and an exponential decay rate With
to the minimum duration of the trajectory. )

. : _— reference to the Fig. 10, their numerical values are
By inverse Laplace transforming, ;(s) its impulse re-

o1 = —0wp and T =k

sponse is obtained, i.e. T, = 37, with Ty =tg — 4
’ 1 16
(TL) +0? T ., - o = TTln <12) (16)
80,i(t)=4977 TeniTi g e Sln(—_t), 0<t<Ti (14) 0 D1

) where the parameters, t2, p1, and p, are defined in the
0, otherwise. figure. For more details see [20].
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Fig. 13. Percent residual vibration @/, 1(s)Ms,2(s) (red line surface)

compared t&5, ; (s) (black line surface) asa function af, fand& normalized

with respect to their nominal values, for= 0.05 (a) ando = 0.5 (b).

Fig. 11. Percent residual vibration &, ;(s) as a function ofwnA and &
normalized with respect to their nominal values, do& 0.05 (a) andd = 0.5
(b).

As for the undamped sinusoidal filter, the choice of theepresent the generalization of the rectangular smoothers
parameters ofS, ;(s) is critical for the level of residual M (s)Ma(s) to take into account the damping coefficient of
vibration, but in this case there are two independent viegab the plant [20], see Fig. 13. The (damped) sinusoidal smoothe
For this reason the 3-dimensional surface describing thé PRontinues to outperform the chain of “rectangular” filtesisice

as a function ofd andw,, has been computed. In particularthe PRV value is smaller.

since the PRV of5, ;(s) depends on the nominal value of theFinally, since the two characteristic parametersgf(s) are
plant damping coefficiend, two different values have beenoften directly obtained, it is worth considering the semijt
considered in order to analyze the performance of the filtef the filter with respect to errors dfi ando;, as in Fig. 14.

for small @ = 0.05) and large § = 0.5) damping values. In this case, even considering two different valuesiahe
Conversely the nominal value of the natural frequency doeenclusion is quite straightforward: errors ep have a little

not affect the PRV and therefore a generic valyehas been influence on the PRV, while the estimationZfis very critical
assumed. In Fig. 11 the two surfaces are shown. For snfall an effective vibration reduction.

values ofs, Fig. 11(a), the PRV of the filter strongly depends

on the correct estimation ab,, while it is practically not VI. A COMPARATIVE EXPERIMENTAL EVALUATION OF THE
sensitive to errors oi. On the other hand, for large values DAMPED SINUSOIDAL FILTER

of ¢, both parameters may be critical and it seems that for|n order to experimentally test the proposed method, the
wn < Wy and § > 5._ the_ presence of the_ filte6, ;(s) ~ setup shown in Fig. 15 have been arranged. It is composed by a
increases the level of vibrations. However, it is worth n@ti |inear motor, LinMot PS01-37x120, whose slider is conneécte
that in this case the apparent high level of residual vibreti 1, 4 inertial load by means an elastic transmission obdaine
is due to the definition of PRV as ratio between the maximugith a coil spring. The setup can be modelled as an ideal
amplitude of vibrations with and without filter. Since thg,o-mass system with elastic transmission, characterized
vibrations for large values of are very small, the denominator
of the function for the computation of PRV is small as well
and may lead to large values even if the numerator is limitei
These considerations are very clear if the absolute valtieeof
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residual vibration (with a unit step input) is consideregiace = SR
of the percentage, as in Fig. 12.dfis small the contribution & s W
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of the filter is very important and accordingly the estimatio .= G 0s
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of the parameters is a critical issue, while for larger valog s
§ the role played byS,.i(s) is less significant since, in any TP s s )6
case, the level of the vibration is very limited, see Fig.m2( @ )

S_Imllarly to t_he undamped case, the results obtained with tpi . 14. Percent residual vibration &f, ;(s) as a function of the impulse
filter Sa,z‘(S), in terms of PRV, are compared to those prOdUCQQggth T; and decay rate;, normalized with respect to their nominal values,
by a chain of two exponential filter8/, 1(s) M, 2(s) which for 6 =0.05 (a) ands = 0.5 (b).
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Fig. 15. Experimental setup. (a) Exponentidl M1 (s)My.(s)
a second-order oscillatory dynamics as the one reported . ;- o

1 = 0.860N

4

LinMot E2010-VF that performs the basic current contre: . | E \/
while the position control (based on a PID controller an | ]
a feedforward action) has been implemented on a standara =~ = iy 07" A A
PC with a Pentium IV 3 GHz processor equipped with a (b) Exponential + 2V I1SMo.1(s)ZV (s)
Sensoray 626 /O board, used to both communicate with Lo » ﬂ
servo controller and acquire the sensors signals. Thetireal- £ = 0{\
operating system RTAI-Linux allows the position controll@g 0 |
to run with a sampling periods = 500us. Obviously a - S S —,—,— S
digital implementation of all the filters tested in the exper ts] 5 t s
ments has been used. For the damped harmonic smoother the (¢) ZVDD IS ZV7(s)
expression of the discrete-time transfer function, olediby = * A vl — L |
Z-transforming (10) and imposing a unitary static gain, is i :

=

Z*l + eUiNiTszf(NiJFl)

Fig. 3. The control system is based on the servo controlE /

fU = 4.092N

fk(t) N

=

Jr(t)

10
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a,z( ) U 1 — 2¢09:iTs COS(%)Z_l + e20iTs 5 —2 ( ) sl . . t 18]
‘ (d) SinusoidalS1(s)

where . x 1
B 1 —2¢eTs cos( % ) + 20: T E ; Z /\ FI = 3.634N |

v 1 + eUlNlTS = S !

=" = 0
and N; = roundT;/T5). T T S e O T I TR
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In order to evaluate the residual vibrationsa load cell is (e) Damped sinusoidati, 1 (5)

placed between the slider and the elastic transmission. As a

matter of fact, the forcef;, exerted by the spring is related toFig. 17. Response of the two-mass system of Fig. 15 and wdsidoration
uced by several motion profiles obtained by filtering g stignal; on the
the error between motor and load position and, if the Inherqpﬁ the resulting trajectory;(¢), on the right the transmission forcg (¢)

damping of the transmission is considered, the fofgeis proportional toe.
simply a scaled low-pass filtered versionzof motlon the experimental results confirm the theoretical
The parameters of the plant have been identified accordmg
analysis discussed in the previous sections. First of ladl, t
the procedure reported in Sec. V-A, by applying to the motar
comparlson of Figures (e) and (d) highlights that the damped
a trapezoidal velocity trajectory and analyzing the resgoof
. . . sinusoidal filterS, 1(s) outperforms the standard sinusoidal
the system, in terms of forcé,(¢) transmitted via the coil - : ’ : S
. LA filter S1(s) in terms of residual vibration level and produces a
spring. The polesp; » = ¢ £+ €2, of the second order system . S .
are characterized b response that is very similar to the cascade of two expoalenti
y smoothersM, 1(s)M,2(s) shown in Fig. 17(a). The peak
— 156539 1/s and € = 122.7185 rad/s values of the residual vibration, measured via the trarsomns
. ) ~ force, are3.634 N and 4.718 N for S, :(s) and Si(s)
and, consequentlyly = =t = 0.0512 s. The values ofr  respectively, whilefi™ = 3.701 N for M, (s)M,(s). The
and 7, have been used for designing the damped sinusoidese of input shapers may enhance the vibration reduction but
smoother and the other filtering methods mentioned in Semly if they are used in conjunction with smoothers filters. |
IV in order to make a comparative analysis. The referenéact, despite the fact that, according to the sensitivitycfion
trajectories obtained by filtering a step input of amplitudeeported in Fig. 5, the ZVDD input shapers is accounted as
30 mm and the corresponding profiles of the for¢g(t) the most robust filtering method with respect to errors in
induced on the plant are reported in Fig. 17. By observirije parameters estimation, it produces a very high level of
the column on the right, that shows the vibration at the emdcillations §!* = 4.092 N) and, in particular, greater than



use of harmonic smoothers is useless, since, for given ksund
a cascade of two rectangular smoothers leads to trajestorie
with the same continuity level but lower duration, it hasibee

w,.l,% o5 I - shown, with both theoretical considerations and expertaien

E e — 62146 mm E :q'“"*=7<8581 i 1 tests, that harmonic smoothers are preferable for vibratio
—~ —~ ] suppression. In this respect, the generalization of thebaic

= = smoother to take into account not only the natural frequency

o g 0 " e " but_als_o_ the d_amping coefficient of the vibrating plgnt appea
(8) Mo.1(5) My 2(s) (b) My (5)ZV (s) a significant improvement. '_I'_he damped harm_onlc smoother

further enhances the capability of the harmonic smoother of

reducing the residual vibration without a significant irage

of the complexity.
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