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Abstract

Since its introductionI'the command shaping method
has been applied to the control of many different types
of flexible manipulators. A properly designed command
shaper cancels the resonance poles of the system regard-
less of the given reference input to the system. Howeverl’
designing an effective command shaper requires a pri-
ori knowledge about the system parameters. Recentlyl’
some efforts have been made to make the command
shaper less sensitive to the uncertainty of the system
parameters and to make the command shaper adapt to
the unknown system parameters. This research is an
effort to develop a effective adaptive command-shaping
algorithm in the time domain. In this paperI'the au-
thors propose an adaptive command-shaping algorithm
using adaptive filtering technique in the time domain
and verify the effectiveness of the proposed algorithm
with proper experiments.

1 Introduction

Having flexibility in a manipulator will degrade trajec-
tory tracking control and manipulator tip positioning.
In practiceThoweverl'constraints imposed by various op-
erating requirementsI'will render the presence of such
flexibility unavoidable. Numerous researchers have pro-
posed control schemes to attenuate tip vibration due
to flexure during mechanical manipulator motion. A
feedforward approachI'the command shaping techniquel’
seeks to reduce tip vibrations by reshaping the desired
trajectory not to excite the resonances of the flexible
manipulator. It accomplishes this task without regard
to the particular form of the desired trajectory. Since
its introduction [1]'the command shaping method has
been applied successfully in many different applications.
Unfortunatelyl’ howeverI'a proper design of command
shaper requires the knowledge of the flexible system pa-
rameters such as natural frequency and damping ratio
of the undesired elastic mode.
When the command shaping method is used for flex-

ible manipulator controllthere are two ways of handling

the uncertainty of the system parameters. The first one

is the robust design of the command shaper based on
the limited known system information to make it less
sensitive to the uncertainty of the system parameters.
Unfortunately this would end up increasing the com-
mand shaper lengthI’ which means more delay in the
response. Moreoverl'this technique still needs fair a
amount of a priori knowledge about the system param-
eters. The second one is to make the command shaper
adapt to the uncertainty of the flexible system. Until
nowTall proposed adaptive command shaping methods
are based on the system estimation approach either in
the frequency-domain [2][or in the time domain ([3]I'
[4]). In these algorithmsI'new filter coefficients are cal-
culated using the system estimation results. For the
frequency-domain approachl'even though there are sev-
eral efficient algorithms developedIit is still a computa-
tional burden to do a FFT analysis during the control
calculation. The system estimation in the time domain
often gives a poor estimation of the system. Conse-
quently so does the adaptation of the command shaper
relying on the accuracy of system estimation results.
In this paperI'the authors propose an adaptive fil-

tering method to adapt a command shaper to directly
minimize the residual vibration instead of the system
estimation error. When we adapt a finite impulse re-
sponse (FIR) type command shaper without knowing
the system parametersI'two kinds of things must be
adapted: the locations of impulses and the magnitude
of the impulses. It is known that the adaptation of im-
pulse locations of an FIR filter is a very complex non-
linear problem. Fortunately[’howeverl'a three impulse
command shaper called optimal arbitrary time-delay
filter (OATF) renders the freedom in choosing the im-
pulse location regardless of the system parameters [5].
In other wordsTif the impulse magnitudes of the OATF
are properly decidedI'we can choose any location of the
impulses to cancel out the given elastic mode. There-
forel'using the structure of the OATFI'we only need
to adapt the magnitude of the impulses of a command
shaper with fixed locations. At the end of this paper’
experiment results using a gantry type robot are listed
to show the effectiveness of the proposed algorithm.
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Figure 1: Schematic Diagram of the Gantry Robot with
a Flexible Link.

2 Dynamics of Flexible Manipulator

The gantry type robot with a prismatic joint and a
flexible manipulator conceptually shown in Figure 1 is
one of the most popular systems used in the industry.
Even though the proposed method can be used with
the other types of flexible manipulatorsI’ this gantry
type robot is adopted as the initial test bed for this
study. For the dynamic analysis of this systemI'the as-
sumed mode method and Lagrange method are used to
obtain the equations of motions. The assumed modes
method represents the system response y(¢,z) with fi-
nite number of assumed modes ¢, (y) and generalized
coordinates ¢;(t) as shown in (1).

N
y(t,7) =Y a(t)gs(z)T (1)
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ThenI'by using Lagrange’s equationsI'we find the sys-
tem’s equations of motion as shown in (2).

M{(t) + Dq(t) + Kq(t) = Bu(t)l (2)
wherel’
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o and B are constants (proportional damping is as-
sumed)T'and q(t) = [gr(t) ge(t)]"T'where g.(t) is the
rigid generalized coordinate (representing the joint mo-
tion) and ge(t) are the flexible generalized coordinates
(representing the flexible link motion). The subscripts
r and e in the above equations denote rigid body mo-
tion and elastic motionI'respectively; M. represents
coupling between the rigid mode and the elastic modes.
Only one rigid mode appears in the above equation cor-
responding to the horizontal translation. Generallylthe
mass matrix M and the stiffness matrix K may vary
with the system configuration q(¢)I'but for our gantry-
type manipulator with fixed beam lengthI'these matri-
ces are constant. The manipulator joint displacementI’
y;(t)Tand the tip displacementI'y;(t)I'are expressed by

equation (3).
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where ®(2)T = [¢1(2) ¢2(2) -~ én(2)].

3 Command Shaping

The command shaper reshapes the desired input to a
flexible system such that the resonances of the elastic
system modes are not excited. It takes the form of
an FIR filterI'with filter parameters determined by the
resonant frequencies and the damping ratios of the un-
desired elastic modes of the flexible system. In this
research we have used a particular three-term com-
mand shaper called the optimal arbitrary time-delay fil-
ter (OATF). For a single elastic mode cancellationT'an
OATF is given by the following equation:

o) & %(5@) — 2cos (wgTw)e=S~Te6(t — Ty)
+e~HKwnTag(t — 2Ty))T'(4)

where T} is the time delayl'¥(¢) is the unit impulse func-
tion centered at ¢ = OLw, is the natural frequency of the
undesired elastic model’{ is the corresponding damp-
ing ratiol'wq is the corresponding damped natural fre-
quencyTand M £ 1 — 2cos (wgTy)e $wnTe 4+ g=2wnTa,
In order to have the same total steady-state response
both before and after the command shaping of the in-
putI’'the command shaper is normalized to have unit
DC gain.

It has been shown that if the command shaper co-
efficients are properly chosenI*the OATF is capable of
canceling the given resonance poles with its zeros using
any Ty; note that this is not true for earlier command
shaping methods. The equation (5) gives the zeros of
the OATF in the s-domain. Using any value of TyI'this
filter has an infinite number of zerosI'including the ze-
ros at the locations of the resonance poles of the flexible
system:

2
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where n = 0,£1,+2,.... When we realize command
shaping in the discrete-time domainI'the time delay Ty
is not permitted to be an arbitrary number. InsteadI'it
must be chosen as an integer multiple of the plant sam-
pling timeI'Ts. The freedom of the OATF in choosing
the time-delay makes it easy to implement in a digi-
tal control system. The z-domain representation of the
OATF is given by

1
O(z) £ 37(L - 2cos (waTa)e™“nTez™2
+e—2CWanz—2A)I\ (6)
where A = integer — Td/Ts'
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Figure 2: Adaptive Command Shaping Configurations.

4 Adaptive Command Shaping

As a direct approach to adapt the command shaperT’
an adaptive filtering approach is proposed here. The
adaptive command shaper (z,n) has the form of the
OATF as shown in (7) .

C(z,n) = do(n) + a1 (n)z™2 + az(n)z 22T (7)

where 3°2_,4; = 1 (unity gain constraint). From the
command shaper study in the previous section we know
thatTeven without knowing the system parametersI'we
can fix the time-delay Ty or A of equation (7) to cancel
a given elastic mode. With fixed A and the unity gain
constraintTonly 2 coefficients are left to be adapted for
a single mode vibration cancellation.

Figure 2 shows two conceivable configurations for an
adaptive command shaper (ACS) using the adaptive
filtering approach. In Figure 2I'the adaptation error
e(n) and €'(n) drive the adaptation of C(z,n) at time
n where y4(n) is a desired reference inputI'yg(n) is a
filtered reference input signall’Ge(z) is a closed loop
joint control system of a flexible manipulatorI'y;(z) is
actual tip response and y:4(n) is a desired tip response.

NowT'let us consider the configuration (a) in Figure
2 first. The adaptation error e(n) can be described in
a form of the linearized parameter model as shown in

().

e(n) = yia(n) — yf(n)
= yia(n) — C(z,n)Ga(2)ya(n)
= ya(n) — WT (n)O(n)T (8)

where ©(n) = [ Go(n) ao(n) aGo(n) 'TW(n) =
[z(n) z(n—A) z(n—2A) |"Tand z(n) = Ge(2)ya(n).
The regressor vector W(n) which is indispensable for
the adaptation algorithm requires z(n) which is the tip
response due to the unfiltered reference input yq4(n) as
you see in the above equation. Unfortunatelylhoweverl®
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Figure 3: Elastic Response with a Three Term Command
Shaper for an Impulse Input.

there is no way to get z(n)(= G (2)ya(n)) in the con-
figuration (a). Only the tip response due to the filtered
referencel'Ge; (2)yar (n)Tis available.

Alternativelyl’ let’s think about the configuration
shown in (b). If the command shaper and the flexible
system are linearTthen this swapped order of G (2) and
C(z) will give the same optimal command shaper as the
configuration (a) would do. In this configuration the
adapted command shaper C(z,n) is copied to C(z,n)
which actually reshapes the command that goes into the
flexible manipulator system G (z). In the post adap-
tive filtering configurationI'the adaptation error e'(n)
is described as (9).

¢'(n) = ysa(n) = C(z,n)ye(n)
=ya(n) — W (n)O(n)T 9)

where W'(n) = [ys(n) ye(n —A) yi(n—2A) )7 and it
doesn’t matter if y;(n) is due to yq(n) or ygr(n). This
allows us to have C(z,n) in the front of G¢;(z) as shown
in (b) of Figure 2. ThusI'we choose the configuration
(b) as our ACS configuration.

Caution must be paid to the desired response y;4(n).
The desired tip response in configuration (b) is defined
as (10).

ytd(n) = Capt (z)Oopt(z)Gcl (z)yd(n)a (10)

wherel'C,p¢(2) is desired optimal command shaper. The
problem is that y:4(n) cannot be decided without know-
ing Cy4(z) and G¢i(z). This problem can be illustrated
using Figure 3. When the impulse input is consideredI’
Cy(#z) makes the residual vibration (represented by the
hatching line in the figure) to be zero after time 2A
which is the length of the command shaper. Howeverl'
between time 0 and 2AI'there is a non-zero transient
response that depends on the elastic system and the
command shaper. Due to this characteristicsT'we uti-
lize only the residual period signal (after 2A) for the
adaptation. Since the input yq(n) is available and A
is a value that we choosel'the residual period can be
found out beforehand.

Among many types of adaptive algorithmsI'the re-
cursive least squares (RLS).method is used in this re-




search. It is one of the most popular algorithms[*be-
cause of its ease of analysisI'effective performancel'rel-
atively fast convergence rate and convergeny indepen-

dent of input characteristics. In this ACS approachl’

howeverlthe linearly constrained recursive least squares
(LCRLS) algorithm should be used instead of standard
RLSIbecause the adaptive command shaper is required
to satisfy the unit DC gain constraint shown in (11) in
a vector form.

DTe(n) =1, (11)
where D = [1 1 1]¥. The cost function that is
minimized during the adaptation is listed in (12)I'which
is a direct indication of the amount of the undesired
vibration of the system.

n
g(n) = Z Am el (1)1 (12)
=1
where A = forgetting factorl'0 < A < 1. FinallyI'neces-
sary recursive equations to find an updated ACS coef-
ficient vector ©(n) at each instant n are listed below in
(13) - (18).
Pln—-1)W'(n
A+WT(n)P(n—1
I(n) = A"HI(n —1) = Km)W'T(n)T(n ~ 1)] (14)
P(n) = A7Y[P(n — 1) = K(n)W'T (n)P(n — 1)] (15)
©(n) = T(n)/[DTT(n)IT (16)
where P~*(n) = Y0 A"'W/(Q)W'(i). The initial
condition for P(0) can be decided in the same way as
in the standard RLS method.

~—

K(n) = (13)

~—

W!(n)

e

5 Experiment

The flexible manipulator we have used in our experi-
ments is the gantry-type robot shown in Figure 4. The
post adaptive filtering configuration has been imple-
mented on this test bed. The manipulator system has
one prismatic joint that constrains the motion of the
base to be along the horizontal track of linear motor.
The displacement of the base is measured with an en-
coder. We use an accelerometer attached to the tip of
flexible link to measure horizontal tip vibration. In the
experiments[tip acceleration is used to adapt the com-
mand shaper instead of the tip displacement. Since the
tip acceleration represents the tip vibration just as well
as the displacement does (except for the magnitude dif-
ference)I'it shouldn’t make a difference. With a 4 kg
payload affixed to its tipI'the manipulator has a single
dominant elastic mode with a natural frequency of ap-
proximately 16 Hz. We have implemented our PD joint
controller digitallyl'using a 1 kHz sample rate. A repet-
itive trapezoidal velocity trajectory shown in Figure 5
is used as the reference input y4(n).

Figure 4: Picture of the Test Bed.
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Figure 5: Reference Trajectory.

Assuming that we don’t have knowledge about the
flexible system parametersI'we have tested several time-
delay values for the ACS. All of them showed very simi-
lar resultsT'and only a single set of experimental results
where the time-delay is set to be 25 msec are listed in
this paper. In all those experimentsI'the ACS algorithm
is turned on at the beginning of the first residual period.
The initial value of P(0) has been chosen to be a diag-
onal matrixI"diag(po, po, po)l where pp = 107 and the
initial value of ©(0) that satisfies the recursive equa-
tions shown in the previous section is [1/3 1/3 1/3]7.
The transmission of the adapted command shaper co-
efficients of C'(z,n) to C(z,n) which actually filters the
command has been initiated after one cycle of the tra-
jectory which is 4 sec. After 4 secl'every new ACS
coefficients calculated are transmitted to C(z,n) at ev-
ery sample time during the residual period. Before
the transmission beginsI'C'(z,n) is kept at unityl'which
means no command shaping.

Figure 6 shows the measured tip acceleration (top
plot) and the adaptation of ©(n) (bottom plot). We ob-
serve the significant reduction of the residual vibration
down to the environmental noise level after the trans-
mission of the ACS coeflicients are initiated. Figure 7
shows the changes of the magnitude of the FFT of the
ACS along the adaptation. Figure 8 is the contour map
of Figure 7. Figure 9 is the magnitude plot of the FFT
of the converged ACS at the end of adaptation. Figures
7 — 9 show the local minimum around 16 Hz.
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Figure 6: Change of the Tip Acceleration and the ACS
Coefficients (Ty = 25 msec).

Magnitude of FFT of ACS along the Adaptation (Td=25ms)

L] Frequency {Hz)

Tima {s}

Figure 7: Three Dimensional Plot of Magnitude of FFT
of ACS (Ty = 25 msec).
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Figure 8: Contour of the Three Dimensional Magnitude
Plot (T = 25 msec).

6 Conclusion

In this paper['the authors have proposed an adaptive
command shaping method using the adaptive filtering
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Figure 9: Magnitude of FFT of ACS (T4 = 25 msec).

approach in the time domain. We have shown experi-
mentally that the proposed adaptive command shaping
algorithm can effectively reduce the residual vibration
of the unknown flexible manipulator system.
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