12 IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 5, NO. 1, MARCH 2000

Minimum-Time System-Inversion-Based Motion
Planning for Residual Vibration Reduction

Aurelio Piazzj Member, IEEEand Antonio Visioli Member, IEEE

Abstract—in this paper, we present a novel approach, based on or adding up harmonics of ramped sinusoid functions in order
system inversion, for the point-to-point motion planning of vibra-  to approximate as close as possible a bang—bang function,
tory servosystems. The idea is to define a suitable parameterized but minimizing the energy introduced at system resonance
motion law of the load which assures that no oscillations occurs . : .
during and at the end of the motion; then, by means of a non- freq.uenmes [5]. The most well-known technlq_ue is, however,
causal system inversion, the command function of the system is the input shaping, which has been developed in the last decade
determined with a continuous derivative of an arbitrary order. A [6]-[11]. It consists of convolving a sequence of impulses, also
procedure that minimizes the duration of the movement, taking known as the input shaper, with a desired system command
into account actuator constraints, can then be performed. Compar- to generate the system command that is then actually used to

isons with the well-known input shaping techniques have been per- | . . . .
formed via both a simulation example and an experimental setup. drive the system. Different impulse sequences (which depend

The proposed method, which is inherently robust to modeling er- On the natural frequencies and damping of the system to be

rors, emerges as a very flexible and competitive technique. controlled) can be employed in order to cope with multiple
Index Terms—Open-loop control, system inversion, time opti- modes [7], [8], [11] and to increase robustness. In particular, if
mization, vibratory systems. a single oscillation mode is addressed, the zero-vibration (ZV),

zero-vibration and zero-derivative (ZVD), and ZVDD (also the
second derivative is set to zero) shapers aim to force to zero the
residual vibration if the real system corresponds to the nominal
T IS WELL KNOWN that the performances of positioningone [6]. An alternative procedure uses extra-insensitive (El)
servosystems are limited by the presence of elasticity @gonstraints to increase the width of the notch of the insensitivity
the transmissions that introduce vibrations. This generafyrve, allowing a small residual vibration at the modeling
results in the increasing of the working cycle time in order fdrequency [9]. Subsequent developments of this approach are
the oscillation to vanish after the point-to-point motion hathe two-humped and three-humped EI [10]. In general, the
been accomplished. To eliminate such an effect of residuatreasing of robustness of the system (obtained with a larger
vibrations, two strategies can be implemented: the closed-loapmber of impulses adopted in the shaper) is paid with an
feedback control, which is based on the instantaneous knoiticreasing of system delays, due to the convolution process.
edge of the system state, and the open-loop control whichin this paper, we present a novel approach to solve the
consists of an adequate shaping of the command input g@blem of residual vibration, which can be briefly described
requires the knowledge of the system model. In the latter cass, follows. An arbitrarily smooth closed-form motion law
a further closed-loop system is generally employed to cofey the load of the system is determined in such a way that
with the effect of disturbances and parameter variations. Magyarantees the absence of oscillations during and at the end of
solutions have been proposed in the literature addressing tiie motion. The function is parameterized by the time interval
motion planning aspect. From a theoretical viewpoint, linearof the point-to-point motion. Then, by means of a noncausal
quadratic optimal techniques can be adopted to obtain g¥ystem inversion, the corresponding parameterized actuator
optimal final-state control, as shown, for example, in [1]; se&)put is determined. Finally, a time optimization is performed
also, [2, pp. 127-134]. With another standpoint, Aspinwall hag order to minimize the motion time taking into account
devised a pulse-shaping technique for the forcing functiodgtuator constraints. Polynomial functions are suitable to be
based on a short, finite Fourier series expression whose coedfiiopted as output functions for this method, since monotonicity
cient is selected to depress the envelope of the residual respai@e be easily obtained and they assure the smoothness of the
spectrum in desired regions [3]. Other methods proposed ipput function and its derivatives until an arbitrarily prefixed
Meckl and Seering consist of using a multiswitch bang—bamgjder. System invertibility has been the subject of numerous
forcing function, which gives time-optimal performance [4]investigations since the 1960’s, especially for linear multi-input
multi-output (MIMO) systems, for which issues such as test
conditions for system invertibility, algorithmic constructions
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Fig. 3. Input function of the system (position command signal).

years, the system inversion idea has been applied to perfe

or quasi-perfect tracking for linear and nonlinear dynamic_58

systems [18]—-[21]. In these papers, the main emphasis is ¢

the construction of noncausal stable inverses in the presen

of unstable zero dynamics. For our purpose, the functional re

producibility property necessary to perform a stable noncaus: 50

inversion on the output motion is always secured because ttg Pereenage vanaton ofe

relevant system is scalar and minimum phase. Fig.6. Maximum amplitude of residual vibration for different values of model
The paper is organized as follows. In Section Il, the open-lo@prameters.

control strategy based on system inversion is proposed. The pro-

cedure to minimize the motion time subject to actuator cosimulation results for a given example. The former section ap-

straints is demonstrated in Section Ill. Sections IV and V shgmlies the system inversion motion planning and presents the re-

percentage variation of k



14 IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 5, NO. 1, MARCH 2000

percentage variation of ¢ percentage variation of k

] Fig. 10. Maximum amplitude of residual vibration using a bang-bang
time [s] acceleration input function of duratiart = 0.874 s (bang—-bang Il case).

Fig. 7. Motion of the load using a bang—bang function of amplityffe, = 0.014
10 (bang—bang I case). ’
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Fig. 12. Maximum amplitude of residual vibration using the ZVD impulse
0 ‘ ‘ shaper method for different values of the model parameter.
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Consulting) are reported in Section VI. Conclusions are drawn
Fig.9. Motion of the load using a bang—bang function of duration= 0.874  ; ;

in Section VII.
s (bang-bang Il case).

lated robustness analysis, whereas the latter one is devoted to ll. SYSTEM-INVERSION-BASED MOTION PLANNING
comparisons with the input shaping techniques. ExperimentalMany mechanical positioning servosystems (e.g., robot arms
results with comparisons for a linear flexible joint (by Quanser overhead cranes) have an elastic transmission, mainly intro-



PIAZZI AND VISIOLI: MINIMUM-TIME SYSTEM-INVERSION-BASED MOTION PLANNING FOR RESIDUAL VIBRATION REDUCTION 15

duced by the gearbox [22], which can be simply described by tinbere

model shown in Fig. 1 whergis the coordinate representing the ) )

motor shaft displacement, is the coordinate representing the 71 = mfc o =1—mk/c" ap=mk/c" B =c/k.
mass displacement, is the load masg; the stiffness constant, 4)
and ¢ the damping of the transmission [23]. The well-known i .

linear relation which links: andy has the following differen- Applying the Laplace transform also¢t) andy(#), it follows,

tial form: trivially
mi+ct+kr=cy+ky (1) . p @
=v8X(s) +vX(s) + s i1

In the time domain, the expression (5) resuités(the real vari-

54 2wnd 4wz = —if able of the integrand function)

X(s).  (5)

which can be rewritten as

ot
wherez = z — y, w, = /k/m rads ! is the frequency of y(t) = 12(t) + yox(t) +/ go(t —v)z(v) dv  (6)
the oscillatory mode, angl= ¢/2mw,, is the damping ratio. In 0

general (we refer, for example, to the motion planning of mavhere, denoting by —* the inverse Laplace transform operator
nipulators), the elasticity of the transmission is not taken into

account and the motion is plannedsfthe input of the system go(t) =Lt [ o } . @)
(1)] hoping that the motion of: is very close to it. Limits of the Prs+1

actuators have to be considered in the choice of the motion law, multiplying by s both the right and the left part of (5), we
of ¢ so that it can be followed in practical cases. Vibrations aghtain
generally neglected in this phase and, in case they are not tol- o s
erable, actuator exertion has to be reduced. This is, howevers& (s) = 715X (s) + 705X (s) + — X (s) + ———X(s)
severe drawback for high-performance systems. The approach P Prs+1
presented in this paper shows how it is possible to overconvlered is the appropriate coefficient. Multiplying again by
this limitation by calculating the motion of in order to get a ) 5 ) @

predefined motion ofn, assuming to have the knowledge of Y (s) = 715" X (s) + 705" X(s) + ESX(S)

the values of the parameters of the system. The idea is to de- 8o 5

fine a priori and impose the desired functiaift) and then use +3—sX(s) + 3 1X(s).
dynamic inversion in order to obtajf{¢) that is the input move- P s+

ment of the motor shaft that causes the desired outfiiit The Generalizing, multiplying: times bys, we have

choice of the functionz(t) assumes great importance for the i1 . a0 1

whole procedure. Polynomial functions presentimportant proﬁiY(S) = 718" X(5) + 705" X(s) + /3—13 T X(s)

erties, illustrated in the following, that make them particularly 8o S0 1

suitable for the purpose described above. The general expres- +ot 2 X(s)+ Brs + 1X(5)- (8)

sion of a polynomial function is
Applying to (8) the Laplace inverse transform, it results in
1) = ant” Fap_1t" 4 t . 2
HO = it T at ag @y = ’Vlw("“)(t)Jr’Vow(")(tHg_ox(n_l)(t)
1
The choice ofq, the degree of the polynomial, results from the

6n72 ¢
following property, regarding the differentiability of the input of +o ko z(t) +/ gn(t —v)z(v) dv  (9)
the system. Denote by the class of functions which have an Pr 0

hth continuous derivative. Let alsgt) = 0 andz(t) = 0 for where

all t <0 (attimet = 0~ all initial conditions are equal to zero). E
Property 1: Assume thab > 1. For the system described by gn(t) = L7 {m} .
the differential equation (1), if(t) € C™, then itis functional L2
reproducible by a uniqug(t) € 1), From (9), it follows that, ifz(t) € C™+Y, theny(™(t) is a
Proof: Denote by (s) the transfer function of the systemcontinuous function because all the functions in the right side
(1) of (9) are continuous. Hencg(t) € C™, soifn = h — 1, the
property is proved. [ |
G(s) = 205 +k ] 3) The point-to-point motion of the load from position zero to
ms® +cs + k positiong has to be completed in the time inter{@) 7] with =

being the free parameter that defines the motion duration time.
Therefore, formally, we have(t; 7) = 0if t < 0andz(¢;7) =
gif t > 7. The functionz(¢; 7) over[0, 7] is chosen to be @i+

oo 1)-degree polynomial in order to assurét; 7) € C7) over
Bis+1 (—00,400). The function clas€"™ is selected, according to

We can writeG (), dividing the denominator by the numer-
ator, as

G (s) = s+ +
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percentage variation of ¢ percentage variation of k percentage variation of ¢ percentage variation of k

Fig. 13. Maximum amplitude of residual vibration using the ZVDD impulsé:ig- 16.  Maximum amplitude of residual vibration using the three-humped El
shaper method for different values of the model parameter. impulse shaper method for different values of the model parameter.

The values of theh + 2 coefficients of the sought polynomial
can be found by solving the following linear algebraic system:

(10)

M (0;7) =0, M (r;7)=0.

The general closed-form expression of polynomigt 7) with
t € [0,7] that results from (10) is given by the following re-
markable formula:

-t

50 50 percentage variation of k ‘T(t77_) = a(hv 7')(] /0 Uh(T - U)h dU (11)

percentage variation of ¢

Fig. 14. Maximum amplitude of residual vibration using the Elimpulse shapwith positive coefficientv(h, 7) = (f§ v*(7—v)"* dv)~*. The
method for different values of the model parameter. above formula (11) can be easily proven taking into account that

w10 (1) = a(h,'r)qth('r — t)h, t € [0,7]. (12)

From (12), it is also clear that(¢;7) is monotonically in-
creasing, since:(t; ) is positive all over(0,7); in this way,

it is guaranteed that there are no oscillations during the whole
motion of m.

Having synthesized, according to (11), the desired param-
eterized load motionz(t;7) as a O -class function over
(—o0,+00), we proceed to determine, by system inversion,
the (unique) corresponding input functig(; 7) that belongs
to C"*=Y over (—oo, +00) (seeProperty ). By virtue of
the explicit inversion formula (6) and using the definitions
appearing in (4) and (7), after a few passages, the following
50 50 percentage variation of k closed-form expression af(t; ) for ¢ > 0 can be derived

(obviously,y(t;7) = 0if t <0):

N
i

percentage variation of ¢

Fig. 15. Maximum amplitude of residual vibration using the two-humped EI
impulse shaper method for different values of the model parameter. m . mk mk? e
y(tsr) = —a(t7)+ (1 — — Jz(t7) + —36_( /e)
c C C

Property 1 such ags(t; 7), the corresponding input that causes

t
. (k/eyv ()
the planned motior:(t; 7), hash — 1 continuous derivatives. /0 e w(vi ) dv. - (13)
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TABLE |
COMPARISON OF THEDIFFERENT METHODOLOGIES FOR THESIMULATION EXMAPLE
Methodology Scheduled Max. amplitude of residual vibration [mm]
motion time [s] | nominal case worst-case
System inversion 0.874 0 7.7
Bang-bang I 0.632 21.7 30.3
Bang-bang II 0.874 9.9 25.6
ZV shaper 0.745 0 12.7
ZVD shaper 0.857 0 6.8
ZVDD shaper 0.970 0 2.8
EI shaper 0.857 1.2 5.5
Two-humped EI shaper 0.962 0 2.7
Three-humped EI shaper 1.075 0.9 2.7
0.3
0.25¢ J
0.2 1
E
o151 1
Fig. 17. The experimental setup (made by Quanser Consulting) adopted in t AT i
experiments.
0.05f 1
This expression can be simplified for> 7. Indeed, consider —— actual moton
. —-- theoreti ti
thatxz(t;7) = g andi(t;7) = 0 for t > 7. Hence, Lz . . , 1 { joorees on
0 02 04 06 08 1 12 14 16 18 2

mk mk? _ e
y(t7) = <1—7>q+ 3 ¢ (k/e)t

. ot
. [/ R (v 7) do +/ ekl dv} .
0 T

time [s]

Fig. 18. Theoretical and actual load motion obtained with the
system-inversion-based methodology.

Il. TIME OPTIMIZATION

Explicitly computing the second integral appearing in the above

expression, we obtain

k? . T e
y(t;m) = g+ 2 = /er / e V(s 1) du
0

c3

mk —\Kk/C —T
—gp e M),

Taking into account that
k k? ‘
y(ri7) = <1 e )‘” e T
C

/ eF (s 1) dv

0

it follows that

2 T
MR o | e auin) ao
0

C

(i) M) _ <1 _ m_f> go— (/=)
C

By substitution, we eventually obtain

y(t;m) = g+ [y(r,7) —qle #ET >0 (14)

From (14), itis apparent thg{t; 7) is all over bounded because

the excited zero mode=(*/9)* is stable.

Once parametét has been fixed in order to choose the class
of the motion law(y(t; 7) € C"*~1), the other parametet, the
duration of the output motion, can be selected to satisfy actuator
constraints. These constraints can be introduced, for example,
as bounds on the absolute values of the ingiét~) and its
derivatives until a prefixed ordé(! < h). Hence, the following
semi-infinite optimization problem naturally arises (Whgﬁféx
denotes the given bound on tftb-order derivative):

minimizer
subject to

|y(i)(t;7)| < yl(fgx, Yt € [0, 7], 1=0,1,---,1.
The optimal solutiorr™* of the above problem can be found by
means of the following algorithm, which is a typical bisection
algorithm.

1. Set 7, = 0.
2. Determine an initial value for Timax
such as

max |y(2) (t; TlllaX)| < y(z) 1= 1, L l.

max?
tC[0,Tmax]
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Voltage [V]

time [s]

Fig. 19. Motor voltage during the point-to-point motion with
system-inversion-based methodology.

3. Set
4. If
set
5. If
6. Set
7. End.

T = (Tmin + Tmax)/2- )
maxiepo ) |90 < vk, @
Tmax = 7 €lse set Tinin = 7.
(Tma.x — Tmin) >¢e then goto 3.

7

1,---.1 then

= Tmax-

Remark 1:At step 4, the required computation of the
global maximum ofly(¥ (¢; 7)| over [0, 7] can be successfully
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The corresponding input function results, fog [0, 7]

)t

1 1 .
- 15t 6=t
T T°

) 6—(k/c)t:| .

(16)

62 m 63

_ 7902
k374 k4t

cm
~ 60,5

y(tm) =¢q [—360 =
+ (360-2"% 4+ 720 cm +60
If27'4 k37—5

m cm
180— + 360 —
+ ( kT4 + k275

1 m
10— +120—
< 73 k'r°>

627’71 637’71
3605 + 720~ + 60
< k314 + k475 +

m
kT3

t2

+

+

cm
73

k?

Optimization has been performed on the motion tintaking
into account the following constraints on the input function and

thelts derivativeg! = 2):

—1

s 2

(0) =10m-s 2

yxnax

(2)

= 2 m yx(ﬁa)tx = 5 m : yxnax
The resulting optimal motion time* is equal to 0.874 s. Sub-
stituting the parameter values in (16), we havetfer[0, 7

—0.00136 + 0.12124¢ — 0.39553¢2 + 15.272¢3
—25.707t* + 11.765¢° + 0.00136¢~(800/9)¢

y(t; ")

Taking into account (14), far > 7* the input function is

y(t;7%) = 1 — 0.00117¢~(B00/N(=0874)

performed by means of an interval algorithm which implements

a branch-and-bound strategy with the bounding given by

suitable inclusion function [24], [25].

The initial value ofr,,,,,. can be easily found starting from a

The corresponding output function is shown in Fig. 2, while the

input function and its first and second derivatives are plotted,
respectively, in Figs. 3-5. It can be noted that the significa-

reasonable value and, if it does not satisfy the constraints of sfi¥§ Pound is the one on the acceleration input signal. A ro-

2, multiplying it repeatedly by a constaht> 1 until the condi-
tion becomes true. The other precision paramete) deter-
mines the terminal condition of the algorithm at point 5. On t

bustness analysis has been done applying the optimal input to
the system (15) where the dampiagand the stiffness con-

antk has been perturbed in a rangetg0% of their nominal
he

practical sidé: > 2 and we can typically impose constraints oryalues. With a tight gridding over the uncertain parameter do-

y O (t; 1), ¥ (¢; 7) which correspond to limits on velocity an
acceleration of the actuator.

IV. SIMULATION RESULTS

gmain, the maximum amplitude of the residual vibration (that is

the absolute value of the maximum difference between the ac-
tual output and the steady-state value after the scheduled mo-
tion time) has been plotted in Fig. 6. A worst case vibration
amplitude equal t@.7 - 10~2 m results. As a comparison, the

As an illustrative example, we considered the followingnotion of the load for a bang—bang acceleration input signal

system:
9s 4 800
@)= 7y 9s 800 (15)
wherem = 1kg, k = 800 kg - s7%, andc = 9 kg - s7 1,

which corresponds to a natural frequengcy= 28.28 rad - s~*
and a damping ratig = 0.16. For the sake of simplicity, we
considered a point-to-point motion from 0¢o= 1 m adopting
a polynomial of fifth order as output function(t; 7) (h = 2)
so that the first derivative (velocity) of the input functig(t; 7)
is continuous. Hence, we have

15 10

6 k4
z(t;7) =q <gt° — ;t4 + ﬁt?)) t e [0,7].

of amplitude equal t@/ff;x = 10 m- s~2 is reported in Fig. 7
(bang—bang | case). The corresponding (scheduled) motion time
is 0.6325 s. In this case, the resulting maximum amplitude of the
residual vibration i€21.7 - 102 m. A robustness analysis has
been performed as above with this input, and the amplitudes of
the residual vibration for the different values of the parameters
of the systems are shown in Fig. 8. The worst case vibration
amplitude amounts t80.3 - 10~2 m. It can be noted that the
faster output transient obtained with the bang—bang input is paid
with residual vibrations for the nominal and perturbed system.
Comparing the robustness analyses shown by Figs. 6 and 8, the
better performance of the systems-inversion-based method with
respect to the bang—bang acceleration technique is evident. This
is also confirmed by applying a bang—bang acceleration function
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Experimental motion of the load using the ZVD impulse shaper
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Fig. 20. Experimental motion of the load using a bang—acceleration function
with motion timer = 0.75 s (bang—bang | case). Fig. 23.
method.
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Fig. 21. Experimental motion of the load using a bang—bang acceleratip@_ 24.
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Experimental motion of the load using the ZVDD impulse shaper
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function with motion timer* = 1.11 s (bang-bang Il case). method.
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Fig.22. Experimental motion of the load using the ZV impulse shaper methdelg. 25.
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Experimental motion of the load using the El impulse shaper method.
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0.25F

0.2

x(t) [m]

0.15

0.1F

0.05

Remark 2:1t is worth stressing that, for the bang—bang
cases (and for the input shaping techniques, see Section V),
the input duration time, i.e., the time interval necessary for the
input signal to complete the transition from 0 §ois equal
to the scheduled (load) motion time. On the contrary, for the
system-inversion-based method, the actual input duration time
can be longer than the scheduled motion timdsee (13)
and (14)]. However, for the presented numerical case, the
inputy(t; 7*) ~ ¢ = 1for¢ > 7* because it happens that
y(m*;7*) ~ ¢ = 1. From a physical viewpoint, this means that,
for ¢t = 7*, the system has almost reached the equilibrium, so
that the input duration time is equal to the optimal scheduled
motion timer*.

Remark 3: It is apparent from (14) and (16) that the com-
putational complexity of the noncausal input is moderate. In-

Fig. 26. Experimental motion of the load using the two-humped EI i

shaper method.

time [s]

deed, the implementation of this input command can be easily
done,even on a low-cost digital processor with the computation

MPUlsBquired in run time that is typically a small fraction of the sam-
pling period.

0.3

0.25F

0.2

x(t) [m]

015

0.05

71 the acceleration input whose maximum amplitudyﬁ

V. COMPARISONWITH THE INPUT SHAPING TECHNIQUES

A comparison with the input shaping method has been exe-
cuted in order to prove the effectiveness of the novel approach
presented in this paper. We consider a bang—bangxfunction for

=10
m - s~2 as above (bang—bang | case). Then, the corresponding

41 position reference signal has been convolved with different

sequences of impulses (ZV, ZVD, ZVDD, El, two-humped El,
and three-humped EI) [6], [9], [10]. A robustness analysis has
been carried out as in the previous section. Results are shown
in Figs. 11-16. The scheduled motion time, increased by the
effect of the convolution of the input function, in the different
cases are shown in Table I, where the main results regarding

Fig. 27. Experimental motion of the load using the three-humped EI impul

shaper method.

15
time [s]

TABLE 1l

EXPERIMENTAL COMPARISON OF THEDIFFERENTMETHODOLOGIES

the simulation example are summarized. It appears that the
most robust methods, i.e., those with minimal worst case
residual vibration amplitude, are the ZVDD shaping and the
two- and three-humped EI shaping. However, these methods
have the longest motion times. Comparing the methods which
do not have residual vibrations in the nominal case, the best
one in terms of minimum motion time (equal to 0.745 s) is the
ZV shaping which has a relatively high worst case residual

vibration amplitude (equal to 12.7 mm). Pondering both the

scheduled motion time and the robustness performance, it

appears that the best methods are the system-inversion-based

one and the ZVD shaping, with the latter performing slightly

better than the former.

VI. EXPERIMENTAL RESULTS

Methodology Scheduled Maximum amplitude of
motion time [s] | residual vibration [cm]

System inversion 1.11 0

Bang-bang 1 0.75 9.34

Bang-bang I1 1.11 3.23

ZV shaper 1.13 0.26

ZVD shaper 1.50 0

ZVDD shaper 1.88 0

EI shaper 1.50 0

Two-humped EI shaper 1.87 0

Three-humped EI shaper 2.25 0

The system-inversion-based methodology has been tested ex-

perimentally on a testbed system, made by Quanser Consulting,
composed of two carts, coupled by a spring, that slide on a

whose duration time is chosen to be equal to 0.874 s, the gpeund stainless steel shaft (see Fig. 17). The first cart (motor
timal motion time of the inversion-based approach (bang—baogrt) is driven by a dc motor, and it is equipped with a poten-

Il case). It results that the amplitude of the residual vibratidibmeter to measure its position, while the second cart (load
in the nominal case 8.9 - 10— m (the motion of the load is cart) only has a potentiometer. The overall control architecture
plotted in Fig. 9) and in the worst case configuratiork@ndc has been implemented by means of a CPU Pentium 233 MHz
is 25.6 - 1073 m (see Fig. 10).

with an I/O board and a real-time environment which assures a
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control frequency of 200 Hz. The aim of our experiments is tihat robustness increases as long as the motion time increases.
move the load cart from 0 9 = 0.3 m, according to the prede- This provides a useful flexibility in the motion planning phase,
termined polynomial output function of fifth order, by controlsince, taking into account actuator limits, time intervals of the
ling the position (input function) of the motor cart, by meanautomated cell where the system is situated can be usefully ex-
of a simple proportional plus integral plus derivative (PID) corploited in order to increase robustness. Moreover, limits on the
troller. The parameters of the systems have been estimateddbyivative of an arbitrary order of the input can be assigned in
means of a simple procedure, i.e., a force impulse has beenagler to enhance smoothness so that actuator dynamics is taken
plied to the load cart, keeping fixed the position of the motanto account. It has been shown that no particular problems (e.g.,
cart. Evaluating the impulse response, the stiffness constant dné to the computational complexity) arise in the practical im-
the damping ratio (due to the friction) can be easily calculateplementation of the methodology, and the flexibility and readi-

It results ink = 49.44 kg - m~2 andc = 0.412 kg - m~*, while
the mass of the load cartia = 0.713 kg (i.e.,w,, = 8.327
rad- s~* and¢ = 0.035). The minimum motion time-* has
been determined by means of the algorithm described in Sec-
tion I, taking into account the maximum voltage (5 V) that
can be provided to the motor. It resultsiih=1.11s. The the- [y
oretical output function and the experimentally obtained one are
plotted in Fig. 18, while the value of motor voltage during the
motion is plotted in Fig. 19. It appears that no vibrations occur [3]
during the motion, as expected, and that the value of 5 V for the
motor voltage is attained, but not exceeded. It should be note(liI :
that the slight difference between the theoretical and the actual
load motions is due to the presence of unmodeled nonlinearities
(e.qg., friction effects). 3]

The use of a bang-bang acceleration input has also beefg
tested experimentally. The minimum scheduled motion time
allowed by the system is, in this case, equal to 0.75 s, Whichm
leads to the load motion shown in Fig. 20 (bang—bang | case).
In addition, a bang—bang acceleration profile of duration time
equal to 1.11 s has also been adopted (bang—bang Il case@g.]
The obtained load motion is plotted in Fig. 21. In both cases,
it turns out that the residual vibration is much higher than [9]
in the system-inversion-based approach, so that the latter
methodology is more convenient. [10]

In order to compare again the proposed methodology with
the input shaping one, the different input shapers have been al
experimentally tested. Plots of the corresponding load motion
are in Figs. 22-27.

Experimental results are summarized in Table II. It can bé'Z
seen that, for all the methodologies tested experimentally, witfy 3
the exception of the bang-bang ones and the ZV shaper, no
residual vibration occurs at the end of the motion. Hence, it rel!*]
sults that the technique proposed in this paper is the most effegs;
tive in the experiments, since it has the minimum transition time
among the methods that do not exhibit residual vibration. (16!

4

[17]

VII. CONCLUSIONS [18]
A novel methodology for the open-loop control of high-per- [19]
formances servosystems with elastic transmission has been pre-
sented. It is based on an appropriate choice of the motion layzo]
and on a noncausal system inversion which guarantees that ac-
tuator constraints are fully satisfied. The approach appears to
very effective in reducing the residual vibration, and the smooth-
ness of the control input makes it inherently robust to modelin
errors, especially in case the stiffness constant is greater than gx-]
pected (i.e., the system is more rigid). It also has to be stressed

2] F. L. Lewis,Optimal Control

ness of the design makes it an attractive alternative to the tradi-
tional input shaping techniques.
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