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Abstract

Precision fast motion control of piezoelectric actuators (PAs) is more and more

appealing, but the closed loop bandwidth is limited due to the coupled hysteresis,

creep, electric and vibration dynamics. Thus, this article presents the accurate

identification of PA dynamics at broadband frequencies. The identification strategy

is divided into three steps according to the characteristics of PA dynamics under

different inputs. At first, the creep dynamics is identified using square wave inputs

with periods on the order of hundred seconds. Then, the electric and vibration

dynamics are identified using square wave inputs with periods on the order of ten

milliseconds. Finally, the special harmonic input and the sampling rule are designed,

such that the hysteresis nonlinearity can be identified employing singular value

decomposition (SVD) technique while the creep, electric and vibration dynamics are

eliminated by their model-inversion.

Based on the identified hysteretic dynamics, we design a feedforward-feedback

composite controller comprising of a model-based inversion feedforward controller

and a PI feedback controller. The feedforward controller is designed to reduce the

phase-lag and the magnitude distortion, achieving high-bandwidth motion.

Additionally, the simple proportional-integral (PI) controller is employed to

guarantee the stability in the presence of disturbances. To demonstrate the

identification and compensation strategy, the corresponding experimental studies are

performed. High-bandwidth and precision motion is achieved. The RMS tracking

error of the reference trajectory at 600Hz (higher than the first resonant frequency of

the PA) is less than 1.76% of the trajectory amplitude.
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An important advantage of this identification strategy is that it accurately treats

the coupling of the static hysteresis and the non-hysteretic dynamics for the purpose

of compensating the hystertic dynamics of PAs over a broad range of frequencies.

Furthermore, the model-based inversion feedforward can be computed off-line and

written into DSP in real-time.

1 Identification of coupled hysteresis, electric and vibration dynamics in

Pas

The coupled hysteresis, electric and vibration dynamics is illustrated in Figure 1.

 denotes the rate-independent hysteresis, evG denotes the electric and vibration

dynamics, and cG denotes the creep dynamics. u and x are input voltage and output

displacement.

Figure 1: Piezo actuator (a) and its model illustration (b)

The classical Preisach model is employed to represent the rate-independent

hysteresis.
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where S is the limiting triangular in Preisach plane and v is the hysteresis output,

μ(α,β) is the density function at point (α,β). 

The electric/vibration dynamics ev ( )G s and the creep dynamics c ( )G s can be

represented as
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where  is the time constant of the electric dynamics, j and j are the damping

ratio and mode frequency, respectively. The effect of Preisach hysteresis with a

square wave input is to alter its magnitude. For a square wave input, the classical
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Preisach hysteresis behaves like a nonlinear amplifier without phase delay and

dynamic response. This property is already harnessed in the identification of non-

hysteretic dynamics.

1.1 Identification of creep dynamics

The identification of creep dynamics is carried out using a square wave input signal

with the period of the order of minutes. The accurate period is determined in

experiment. Its factor kc is normalized to 1, since it is absorbed in the hysteretic

part. Furthermore, to reduce the measurement noise and the effects due to electric and

vibration dynamics, the sampling rate is slower, compared with the sampling used for

the electric and vibration components. According to this method, the creep of our PA

is identified as

c

( 0.01458)( 0.1716)( 0.241)( 1.07)( 18.29)ˆ ( )
( 0.01419)( 0.1684)( 0.2402)( 1.053)( 17.57)

s s s s s
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1.2 Identification of electric and vibration dynamics

The identification of the electric and vibration is implemented also using square wave

signal, but the period is on the order of seconds. The gain is also set to 1. During this

step, the creep effect is eliminated with a model inversion. Furthermore, the sampling

rate is as fast as possible to capture the response at high frequencies. The

identification result of electric and vibration dynamics is as follows:

7 7

ev 2 7 2 7

1 2.001 10 5.197 10ˆ ( )
0.0005 1 6513 2.001 10 785.5 5.197 10

G s
s s s s s

 


      

1.3 Identification of rate-independent hysteresis

Harmonic input signals with varying amplitudes are employed to identify the rate-

independent hysteresis, since adequate amplitudes, rater than adequare frequencies,

are capable to eliminate the persistent excitation condition in the hysteresis

identification, Based on SVD, the density function is solved, as shown in Figure 2(a).

The identified hysteresis will be validated by the model-based inversion.

2 Model-based compensation of coupled hysteresis, electric and vibration

dynamics in PAs

Based on the identified hysteretic dynamics, the model-based inversion feedforward

compensator can be constructed as shown in Figure 2(b). It consists of the inverse
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non-hysteretic dynamics and inverse hysteresis. The reference signal pass through

firstly the inverse non-hysteresis dynamics and then the inverse hysteresis.

Figure 2: Identified density function of Preisach hysteresis (a) and model–based

inversion feedforward (b)

To reject disturbances, a PI feedback controller is also employed. The resulting

composite controller gives satisfotory tracking performance at frequencies higher

than the resonant frequency. The tracking performance of the trajectoty at 600Hz

under the model-based inversion feedforward controller and the composite

controller are shown in Figure 3.
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Figure 3: Tracking performance at 600Hz under the feedforwrd controller (a) and the

composite controller (b)
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