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a b s t r a c t

Structural flexibility can impact negatively on machine motion control systems by causing
unmeasured positioning errors and vibration at locations where accurate motion is impor-
tant for task execution. To compensate for these effects, command signal prefiltering may
be applied. In this paper, a new FIR prefilter design method is described that combines
finite-time vibration cancellation with dynamic compensation properties. The time-
domain formulation exploits the relation between tracking error and the moment values
of the prefilter impulse response function. Optimal design solutions for filters having min-
imum H2 norm are derived and evaluated. The control approach does not require addi-
tional actuation or sensing and can be effective even without complete and accurate
models of the machine dynamics. Results from implementation and testing on an experi-
mental high-speed manipulator having a Delta robot architecture with directionally com-
pliant end-effector are presented. The results show the importance of prefilter moment
values for tracking performance and confirm that the proposed method can achieve signif-
icant reductions in both peak and RMS tracking error, as well as settling time, for complex
motion patterns.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Motion control of automated machinery and robotic systems usually involves feedback of position and/or velocity mea-
sured locally to actuators. Model-free controller formulations, such as standard PID or cascaded position/velocity feedback
loops, can then be used even when a machine structure exhibits significant non-rigid behavior. Nonetheless, flexibility
within a machine structure may still lead to unmeasured positioning errors and vibration at locations where accurate motion
is important for task execution. Control methods that can improve accuracy of motion at non-measurable locations without
requiring additional actuation or absolute position measurements and without the need for complete and accurate models of
the machine’s dynamics are important for various applications. These include industrial robots [1], high-speed positioning
stages [2], crane systems [3] and flexible ball-screw drives [4].

Command prefiltering is an effective means to reduce residual vibration in rest-to-rest motion tasks. A well-known
approach is to use time-delay filters as input shapers, constructed so as to achieve finite settling time for motion-excited
vibration [5,6]. The merits of this approach are that finite-time settling can be achieved with knowledge only of natural fre-
quencies and damping properties for system vibration and that uncertainty in these parameters can be effectively dealt with
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in the design using additional algebraic constraints. Similar properties can be achieved for a wider class of FIR prefilters hav-
ing continuous or piecewise-continuous impulse response characteristics [8–11,16]. When designing directly for digital
implementation, various specifications can be treated via constrained optimization methods [7,9,12,13]. Further possibilities
include data-based optimization and on-line adaptation [14,15], optimality with respect to various gain measures [7], low-
pass properties [16] and suitability for inclusion within a feedback loop (in inverse form) [17].

When prefilters designed for vibration suppression are applied with closed-loop systems, tracking error is impacted by
delay effects from the prefiltering (although multi-dimensional path-following may still be accurate) [15,18,19]. An opti-
mized FIR prefilter design was introduced in [12] for use with ramp profile reference signals and an explicit formulation of
time-delay prefilters for ramp reference signals also presented in [20]. Methods to design prefilters for vibration reduction
that address the issues of tracking and path-following for more complex motion patterns are still needed. This paper intro-
duces a new design formulation that relates moment values of the prefilter impulse response function to the tracking error
arising for arbitrary but smooth reference profiles. The resulting filters can ensure exact tracking with finite settling-time
for polynomial reference signals of prescribed degree. This is an important advancement over previous FIR design methods
that considered step or ramp reference signals only [8–10,12,16]. It is shown through analysis and experiment that the
optimized prefilter designs can significantly reduce tracking error for complex motion trajectories. By combining the pre-
filtering with standard decentralized feedback control methods, performance comparable with optimal feedback con-
trollers can be achieved without the issue of potential instability due to model error and without the need for
additional sensors.

2. Theory

2.1. Problem definition

The dynamic behavior of a feedback-controlled system G (assumed stable) with input prefilter H can be described math-
ematically in terms of series operations p�

r ¼ Hpr and p ¼ Gp�
r ¼ GHpr . The system output pðtÞ is the time-varying motion

variable, for which a target profile is prescribed by the reference input signal prðtÞ. The modified (prefiltered) reference signal
is p�

r ðtÞ.
Under the assumption of linear time-invariant (LTI) dynamics, the system operator G may be expressed in transfer func-

tion (TF) form

G ¼ bðsÞ
aðsÞ ; ð1Þ

where aðsÞ ¼ aNsN þ � � � þ a1sþ a0 and bðsÞ ¼ bNsN þ � � � þ b1sþ b0, with s denoting the derivative operator. The output error
is given by

e ¼ pr � p ¼ pr �
bðsÞ
aðsÞ p

�
r ð2Þ

The objective considered here is to enhance the performance of a given system G by introducing a prefilter H that, for
smooth reference signals, can achieve

C1. Zero steady-state output error for smooth time-varying reference signals
C2. Finite settling time for targeted eigenmodes (TF poles)

For filter design purposes, criterion C2 may be formulated as a set of integral constraints involving the prefilter impulse
response function (see [7]). In Section 2.2 it will be shown that this is also the case for criterion C1.

Reference prefiltering may be defined in terms of a convolution operation

p�
r ðtÞ ¼

Z t1

t0

hðsÞprðt � sÞds ð3Þ

where hðtÞ is the prefilter impulse response function, having finite duration corresponding to the interval t 2 ½t0; t1�. For cau-
sal filtering, t0 ¼ 0 and the impulse response duration is t1 > 0. In cases where preview of the reference function pr is pos-
sible, t0 may take a negative value.

2.2. Use of moment constraints in prefilter design

Suppose that the reference input is prðtÞ ¼ tn with integer n P 0 then, from Eq. (3), the lth derivative of p�
r is

dlp�
r

dtl
¼ n!

ðn� lÞ!
Z t1

t0

hðsÞðt � sÞn�lds ð4Þ
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