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Abstract. This paper presents a feedforward technique torggmeommand inputs to reduce
residual vibration after transient maneuvers in ma@écal systems. Synthesized inputs base
their vibration reduction in zero-frequency contabtthe system resonances and are obtained
taking advantage of the convolution theorem of Huarier transform (FT). The analyzed
systems are those that can be modeled as disoresr bystems wit vibratory degrees-of-
freedom, and can be described with constant paeanmabtion equations. Although the
complete cancellation of residual vibrations ocdorsnull damping ratios, the results obtained
for low damped systems are quite acceptable. Thiénadeis particularized for rest-to-rest
maneuvers and is compared to other literature rdsthdhe new profiles present an optimal
shape in terms of minimum acceleration fluctuatiamich is useful to reduce the fatigue
strength of the mechanical parts. By using a patsa base signal, the inputs obtained follow
piecewise algebraic polynomial functions easily liempentable through a B-spline scheme. The
development includes a robust approach againsvdhation of the system parameters and a
constraint determination aid for symmetric functoffrinally, some experimental results are
presented using a two vibratory degrees-of-freetimnbed.

Keywords: residual vibration, residual response, vibratiamtool, command shaping, input
shaping, forcing function.

1. Introduction

Residual vibration reduction has been developeimna motion control systems. In those
devices, fatigue of mechanical parts can be a drakif the acceleration profile of the input
shows excessive fluctuation during the transiehe main objective of the current development
is to provide input functions, which present animat condition in terms of acceleration peak-
valley counting compared to the standard literataethods. During the last 50 years a lot of
work has been carried out within the methods basedeedforward techniques applied to
discrete linear systems (Singhose [1]): some oftlise time-domain approaches like signal
generation by means of trigonometric series and ncand shaping through an impulse
sequence; others use frequency-domain approaches,as command conventional filtering
and zero-placement.

Within the time-domain approaches, Aspinwall [2]fided point-to-point acceleration
profiles, including the start and stop slopes, tase finite Fourier series expression. Those
series were selected avoiding the system natuegjuéncies, and were compared with the
classic profiles as rectangular pulse, double mersand shaped pulse. Meckl and Seering [3, 4]
demonstrated that for an undamped linear systerh oiie non-forced vibratory degree-of-
freedom, the spectral magnitude of the input atsystem natural frequency is proportional to
the amplitude of the residual vibration. They watl@n forcing functions derived as a series
expansion of ramped sinusoidal functions with dogfits chosen to minimize spectral
magnitude at the system resonances, and proposeetieod to provide robustness against
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uncertainty of system modes. Chan and StelsondBjpared some of the so-called s-curves
such as raised cosine, piecewise parabolic ana ¢aput in different aspects, such as power,
acceleration and jerk and developed a rescalindgiadeto modify any fixed duration motion
command to one of an arbitrary duration, while rtairing the property of having no residual
vibration. Meckl et al. [6] proposed a method téesethe ramp-up time in s-curves velocity
profiles based on the frequency content of theifgréunction, so that both the response time
and the residual vibration amplitude are minimized.

Smith [7] was the first to propose the zero vilmat{ZV) shaper: an input signal is shaped
by convolving it with two impulses, properly locdtén time and with the appropriate
amplitude. The vibration generated with the firseds suppressed with the vibration generated
with the second one. This property remains invégiathen any command signal is convolved
with this impulse sequence. Singer and Seering d@jed a third impulse to individual
sequences to provide robustness against possibltions of the system parameters — zero
vibration and derivative (ZVD) shaper. Hyde andr8wg[9] extended this method to multiple-
mode systems. Fan vibratory degree-of-freedom system,impulse sequences are defined,
each designed for each individual mode. The fimapulse sequence used to shape the
command signal is obtained by convolving all indival sequences in the time domain.
Singhose et al. [10, 11] described a phasorial agmtr for the method described. For a three-
impulse sequence, a method to adjust the relatigtea between phasors — equivalent to the
relative time delay between impulses — and theplaudes was developed to reduce sensitivity
to errors or variation of the system parameterss Epproach is called the extra-insensitive
shaper (El). Singhose et al. [12] also reducedrdmgsient time by adding negative impulses to
the input sequence. Singh and Heppler [13] devel@peariation of this method by designing
an impulse sequence of two impulses in a non-robasg, or an impulse sequence of three
impulses, in a more robust case, which cancels@ked pseudo-mode with lower frequency
than any of the system component modes. The reswsigned impulse train cancels all the
higher frequency component modes and eliminatesititation from the system.

Frequency-domain techniques have also been ugedtce the residual response. Singhose
et al. [14] compared the input shapers with sevienpés of conventional filters, properly
designed to eliminate the system natural frequenitm the input signal. The analysis was
carried out with FIR low-pass filters (Hamming, EaMcClellan), IR low-pass filters
(Butterworth, Chebyshev, and elliptic), and notéterfs derived from them. The results
demonstrate that conventionally designed frequetmyain filters are less effective for
command shaping than input shapers, which offerebgterformance in time response and
lower levels of residual vibration.

Bhat and Miu [15] and Singh and Vadali [16] studiegntrol strategies to accomplish
precise point-to-point positioning of flexible sttures, and demonstrated that the necessary and
sufficient condition for zero residual vibration fkat the Laplace Transform of the time-
bounded control input should have zero contribuibthe system poles. Murphy and Watanabe
[17] and Tuttle and Seering [18] extended this z@e@ement technique to the discrete domain,
by constructing the impulse sequences inzipéane for systems with any number of flexible
modes.

In this paper, a Fourier transform based feedfadwaethod is developed. Synthesized
signals base their residual vibration reductionairzero-frequency content at the system
resonances. Although this is an analytically proZ&hmethod only for undamped systems, the
results obtained for low damping systems are cpiteeptable from a practical point of view.
The method is particularized for rest-to-rest motfrofiles with signals that follow simple
piecewise low-order algebraic polynomial functiom$iich can be implemented easily through
a B-spline scheme. The development includes a tadqusroach against the variation of the
system parameters and a constraint determinatobrioaisymmetric functions. Finally, some
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experimental results are shown by using a two tinyadegrees-of-freedom test bed and the
benefits of this development are validated.

2. Input design method

Meckl and Seering [4] demonstrated in the frequedh@main that for an undamped linear
system with one non-forced degree-of-freedom withiatory behavior, the spectral magnitude
of a transient inputi(t) at the system natural frequerfgys proportional to the amplitude of the
residual vibration. Hence, for a null spectral magte, there is no residual vibration. Most of
the symmetric functions (odd and even) present zergent at some determined frequencies,
which is useful to use them for this purpose. TheoFa real even function(t) is also real and
even, and its frequency spectrum is given by

U(f)=FTu(t)] = f:u(t)cos(z:ft)d 1)

In the case of a non-symmetric function, the mamgiatof the frequency content can be
described by

u(h) =‘ [ u()(cos(@tt)- jsin(2ntt))dt @)

The magnitude of the frequency spectrum of a nanrsgtric function is null when the real
and the imaginary terms of (2) are zero at the stimez, which is a more restricting condition
than to cancel the magnitude of the former caseRdgctical examples show that almost all
classical symmetric functions have zero-crossingntpowithin their frequency spectra.
Therefore, the use of such functions is recommended

The demonstration stated by Meckl and Seering # lse described in the time domain:
consider the generic system of the Fig. 1. Its omoéquation is given by

(M +my) X+ CX+kx=-m,y(t) 3)
This expression can be rewritten as

%+ 20 (2nfy) X+ (2nf4)2 X = —— 2 (1) (4)
m, +m,

where f,=./k/(m, +m,)/(2r)is the system natural frequency add=c/(2,/(m +m,)k)is

the damping ratio.

REL
REF

1 e

C m]

() ()
Fig. 1. Generic single-mode system
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Consider that the impulse response of the systestritbes, for example, the velocity output
x for a unitary acceleration impulsgt) = 5(t), and is given by the form

h(t) = Ce <% cos(Zfyt+y) (5)

whereC, f; andy are respectively

co__m 1 (6)
m, +m, cosy

fy = foy1-¢? (7)
y/zarctar(g“ A ].—g“z) (8)

When c¢=0 (undamped case), the indicated impulse response given by
h(t) = Ccos(2Zifyt) . For a generic transient acceleration ingtt= y(t) defined betweet, and
t;, the velocity outputx att; using the convolution integral is given by

X(t ) = f u(r)Ceos(zf, (t —7))dr )

and the displacement is given by

x(t ) = f u(r)C%sin(ano (t —7))dz (10)
0 0

By developingx(t; ) , it can be obtained

x(t; ) = C[cos(?rfotf ) f u(z) cos(&f,r) dr + sin(2rft; ) f u(r)sin(eror)dr} (11)
By introducing the FTij(t)] atfy described in (2), the expression (11) yields
X(t; ) = Ccos(2tfyt; ) Re[U )] — C sin(Zfyt; ) Im[U (fo)] (12)

If the frequency content of the inpuft) is null atf,, both addends of expression (12) are
null. The same can be obtained by developiftg) . Therefore, if the state-variables and x

are zero at;, and the inpuy(t) is null att;, following the expression (4) the accelerati&nis

also zero, and hence, the system stops movingartth of the transient excitation and remains
stopped.

2. 1. Single-mode systems

The convolution theorem of the FT states that usdéable conditions, the convolution of
two signals in one domain (e.g., time domain) igiegjent to the product in the other domain
(e.g., frequency domain), i.eT,Hu, (t)®u,(t)]=U,(f)-U,(f). The design method developed
in this study consists of deriving input functiobg means of convolving several transient
signals in the time domain, which have the appaiprizero-crossing points in the frequency
domain. For single-mode systems, only one of tisggaals is required to have a zero-crossing
point at the natural frequendy In this case, the rectangular pulse is choseaheabase signal.
As shown in Fig. 2, a first pulag(t) is defined with an arbitrary amplitud® and a duration
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t;=1/,. The magnitude of the frequency spectrum is gibgnthe expression (13) and is
presented in the figure as well.

()] AR (139
u |U|
A, Alfy
uy (1) U,
1/, ! flo 2fo f

Fig. 2. Rectangular pulse and its magnitude in the frequeiomain

In a general case, the profiles obtained shouldlleasome functional requirements or
constraints, like velocity increment or total depgment. The duration of the pulse is
determined with the natural frequency of the systilerefore, only one constraint can be fixed,
by modifying the amplitudé, of the pulse. To fix another constraint, the inp{l} is obtained
by convolvingu,(t) with another rectangular pulsg(t), with a durationt, and an arbitrary
amplitude. The resultant function has a trapezaithalpe with a total duration offdft,, and
amplitudeA (Fig. 3). Thus, it is possible to accomplish botquirements, fixing the values
andt,. The frequency spectruti(f), which is given by the product of both frequerspectra
U, (f) andUy(f), remains null afy. If a null integral profile is desired, theift) can be obtained
by convolving the first rectangular pulsgt) with an odd transient signaj(t) (Fig. 4). It can
be noted that those points where the frequencyeobris null remain invariant with the
integrals or derivatives of the function, providédt they exist.

u U]
u, (D) @ (1)
AL Alfy

(l/fo)gf | ~fo ""Zfo'l f

Fig. 3. Convolution of two rectangular pulses(t) andu,(t)

u, (1)

u Ul .
i A " .
(W, TE
u ch Ei> Lf E:} U
e N
-A |

o 2% f
Fig. 4. u(t) with a null integral profile
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2. 2. Constraint determination aid for symmetric functions

In some cases, an iterative integration of theilerad needed to fix the desired constraints.
In this context, it is presented in this subsection easy way to calculate them by taking
advantage of the functions symmetry. It is provelow that two transient acceleration profiles
defined betweenly andt;, with even symmetry relative to the ordinate dkgst;)/2, and with the
same initial and final velocities, cover the sanmgtashce during the transient. Consider that
¥ (t) andy, (t) satisfy the indicated requirements (Fig. 5).

5,0

Ty

fo I t

Fig. 5. Displacement equivalence between two accelerapimfiles, y,(t) and y,(t), with even
symmetry

Assume that the initial conditions of the motionewk(ty)=Yy,(to)=y, and
Yp(to) = Yq(to) = Yo- The velocity profiles can be described by

Yo =Yor [ Vo0t Yo)=Yo+ [ ¥k (14)
The distances covered during the transient arengiye

Yo(ti)— Yo = J:: |:y0+ J:] yp(t)dt}dt

; (15)
Yat)-Yo= [} o+ [ veat |t
Therefore, the difference between the two distanogsred is
t . .
Yot) = valtr) =[] [ (30~ 9a(0)ct | (16)

By introducing the time coordinate of the symmeixys, {,+t;)/2, this expression yields

)= valt)= [ [ (560~ va@)at e+ [{ [ (5,0-540) ] ¢ @)

t (to+t,)/2
Even symmetry condition relative to the ordindget{)/2 can be described by

yp(t) = Yp(t0+tf -t), yq(t)z yq(t0+tf -t) (18)
744
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By introducing it and changing the variable t;, +t; —t, the second term of expression
(17) yields

I(tfm,z[ [ (350~ yq(r))df}dr _
I(t:0+tf )/2[ J:O(YP(T) - yq(r))df + _[:(yp(f)— Yq(r)) dr} dr

As shown in Fig. 5, if the velocity at the end bkttransienty; is the same for both
maneuvers, therefore their difference is null

(19)

Bt~ Ya(t) = [ (Jp(0-Yq(0)dt =0 (20)
and, hence, the expression (19) can be rewritten as
B el £ (300 =a()dr a = [ [[(5,0)-540)) o | o (21)

By introducing this term, the expression (17) yseld

(to+4)/2

o) -vat)= [ [ (50~ 9)at |t [ [ (35000~ 94() e | & @2)

Both addends of expression (22) are the same amtehy,(t;) - Y4 (t;) = 0which means

that the distances covered by those profiles azesttme. This conclusion can be graphically
described by the equivalence of the ar@aanda, in Fig. 5. Therefore, the calculation of the
functional requirements or constraints of a symimehput can be easily done by making the
equivalence to a simple symmetric profile, for epdamto a rectangular pulse.

2. 3. Robustness

The frequency content af{t) in Fig. 3 grows quickly around the target freqeefy. The
command input so defined could loose effectivenesing to variations of the system
parameters, which result in a displacement of @tural frequency,. To provide robustness
against these possible variations, it is proposedetiuce the magnitude of the frequency
spectrum around,, obtaining u;(t) by the convolution of two auxiliary pulses withet
respective durations f§/and p/fy (p=1,2, ..), and arbitrary amplitudes. The magnitufiehe
frequency spectrum of the resultant signal is tahgéth the abscises axis at the frequengjes
2fy, 3fp,...and is given by

Uy ()] = A\ISin(ﬂ / f‘;i?i;(p“f / fO)I p=12,.. (23)

To reduce the command duratigx1 is recommended. Therefore, the shape of the Isigna
becomes triangular (Fig. 6). As in the previousecds include a second constraini(t) is
convolved with a rectangular pulsg(t) with a durationt, and an arbitrary amplitude. The
resultant signali(t) has a duration of #t, (Fig. 7) and an amplitud& (both requirements can
be accomplished by fixintp and A) and is formed by five piecewise second-orderléss)
algebraic polynomials (junction points marked witbsses in Fig. 7).
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Uy 2yt T fy2dy f

Fig. 6. Reduction in the frequency content arodfidby using a triangular signal(t)
u
A]
u, (1)
A
Uy 2fy 1
u ®'f‘> Qlf)+t,
’42(’)

Ay — ‘ t

|

|

|

t t
Fig. 7. Convolution of a triangular signal with variousdiary rectangular pulses

To increase the bandwidth aroufigl where the magnitude of the frequency spectrum is
below a desired threshody it is possible to convolve more than two equataegular pulses.
However, this implies longer command signals. Toi@\his issue, it is proposed to slightly
modify the durations of the two pulses used to iolbigt), changing ¥} by 1/f+Af) and 1/{—

Af), with a small value oAf . The resultant signal has a trapezium shapeamndhown in Fig.
8, the frequency bandwidth increases frarto b, in a similar way as in the method described
by Singhose et al. [10, 11].

u Ul
AL U,
u, (1)
a
g -
o %y t }0 f
u ol
A ()
gt -\~ /
Wi+ D) ~2fy 1 Tt fo fo+ f

Fig. 8. Increment of useful bandwidth, by convolving tdgas with 1/{;+Af) and 1/{;-Af) durations
2. 4. Multiple-mode systems

For a generim-mode vibratory system (Fig. 9), according to thedal decomposition
theory and by using the velocity as the input drelacceleration as the output, the oscillatory
term of an impulse responbkg(t) for thei-th coordinate; can be described by the form
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hgi (1) = ZC e 4ot cos(2 fyet +yy ) (24)

where C|k and yik are constants that depend on the system paramatetf,, fqy and{; are,
respectively, the natural frequency, the oscillaticequency and the damping ratio of thth
mode. The oscillatory term of the impulse respdos¢he undamped case is given by

he (1) = " Ccos(2x ) (25)
k=1

() (
Fig. 9. Generic multiple-mode discrete linear system

Consider a generic transient acceleration inp{t) = y(t) defined between, andt;. The
velocity outputx att; is given by

% ()= [ ur)hy (t-0)dr= [f u(r)[qu cog( afOK(t—r))}dw
0 0 K=1

) (26)
3 Ci f u(r) cos( Ztfoy (t—7))dr
k=1 0
and the displacemenrtis given by
% (t) = J: U(T){zcm 2o, 5'”(275f0|<(t T))}
o 27)

_Z f u(r)sin( 2t o (t - 7)) dz
27'E ok °

If the frequency content of the inpuft) is null atfyy, fo,,..., fon, then the real and imaginary
parts of expression (2) are zero at these freqasnuihich indicates that the expressions (26)
and (27) are null, following an analog developrmanth as for single-mode systems. Therefore,
the residual response is null because the stateblasx andx are zero at;.

To generate the signai(t) that contains zero-crossing points at all theumegl system
natural frequencief;, it is proposed to convolverectangular pulses, each one with a duration
of 1ffy, and arbitrary amplitude. Consider that a systam loe modeled with three vibratory
modes with natural frequenciés, fo,, andfys. The frequency spectrum of the resultant signal
has zero-crossing points at those frequencies (. In the same way as for single-mode
systems, to fix two constraints, the command ingtis the result of the convolution of(t)
with an auxiliary rectangular pulse(t). To provide robustness against system parameters
variation, the techniques explained earlier camuder. However, the frequency content of this
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type of signal diminishes significantly after thesf natural frequency, and hence, generally it is
adequate to use the non-robust approach.

The zero-crossing points of the signals obtained@rated following a periodic basis of the
inverse of the duration of the pulses involved. 8tmes, to reduce the duration of a multiple-
mode input, it is worth using this property to abtan approximation of a frequenty,q — the
common maximum denominator of all the natural fesgties — or several of them, and use it to
generate one auxiliary pulse replacing those foicwiihe frequencies have been used to
generate it. For the three-mode system of FigtHeX,,,qshould accomplish

f01 ~a fcmd
fOZ ~ b fcmd (28)
f03 ~C fcmd

This approximation could be useful when the totahtion of the signal usinig.qis smaller
than the duration of the signal using individualses, i.e., wherd/a+1/b+1/c> 1.

Uy, (1)
A()l 01

Uy 1 u ‘ U] '
u AL
Uy (1) () TF [ U,

R =

fys t i R Joo o2 fos f
u Ufor+1Ufopt 1Uf s

Ags U3(1)

/o3 t
Fig. 10. Generation ofi,(t) for a three-mode system

2. 5. B-spline scheme

A signal obtained by the convolution wfrectangular pulses is formed by piecewisé& or
less order algebraic polynomials with a minimumrgugéeed continuity degree @™ within
its definition range. These signals can be easifylémented through a non-parametric and non-
rational B-spline scheme by the so-called nodeoreand control polygon, following the
nomenclature detailed in Farin [21]. Fig. 11 ilhaseés an example of a motion profile generated
for a single-mode system for the robust case. Thise was generated by the convolution of
three pulsesnf=3) and is formed by 5 different polynomials linkatlthe indicated crosses.
Expressions (29) and (30) correspond respectivelheé node vecton (expression (29)) and
the control polygon ordinated, (expression (30)) that define entirely that cur@ther
examples are illustrated in Veciana [19].

Node vector

1 2 2 1
=100— — K —— K —— 29
U{ f, folf fotf folftf} (29)
Control polygon ordinates
d={0,0AAA,0,0 (30)
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Y d ofil
s —— profile
A a ds | __ control polygon
X links
s+ nodes

_ _ t
Up=U; U Uz Uy Us Ue=U7

Fig. 11. B-spline scheme of a motion profile generatedhgytime-convolution of three pulses
3. Simulation results
3. 1. Acceleration fluctuation

The excessive oscillation in the acceleration pesftan result in a premature fatigue of the
parts involved in the transmission of the systenb@éomoved. To illustrate the benefits of the
proposed technique to reduce the fatigue damag®mge seelocity profiles for rest-to-rest
maneuvers were generated with a unitary displacermeth assuming null initial conditions.
The non-robust and robust cases were simulated:

1- Non robust case: The proposed technique defiyemhieans of a pulse convolved with a
trapezium was compared to the ZV shaper, consigenmundamped single-mode system with
a natural frequency d§=1 Hz. To obtain an overall input with the same maxin polynomial
order and continuity (order 2 and continu@y in this case) the unshaped function chosen for
the ZV shaper was a smoothed-trapezium with thegiand falling sections defined by linked
second order algebraic polynomials. The duratiotheke sections was defined to limit the
acceleration to similar values than the proposethateand the duration of the overall input
was fixed to four values between 1, 4 and 4 secdrfids 12 shows the input velocitigg) for
the ZV shaperd) and the proposed methd),(as well as the input acceleratioiiy — where
the acceleration fluctuation can be observed —-thedystem responsg&) where the residual
vibration cancellation is shown.

2- Robust case: The proposed technique, definedbyoavtriangle convolved with a pulse,
was compared to the ZVD shaper. The system andrtbbaped function for the ZVD shaper
follow the same criteria stated above. The duratibthe overall input was fixed to four values
between 2, 4 and 4 seconds (Fig. 13).

The acceleration profiles of the indicated figusé®w, in both cases, the benefits of using
the proposed method regarding the fatigue damagée ayounting. While the maximum
acceleration is approximately the same, the fatidpraage (number of acceleration peak-valley
counts) is half in the proposed technique.

3. 2. Robustness comparison

A robustness comparison in percentage of residbaition (PRV introduced by Singer and
Seering [8], and Kozak et al. [20]) was performgdsimulation. Standard methods such as ZV,
ZVD and EIl shapers with a 5% threshold were included compared to the technique
explained above. For the robust trapezium of tlie & a 5% threshold was used as well. The
results are presented in Fig. 14. As it is showrhis figure, the robustness of a pulse is
comparable to the ZV, and the triangle and the sbinapezium improves the results of the
ZVD and El, respectively.
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Fig. 12. Input velocityy(t) , input acceleratiofi(t) and system respons) for the non-robust case)

ZV shaper anth) proposed method
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Fig. 13. Input velocityy(t) , input acceleratiofj(t) and system responsé) for the robust casa) ZV
shaper ant) proposed method

3. 3. Residual vibration in damped systems

Although the analytical cancellation of residudbrations is stated for null damping ratios,
the results obtained for low damped systems arallysacceptable. The percentage of residual
vibration was analyzed for damped systems with daghmtios{ of 0.1, 0.2 and 0.3. Fig. 15
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shows this percentage versus the total input duritivhen a trapezium was used (non-robust
cancellation). Fig. 16 provides the robust casenndadriangle was convolved with a pulse. In
the former case, a 5% of residual vibration is ngroome for damping ratiog <0,1and for

durations over 1,4&; . For the robust case, less than 0,7% of residbaation is expected for
damping ratios <0,3.

% Residual vibration
30

25
20
15
10
5
0

0.6 0.8 1.0 1.2 1.4

Fig. 14. Robustness comparison: ZV (dashed black), pulskd(black), ZVD (dashed blue), triangle
(solid blue), El (dashed red) and robust trapezjsmiid red)

% Residual vibration

1.4 1;6 1;8 25() 2;2 2.14 216

’f'f(l)
Fig. 15. Residual vibration versus the total input durattpfior the indicated damping ratios when a
trapezium is used (non-robust cancellation)

% Residual vibration

— ¢=o01
— {=02
— (=03

14 16 18 20 22 24 26

tfif(.)
Fig. 16. Residual vibration versus the total input durattpfior the indicated damping ratios when a
smoothed trapezium is used (robust cancellation)

4. Experimental results

A test bed with three rotary degrees of freedom taitt to check the adequacy of the
method proposed. As shown in Fig. 17, it is madéyphree coaxial rotary inertias. Two of
them, |, andl,, have vibratory behavior owing to two rotationgrings: one K,) assembled
between inertias and the othég)(between the bottom inertia and the jig. The thirettia, |3,
corresponds to the rotor of a direct current matod its angular coordinate relative Itois
represented by,

The motor follows a command input driven with addhtrol and an incremental encoder.
The absolute angular coordinates of the inettiandl, arep; andg,, respectively. Tangential
accelerations of those inertias are measured bysnefathe two accelerometers shown in the
figure. With respect to the damping ratios, as @il damping was not included, it can be
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inferred thatc, andc, are caused just by the internal frictions, anddfwee, are expected to be
low.

incremental
—
encoder

DC motor—

inertia 2
S

accel. 2
spring 2 —
inertia 1 —

accel. 1

spring 17

. »
Ng -/ -

; |

oo |
Fig. 17. Test bed with three rotary degrees of freedomi@nelquivalent discrete linear model

The test-bed setup gives two modes with naturajukacies afy;=1.2 Hz andfy,=3.4 Hz,
and with damping ratiog,;=0.012 and{,,>=0.013. The bandwidths of the motor and the
electronics should cover adequate margin of theesysatural frequencies to avoid the filtering
effect on the command input. The motor used indpjglication gives a frequency bandwidth of
9.1 Hz, and the electronic gives a frequency baddwof 2.5 kHz, thus both devices have
values far enough from the system resonances.

The following is an example of several sets of g#jocommand inputsg,,, that were

tested, with all of them showing quite similar ésuln each, three command inputs were
designed: the first one is a single rectangulasguhat excites both modes with sufficient
energy. The design of the second motion law isnifeel to reduce the residual vibrations from
the higher mode, with the robust approach. The dast was designed to reduce the residual
vibrations of both modes, with the non-robust mdtiogy. In this example, an angular
displacement of 680 radians and a transient duradifol.9 s were fixed as the functional
requirements. The outpgf(t) is presented in Fig. 18 (output,(t) is quite similar and hence,

has been omitted): when the command input is amgcdar pulse, both modes can be observed
in the residual vibration (outpw&#). However, the higher mode component is reducethén
second case (outpb). In the third case, almost no residual vibratisrobserved (output).
Quantifying this result, the first excitation givagpercentage of residual vibration (PRV) of 9.5
% and 2.2 % for the low and high modes, respectividig. PRV for the second input are 7.7 %
and 0.2 % and 0.7 % and 0.05 % for the last one.

5. Conclusions

A feedforward method to design command inputs wuce the residual vibration was
developed in this paper. Linear motion equationt$ wonstant parameters were used to model
the n degree-of-freedom vibratory systems. The motioofiles, generated by convolving
symmetric transient functions in the time domaiasétheir residual vibration reduction on the
cancellation of the frequency content at the systesonances. These frequency-domain zero-
crossing points can be properly located by adjgstile duration of one of the functions
convolved. By using a pulse as a base signal, rthet$ obtained follow piecewise algebraic
polynomial functions, easily implementable throughB-spline scheme. The development
included a robust approach against the variationthef system parameters with results
comparable to the ZVD and El approaches, as welha aonstraint determination aid for
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symmetric functions. The new profiles presentedoptimal shape in terms of minimum
acceleration fluctuation compared to other litematmethods, which is useful to reduce the
fatigue strength of the mechanical parts. Althotlygh development is a zero-vibration method
analytically proven for undamped systems, an aetdgtvibration reduction is obtained for
damping ratios below 0.1 for the non-robust case@8 for the robust one, assuming a 5% of
PRV.

g ————
¢, [rad/s] time [s]
transient
0—— .
250 ...
0

250

-5.0t
50¢

25k ..

b)

2540

-5.0t
50

c)
0 i A~
250

5.0 ; s j
0 5 10 15 20

time [s]

Fig. 18. Sample test outpuig, (t) for the following inputsg,(t) : @) rectangular pulsdy) reduction of the

residual vibration from the higher mode (robust) endll-mode residual vibration reduction (non-robust)
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