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Nonlinear Piezo-Actuator Control by
Learning Self-Tuning Regulator

C. James Li,' Homayoon S. M. Beigi,’
Shengyi Li,* and Jiancheng Liang®

This paper presents a learning self-tuning (LSTR) regulator
which improves the tracking performance of itself while per-
forming repetitive tasks. The controller is a self-tuning regu-
lator based on learning parameter estimation. Experimentally,
the controller was used to control the movement of a nonlinear
piezoelectric actuator which is a part of the tool positioning
system for a diamond turning lathe. Experimental results show
that the controller is able to reduce the tracking error through
the repetition of the task.

Nomenclature

output of the plant

= forgetting factor in the repetition domain
= forgetting factor in the time domain

= data vector

parameter vector

polynomial of the system poles

polynomial of the system zeroes

vector of generalized forces due to centrifugal and
Coriolis forces

damping constant

vector of generalized viscous friction forces
= vector of generalized gravitational forces
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identity matrix

time step

covariance matrix of errors in parameter estimates
no. of sampling intervals for the trajectory

d step delay operator

repetition number

time step

control actions (plant input)

equation error
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1 Introduction

Several advanced schemes have been proposed for an im-
proved performance, which would generate control actions to
accommodate nonlinear dynamics. These include, for example,
nonlinear feedback control [1], feedforward control [2], re-
solved motion control [3, 4], sliding mode control [5], repetitive
control [6, 7], and learning control [8]. In particular, adaptive
controls have drawn a lot of attention in various applications
[9-12]. One class of these adaptive controllers is the self-tuning
regulator [9].

A self-tuning regulator consists of a parameter estimator
and a controller. The parameter estimator estimates the pa-
rameters of an approximated model of the controlled system
by utilizing a recursive estimation scheme. Based on the ap-
proximate model and the estimated parameters, the controller
adjusts its actions to maintain its performance. Therefore, the
performance of a self-tuning regulator depends greatly on that
of the parameter estimator employed.

The existing recursive least square (RLS) algorithms do not
utilize their past experience in estimating repetitive parameters.
The implication is that the system will keep making the same
errors at corresponding times in the duration of each repetition.

Another limit of these estimators is that they have to keep
the changes of estimations small between neighboring sampling
instants to maintain their immunity to noise and disturbances.
Consequently, the estimators cannot respond to large changes
of parameters quickly.

The objective of this paper is to present a learning adaptive
control scheme based on a learning estimator which utilizes
the information from past performances of a repetitive task
to refine the estimate of the plant parameters. Consequently,
the learning adaptive controller improves its performance
throughout the repetitions. Since the adaptation of parameters
at all sampling instants is made over the repetitions of the task,
the estimator is free to follow the changes of parameters over
time.

II The Self-Tuning Regulator

References [12-14] provide a detailed description of the self-
turning regulator and parameter estimation. The self-turning
regulator has been applied to the control of nonlinear systems
such as robots based on linear discrete uncoupled models of
the plant. The rationale of this approach is that linearization
of the nonlinear governing equations at each sampling instants
would vield linear difference equations of time-varying pa-
rameters.

Typically, a self-tuning regulator models a plant with a dif-
ference equation such as follows and uses a recursive estimator
to estimate the parameter vector #(¢) at each sampling instant
and adjusts its control action accordingly. Therefore, the over-
all performance of the control system is very much dependent
on how close these estimates are to the real system parameters.
The difference equation has the form of:

a(k)=¢" (k)6(k)+v(k) €Y
where
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Fig. 1 The learning self-tuning regulator

Fig.2 Sampling instants in each repetition of a task
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the following algorithm can be used [13, 14]:
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Typically, an initial estimate of the parameters has to be
given to the estimator to start the recursion. Frequently, this
estimate is different from the real parameters. Therefore, a
tracking error will be produced until the parameter estimator
catches up which may never be achieved if the parameters are
varying from one sampling instant to the next. Consequently,
a persistent tracking error resulted from the lagging of the
estimate of the parameters at all times is inevitable.

If the same task is executed repeatedly, the controller repeats
it without looking back at how it had performed previously.
Therefore, the controller will make the same errors at corre-
sponding times of repetitions.

The following proposition of a learning estimator provides
a solution which will allow the use of the information acquired
from previous repetitions to improve the estimate of the pa-
rameters over repetitions of a task. With better estimates of
parameters the self-turning controller will be able to reduce
tracking errors over the repetitions of a task.

III Learning Recursive Least Squares Estimator and
the Control Law

Figure 1 illustrates the complete closed-loop system which
consists of the learning parameter estimator and the One-Step-
Ahead controller which was selected for its simplicity [9].

We will use Fig. 2 to illustrate the idea behind the proposed
learning parameter estimator. Each dot in Fig. 2 represents
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