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Abstract

The inherent dynamic hysteresis nonlinearity of piezoelectric actuators severely degrades
the control accuracy of micropositioning systems. This paper proposes a composite control
method based on a phase compensator and polynomial correction. Unlike conventional
approaches that rely on hysteresis modeling and inversion, the proposed method equiva-
lently treats the symmetric hysteresis of piezoelectric actuators as a phase-lag property of
the system and employs a phase compensator to achieve feedforward compensation. For
asymmetric hysteresis, a polynomial is cascaded with the phase compensator to correct the
amplitude discrepancy between ascending and descending branches, effectively overcom-
ing the inability of the phase compensator alone to accommodate asymmetric nonlinearity.
This strategy circumvents the cumbersome procedures of precise hysteresis modeling and
parameter identification, offering a simple structure, few parameters to be identified, and
convenient engineering implementation within the investigated operating range. To fur-
ther enhance disturbance-rejection capability and steady-state positioning accuracy, the
phase-polynomial feedforward compensator is combined with PI feedback control, estab-
lishing a composite feedforward-feedback architecture for high-performance piezoelectric
actuator control. Feedforward compensation and composite control experiments validate
the effectiveness of the proposed method.

Keywords: piezoelectric actuator; dynamic hysteresis; phase compensator; inverse
hysteresis compensation; composite control

1. Introduction

Owing to their high resolution, rapid response, compact size, and high stiffness, piezo-
electric actuators have been widely used in advanced applications such as ultra-precision
micropositioning systems, precision optical alighment, microelectromechanical system
(MEMS) fabrication, and precision measurement. They constitute one of the core actu-
ation components in high-precision micro- and nanoscale positioning [1-5]. However,
the inherent hysteresis of piezoelectric actuators causes the output displacement to exhibit
pronounced dynamic hysteresis nonlinearity with respect to the driving voltage. The hys-
teresis behavior exhibits amplitude-dependent symmetry and asymmetry [6]. Specifically,
symmetric hysteresis is observed under low-amplitude voltage excitation, whereas asym-
metric hysteresis occurs under high-amplitude voltage excitation, as illustrated in Figure 1a.
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Moreover, the hysteresis behavior of piezoelectric actuators is frequency dependent, and the
width of the hysteresis loop increases with the frequency of the input signal, as shown
in Figure 1b. These characteristics lead to increased trajectory-tracking errors in micropo-
sitioning systems and restrict the control performance of piezoelectric actuation systems
under ultra-precision operating conditions. Therefore, accurate compensation for the dy-
namic hysteresis nonlinearity of piezoelectric actuators is crucial for improving the control
accuracy of piezoelectric micropositioning systems.
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Figure 1. Hysteresis characteristics of piezoelectric actuators: (a) amplitude-dependent symmetric
and asymmetric hysteresis, where the red- and blue-shaded regions denote the low- and high-
amplitude excitation ranges, respectively; (b) frequency-dependent hysteresis with increasing
excitation frequency.

Considerable research has been conducted worldwide on compensating for the hys-
teresis nonlinearity of piezoelectric actuators. Existing approaches are predominantly
model based, in which an accurate mathematical hysteresis model is developed to repro-
duce the hysteresis loops and subsequently used to design a feedforward compensation
controller. Current hysteresis modeling methods can generally be classified into two cat-
egories: physics-based models and phenomenological models. Physics-based models
describe macroscopic hysteresis responses by establishing electromechanically coupled
constitutive equations derived from microscopic physical mechanisms, including ferroelec-
tric domain switching and lattice-strain evolution [7-9]. These models have clear physical
interpretations and can explain the intrinsic origin of hysteresis from a mechanistic per-
spective. However, their practical applicability is limited by the complexity of multiphysics
coupling in piezoelectric materials, pronounced sample-to-sample variations in model
parameters, and relatively poor generalization capability. In contrast, phenomenological
models do not require a detailed investigation of the microscopic physical mechanisms un-
derlying hysteresis. Instead, they establish mathematical input-output relationships directly
from experimental response data. Phenomenological models can be further divided into
differential-equation-based models and hysteresis-operator superposition models. The first
category includes representative models such as the Bouc-Wen model [10] and the Duhem
model [11]. These models describe the frequency-dependent dynamic characteristics of
hysteresis using first- or higher-order differential equations and can effectively reproduce
the dynamic evolution of piezoelectric hysteresis. Nevertheless, they often suffer from
strong parameter coupling and considerable difficulty in parameter identification. The sec-
ond category consists of superposition models based on hysteresis operators, such as the
Preisach model [12], the Prandtl-Ishlinskii (PT) model [13], and the Maxwell model [14].
These models approximate complex hysteresis loops through the weighted superposition
of a large number of elementary operators. Although they generally provide high modeling
accuracy, they require the identification of numerous parameters and involve relatively
high computational complexity.

To characterize the asymmetric hysteresis of piezoelectric actuators, extensive efforts
have been devoted to modifying and improving conventional symmetric hysteresis models.
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By introducing asymmetric weighting functions, piecewise thresholds, and differentiated
operator parameters into operator-based models, these approaches overcome the limitation
of traditional models that can only represent symmetric hysteresis. Likewise, by restruc-
turing the parameters of differential-equation-based models and incorporating piecewise
nonlinear correction coefficients, accurate fitting of the ascending and descending branches
of asymmetric hysteresis loops can be achieved. In addition, to capture the rate-dependent
behavior of piezoelectric actuators, many researchers have incorporated the input rate into
static hysteresis models or formulated the weighting and threshold coefficients as functions
of the input rate [15]. Although these approaches differ in their specific formulations,
most rate-dependent hysteresis models incorporate the derivative of the input signal into
conventional hysteresis models. In contrast, other researchers have regarded dynamic hys-
teresis as the combined effect of static nonlinear hysteresis and system dynamics, and have
consequently developed Hammerstein models consisting of a static hysteresis element con-
nected in series with a linear dynamic element [16,17]. In a Hammerstein model, the static
hysteresis model is independent of the input rate and describes only rate-independent
hysteresis, whereas the transfer function characterizes the dynamic behavior of the system.
The combined action of the static hysteresis model and the transfer function enables the
dynamic hysteresis behavior of piezoelectric actuators to be effectively modeled.

In addition to conventional model-based compensation approaches, recent stud-
ies have increasingly investigated adaptive and online hysteresis-compensation strate-
gies. Su et al. developed an event-triggered sliding-mode predictive control method for
piezoelectric-actuated vibration isolation systems subject to hysteresis and time delays,
incorporating online approximation and predictive control mechanisms [18]. Nie et al.
proposed a hysteresis-estimator-based adaptive fuzzy control method, in which dynamic
hysteresis is estimated online to improve tracking performance under system uncertain-
ties and time-varying output constraints [19]. These advanced methods provide strong
adaptability to uncertainties and varying operating conditions, but generally involve more
elaborate online estimation, adaptation, or control computation. In contrast, the present
work focuses on a simplified engineering-oriented compensation strategy that directly con-
structs a feedforward compensator from the measured phase characteristics and employs a
polynomial to correct the residual asymmetric nonlinearity. Its main advantages therefore
lie in structural simplicity, fewer parameters to be identified, low online computational
burden, and convenient real-time implementation.

This paper proposes a hysteresis-compensation strategy that does not rely on hys-
teresis models from the perspective of equivalent representation of hysteretic nonlinearity.
Based on the similarity between symmetric hysteresis loops and the phase-lag loops of lin-
ear systems, the symmetric hysteresis of piezoelectric actuators is equivalently represented
as a phase-lag characteristic, and a phase compensator is employed to achieve feedforward
compensation. To address the nonlinear and asymmetric hysteresis of piezoelectric actu-
ators, a composite correction structure consisting of a phase compensator cascaded with
a polynomial is further proposed. The polynomial is used to correct the output signal of
the phase compensator, thereby compensating for asymmetric hysteresis. Compared with
conventional compensation methods based on hysteresis models, the proposed approach
offers the advantages of fewer parameters, a simpler structure, and easier engineering
implementation. The main contributions of this paper are summarized as follows:

1. A phase-compensator-based feedforward control method is proposed. By exploiting
the morphological similarity between symmetric hysteresis loops and the phase-lag
loops of linear systems, the symmetric hysteresis under low-amplitude excitation is
equivalently represented as the phase-lag behavior of a linear system. The phase com-
pensator is designed to account for both the equivalent phase lag induced by hysteresis
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and the frequency-dependent dynamic lag at different operating frequencies, with the
aim of compensating dynamic hysteresis over a relatively wide frequency range.

2. For the asymmetric hysteresis occurring under high-amplitude excitation, a cascaded
correction structure combining the phase compensator and a polynomial is proposed.
The polynomial performs amplitude correction on the output of the phase compen-
sator to overcome the limitation of the phase compensator alone in compensating
asymmetric hysteresis.

3. To further reduce the residual error of feedforward compensation and improve dis-
turbance rejection and steady-state control accuracy, the proposed phase—polynomial
feedforward compensator is combined with PI feedback control to form a compos-
ite feedforward—feedback control scheme, with the aim of achieving high-precision
suppression of symmetric and asymmetric dynamic hysteresis nonlinearities of piezo-
electric actuators over a broad range of operating conditions.

The remainder of this paper is organized as follows. Section 2 introduces the ex-
isting asymmetric hysteresis modeling method based on the Madelung rules. Section 3
analyzes the similarity between symmetric hysteresis and the phase-lag loop of a linear
system, and then presents the design principle of the phase compensator as well as the
proposed feedforward compensation methods for symmetric and asymmetric hysteresis.
Section 4 further develops a composite control scheme consisting of the phase-polynomial
feedforward compensator and PI feedback control. Section 5 describes the experimental
platform and validates the effectiveness of the proposed methods through feedforward
compensation and composite control experiments. Finally, Section 6 concludes the paper.

2. Hysteresis-Model-Based Feedforward Compensation

In [20], we proposed a hysteresis model based on the Madelung rules to character-
ize both the symmetric and asymmetric hysteresis behaviors of piezoelectric actuators.
The model consists of two components: (1) an erasure mechanism and (2) a description of
the hysteresis curves. The erasure mechanism enables the model to operate in real time in
accordance with the Madelung rules. The hysteresis-curve description characterizes the
ascending and descending branches, as well as the shape information of the major and
minor hysteresis loops.

According to the Madelung rules, the hysteresis response depends on the current input
direction and the historical turning points. When the input reverses its direction, a new
turning point is recorded. If the input exceeds a previous extremum, the corresponding ob-
solete turning-point information is erased, thereby preserving the memory and wiping-out
properties of the hysteresis model. The principle of the turning-point erasure mechanism
is illustrated in Figure 2, while detailed implementation procedures are available in our
previous work [20].

The hysteresis curves are characterized through curve fitting. When polynomial func-
tions are employed to describe the curve shapes, the ascending and descending branches
of the major hysteresis loop can be expressed, respectively, as follows:

n=>5 .
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As shown in Figure 3, the minor hysteresis loop is obtained by scaling the red segment
of the major hysteresis loop in the x- and y-directions.
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Figure 2. Erasure mechanism based on the Madelung rules: (a) input signal and sequentially
generated turning points; (b) corresponding turning points on the hysteresis loop; and (c) storage
and wiping-out of historical turning points in the left and right stacks. The red curves indicate the
major hysteresis branches, whereas the blue curves and symbols indicate the minor hysteresis branch
and the associated turning-point information.

yA

Figure 3. Description of the hysteresis curves: (a) scaling relationship for an ascending minor
hysteresis branch; (b) scaling relationship for a descending minor hysteresis branch.

In summary, the major-loop branch functions fy(u) and go(u), together with the
turning-point memory and wiping-out rules, provide the basis for describing both major
and minor hysteresis loops. It should be noted that fy(u#) = go(u) indicates that the major
ascending and descending branches have identical shapes, in which case the asymmetric
hysteresis model reduces to a symmetric hysteresis model. For feedforward compensation,
a hysteresis model is first established using the measured input-output data, after which
the corresponding inverse hysteresis model is obtained. Finally, the inverse hysteresis
model is cascaded with the system, and its output is applied as the input to the system,
thereby compensating for the hysteresis effect.

The Madelung-rule-based hysteresis model used here is essentially rate-independent
and is therefore more suitable for low-frequency conditions. As the excitation frequency
increases, rate-dependent effects become significant, making accurate modeling and param-
eter identification more difficult. Its applicability may be further limited in complex actuator
structures by additional nonlinearities caused by structural compliance, preload, amplifica-
tion mechanisms, and hinge friction. These limitations motivate the phase-compensation
strategy adopted in this work.
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3. Phase-Compensator-Based Feedforward Compensation
3.1. Comparison Between Symmetric Hysteresis and Phase-Lag Loops

Under low-amplitude voltage excitation, piezoelectric actuators exhibit symmetric
hysteretic nonlinearity, whose loop shape is similar to the phase-lag loop of a linear system
at a given frequency. In the following, without considering the underlying physical mecha-
nism, an illustrative example is presented to demonstrate the similarity between symmetric
hysteresis and a phase-lag loop. A low-amplitude periodic signal with a frequency of 1 Hz,
u(t) = Asin(2tft — t/2) + A is applied to the piezoelectric actuator. The input voltage
signal u(t) and the corresponding displacement response y1(t) are recorded. Here, H de-
notes the symmetric hysteresis exhibited by the piezoelectric actuator under low-amplitude
voltage excitation.

Meanwhile, the signal y(t) is obtained by delaying u(t) by a certain time interval,
such that y,(t) lags behind u(t) by a phase angle ¢, as shown in Figure 4a. For a clearer
comparison, the signals u(t), y1(t), and y,(t) are normalized such that their amplitudes are
scaled to the same range. The processed signals are shown in Figure 4b.
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Figure 4. Comparison between symmetric hysteresis and an equivalent phase-lag loop: (a) schematic
of the hysteresis response and the corresponding phase-lag representation; (b) normalized time-
domain signals u(t), y1(t), and y(t); (¢) symmetric hysteresis loop of the piezoelectric actuator; and
(d) phase-lag loop of the equivalent linear system. The black, red, and blue curves denote u(t), y1 (),
and y;(t), respectively.

It can be observed that, although u(t) and y; (¢) have the same amplitude, a distinct
discrepancy exists between them owing to the hysteresis effect of the piezoelectric actuator.
When ¢ is assigned an appropriate fixed value, y1(t) and y5(t), although not completely
identical, exhibit a high degree of similarity, as illustrated in Figure 4b.

Figure 4c,d show the symmetric hysteresis loop of the piezoelectric actuator and
the phase-lag loop of the linear system, respectively. A clear similarity can be observed
between the two loops. Based on this observation, the symmetric hysteresis of the piezo-
electric actuator under low-amplitude voltage excitation is equivalently represented in
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this study by a linear system with an initial phase lag of ¢¢. It should be noted that the
above equivalent representation is motivated by the observed similarity under sinusoidal
excitation and is used in this study as an engineering approximation rather than a rigorous
mathematical equivalence. The phase-compensation operation itself is not restricted to
sinusoidal reference signals. To further examine its applicability to non-sinusoidal in-
puts, additional triangular-wave experiments are conducted in Section 5.3. The present
experimental validation is limited to the frequency range of 10-100 Hz, corresponding
to the target operating range considered in this work. Further theoretical analysis and
experimental validation at higher frequencies and with more complex reference trajectories
remain topics for future study.

3.2. Compensation for Symmetric Hysteresis of Piezoelectric Actuators

The dynamic hysteresis of a piezoelectric actuator can be decomposed into the com-
bined effects of static hysteretic nonlinearity and linear dynamic lag. The former originates
from the inherent hysteresis characteristic H of the piezoelectric material and is indepen-
dent of the input frequency. When a low-frequency signal is applied to the piezoelectric
actuator, the dynamic effects of the piezoelectric system are negligible, and only static
hysteresis is observed. In this case, the static hysteresis can be equivalently represented as
a linear system with a constant phase lag, which can be expressed as:

¢(jw) = ¢o 3)

where w = 27 f denotes the angular frequency. It should be noted that this phase lag is
constant and does not vary with the input-signal frequency, which is consistent with the
rate-independent characteristic of static hysteresis.

The second component is the linear dynamic behavior G(s) arising from the mechani-
cal lag and electromechanical coupling inertia inherent in the piezoelectric actuator. This
component exhibits typical frequency dependence, with the phase shift between the in-
put and output becoming increasingly pronounced as the excitation frequency increases.
The actual phase lag associated with this component is given by

P2(jw) = £G(jw) (4)

Therefore, the dynamic hysteresis behavior of the piezoelectric actuator can be re-
garded as that of a linear system with an initial phase lag. Its magnitude—frequency and
phase—frequency characteristics can be expressed as

Ag(jw) = [G(jw)] ®)

pc(jw) = ¢1(jw) + @2(jw) = o + £G(jw) (6)

From the perspective of linear frequency-domain analysis, a proportional-derivative
(PD) element inherently provides phase-lead characteristics. The proportional term pro-
vides only magnitude gain without introducing any phase shift, whereas the derivative
term differentiates the input signal and thereby generates a phase lead. When the PD
element is incorporated into the system as a compensator, the phase lead generated by its
derivative term can offset the inherent phase lag of the controlled plant. By appropriately
selecting the proportional and derivative coefficients, a specified phase correction can be
achieved at a particular frequency. The PD feedforward controller can be expressed as

Ci(s) = kg +kps (7)
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where s = jw denotes the Laplace variable, and k; and k; are the proportional and deriva-
tive coefficients of the feedforward controller, respectively. The magnitude and phase
characteristics introduced by this feedforward controller are given by

Ac,(jw) = |G (jw)| = /I + Kw? ®)

oc, (jw) = £C1(jw) = tan ™! (";j") ©)

It can be observed from the above equations that, by appropriately adjusting k; and k»,
the following condition can be satisfied while maintaining Ac, (jw) =~ 1:

lpc, (jw)| = go + £G(jw). (10)

Consequently, the dynamic hysteresis of the piezoelectric actuator can be compensated
at the frequency f = w/(2m). It should be noted that the controller C; (s) must be designed
for a specific input frequency. When the input frequency changes, the values of k1 and k; in
C1(s) must also be readjusted to achieve satisfactory compensation performance. Moreover,
when the input signal contains multiple frequency components, the controller cannot
effectively compensate for the signal.

Because the fixed-parameter compensation element C;(s) can achieve ideal phase
cancellation only at a single frequency, it cannot satisfy the requirements for high-precision
compensation under broadband excitation. To uniformly compensate for the frequency-
dependent phase lags occurring at different frequencies within the target operating band-
width, the parameters of the phase compensator must be specifically designed.

By appropriately configuring the adjustable parameters of the compensation element,
its phase-lead characteristic can be made to cover the required phase-compensation range,
thereby simultaneously suppressing dynamic phase deviations over a relatively wide
frequency range. The phase compensator can be designed in the following form:

bys™ 4 byy_18™ 1 o bys + by
aps" + ay,_1s" 1+ +ays +ag

Cas) = (11)
where a;, and b;, denote the denominator and numerator coefficients of the phase compen-
sator Cy(s), respectively.

The parameters of the phase compensator are identified using the least-squares method.
Subject to the constraint imposed by the magnitude—frequency response, the minimization
of the input—output phase error of the piezoelectric actuator system is taken as the opti-
mization objective. The unknown coefficients of the phase compensator are determined
through offline fitting using a least-squares algorithm, enabling the compensator to gener-
ate a phase-lead correction that matches the hysteresis-induced phase lag over the target
operating frequency band. The objective function is formulated as follows:

N

L(an, by) = ;{[goc(jwi) - 4C2(jwi;”n/bm)]2 + [|1C2(jew;; an, b)) | — 1]2} (12)

Under low-amplitude excitation, the ascending and descending displacement re-
sponses of the piezoelectric actuator are nearly identical. Under this operating condition,
the designed phase compensator is cascaded with the system to offset the dynamic hys-
teresis through phase lead, thereby achieving compensation for symmetric hysteresis,
as illustrated in Figure 5.
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Figure 5. Schematic diagram of the phase-compensator-based method for symmetric hysteresis
compensation.

3.3. Compensation for Asymmetric Hysteresis of Piezoelectric Actuators

When a piezoelectric actuator is subjected to high-amplitude driving-voltage exci-
tation, a pronounced discrepancy arises between the displacement responses during the
ascending and descending strokes, resulting in a typically asymmetric hysteresis loop. Ex-
isting studies have proposed composite structures in which a symmetric hysteresis model is
cascaded with a polynomial to characterize asymmetric hysteresis behavior [21-23]. By ex-
ploiting the polynomial’s capability to correct the amplitude of the model output, these
structures enable accurate representation of the asymmetric hysteresis profile. Inspired
by this hierarchical cascade-correction strategy, this study combines the identified phase
compensator in series with a polynomial correction element. The phase compensator first
counteracts the phase lag associated with dynamic hysteresis, after which the polynomial
corrects the amplitude discrepancy between the ascending and descending strokes. In this
manner, compensation for the asymmetric dynamic hysteresis of the piezoelectric actuator
is achieved, as illustrated in Figure 6. The polynomial can be expressed as:

n=>5
z(u) = Z ciu' (13)
i=1

It should be emphasized that the polynomial in Equation (13) is a single-valued
static nonlinear mapping and does not itself generate the two branches of the hysteresis
loop. The distinction between the ascending and descending branches originates from
the preceding phase-compensation process. Owing to the phase-dependent trajectory,
the ascending and descending strokes corresponding to the same original driving-voltage
level generally produce different instantaneous outputs from the preceding compensation
stage. Consequently, the inputs applied to the polynomial correction element are different
for the two strokes. The higher-order nonlinear terms therefore produce different amplitude
corrections, which modify the curvature, slope, and relative spacing of the two branches
and reduce the residual asymmetry. In other words, the polynomial reshapes the output of
the preceding compensation stage rather than independently reproducing the multivalued
hysteresis behavior. Similar cascade-based nonlinear correction strategies have also been
employed for asymmetric hysteresis modeling and compensation [21-23].

Yq
—»

u ; z!
Phase »| Polynomial I | P7T |

compensator correction term : I
|

Asymmetric hysteresis

Figure 6. Schematic diagram of the phase-compensator-polynomial cascade method for asymmetric
hysteresis compensation.

The fifth-order polynomial is selected to balance fitting accuracy and model sim-
plicity. A polynomial of excessively low order provides insufficient degrees of freedom
to characterize the residual asymmetric amplitude discrepancy between the ascending
and descending branches, resulting in underfitting. In contrast, further increasing the
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polynomial order provides only limited improvement in compensation accuracy while
introducing redundant parameters, additional computational burden, and a higher risk
of overfitting. It should also be noted that the polynomial is employed only to correct the
residual local asymmetric nonlinearity after phase compensation, rather than to model the
entire hysteresis loop. Therefore, the nonlinear fitting burden imposed on the polynomial
is relatively limited. Furthermore, its generalization capability is supported by experiments
under additional excitation conditions that were not used for parameter identification,
in which stable compensation performance is maintained.

4. Composite Control Based on the Phase Compensator

Although the feedforward branch composed of a phase compensator cascaded with a
polynomial can substantially reduce the tracking errors induced by the dynamic hysteresis
of the piezoelectric actuator, dynamic hysteresis and phase lag are not strictly equivalent.
Therefore, the proposed feedforward compensation method inevitably leaves a certain
amount of residual error. Moreover, owing to parameter-identification errors and external
disturbances, feedforward compensation alone cannot guarantee satisfactory trajectory-
tracking accuracy. To address these limitations, feedback control is introduced to form a
composite control architecture. The feedback loop corrects the residual errors remaining
after feedforward compensation in real time, thereby enhancing the disturbance-rejection
capability and control accuracy of the system. The phase-compensator-based composite
control scheme is illustrated in Figure 7. In this study, a PI controller is adopted, and its
output can be expressed as:

t
v:kpe+kl-/0 edt (14)

where e = y; — y denotes the tracking error, and k, and k; are the proportional and integral
gains of the PI controller, respectively.
In the experiments, the PI controller is implemented in an incremental discrete form as

u(k) = u(k —1) +kple(k) —e(k — 1)] + k; Tse(k), (15)

where e(k) = y;(k) — y(k) is the tracking error at the kth sampling instant.

> Phase
compensator

Yo [+ e

kpe

v

k [ e(x)dz

Figure 7. Schematic diagram of the composite feedforward-feedback control scheme based on the
phase compensator.

5. Experiments
5.1. Experimental Platform

The experimental platform consists of a piezoelectric actuator, a high-voltage amplifier,
a data acquisition and control card, a host computer, and a real-time target computer,
as shown in Figure 8. The piezoelectric actuator is a PSt150/7 /20 VS12S manufactured by
Harbin Core Tomorrow Science & Technology Co., Ltd. (Harbin, China). A resistive strain

https://doi.org/10.3390/mi17091063
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gauge sensor (SGS) is bonded to the actuator to measure and provide real-time feedback
of its actual output displacement. The actuator has a nominal travel of 19 um at 0-150 V
and a capacitance of 1.8 uF; the integrated SGS has a measurement range of 0-19 um,
a linearity of 0.1% ES., and a repeatability of 0.05% E.S. The high-voltage amplifier is used
to amplify the control and feedback signals. The PCI-6221 data acquisition and control
card, manufactured by National Instruments (Austin, TX, USA), provides 16-bit analog-to-
digital and digital-to-analog conversion. To satisfy the real-time control requirements of the
experimental platform, LabVIEW 2016 with the Real-Time Module is employed to provide
a real-time control and data acquisition environment. The feedforward compensation and
control algorithms are compiled on the host computer using LabVIEW modules and then
downloaded to the target computer. The algorithms can be modified in the block diagram
and executed to conduct experiments and acquire experimental data. The sampling period
of the experimental platform is set to 200 us. All experiments were conducted under
unloaded conditions, with displacement ranges of approximately 0-6.5 pm and 0-18.5 um
for the low- and high-amplitude cases, respectively.

Host PC Target PC PCI-6221

TCP/IP PCI
+—> +—>

DA output AD input
control signall position

signal

High voltage
signal

N
&7 Position signal

PSt150 VS12 Driver E53. B

Figure 8. Schematic diagram of the experimental platform.

5.2. Parameter Identification Results

First, under low-amplitude voltage excitation, the values of k; and k; in the PD
controller are sequentially adjusted at different frequency points w; (i = 1,2,3,...,n) to
provide the required phase lead ¢, (jw;). This phase lead compensates for the system
phase lag ¢¢ (jw;), thereby linearizing the input-output relationship of the system.

Next, the frequency-domain relationships given in Equations (8) and (9) are used to
calculate the phase ¢c, (jw;) of the PD controller at each frequency point. At this stage,
the following relationship holds:

@G (jwi) = —¢c, (jw;). (16)

It should be noted that the phase terms in Equations (10), (12) and (16) correspond
to different stages of the compensation design. In Equation (10), ¢c, (jw) denotes the
phase lead provided by the PD controller, whereas ¢y and ZG(jw) describe the phase
lag associated with hysteresis and the linear dynamic component. The PD controller is
used here only as a frequency-domain measurement tool to determine the phase com-
pensation required at individual frequency points, rather than as the final feedforward
compensator. Equation (12) uses the phase information obtained at multiple frequencies
to identify the broadband phase compensator C;(s), while Equation (16) expresses the
corresponding phase-cancellation relationship during parameter identification. Therefore,
although the phase terms appear in different forms, they describe different stages of the
same compensation procedure and are logically consistent.
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These data are then globally fitted using the least-squares method by minimizing the
objective function given in Equation (12). The fitting results of the phase compensator
are shown in Figure 9, and the resulting expression of the phase compensator is given in
Equation (17).

227 x1073% + 34652 + 1.33 x 10% + 7.08 x 10°

Cals) 2+ 127 x 10% + 7.55 x 10°

(17)

Although the identified compensator in Equation (17) has a third-order numerator
and a second-order denominator, this continuous-time transfer function is not directly
discretized in the digital implementation. Instead, the third-order numerator is decomposed
into a derivative term and a remaining proper term. The derivative term is discretized
using the relation s = (z — 1) /(Tsz), whereas the remaining term is discretized using the
zero-order-hold method. The two discrete components are then combined to obtain the
implementable discrete phase compensator:

 11.93z% — 32.4222 4 29.3z — 8.804

C
2(2) B 177522 + 07757z

(18)

The sampling period is Ty = 0.0002 s, corresponding to a sampling frequency of 5 kHz.
The stability of the discrete implementation was verified from its pole distribution, with all
poles located inside the unit circle. In addition, because the target compensation range is
10-100 Hz and high-frequency measurement noise is suppressed by the hardware low-pass
filtering of the measurement channel, the high-frequency gain introduced by the derivative
term remains controllable within the investigated frequency range. Therefore, no additional
digital derivative filter is employed.

) ,
T 50
(5]
o
= =
=
g-50
g !
10° 10t 10?
P Al —
(5 — Fitting result
T 10f| * Data
TR ~———
s Or :
<
o
-10 :
10° 10t 10?
Frequency (Hz)

Figure 9. Identification results of the phase compensator.

A high-amplitude sinusoidal signal is applied to the piezoelectric actuator to capture
the shape characteristics of the asymmetric hysteresis loop. The polynomial correction
term is then identified using the least-squares method based on the output of the piezo-
electric actuator and that of the phase compensator. The identified polynomial is given in
Equation (19).

z(u) = 0.1646u° — 0.3866u* + 0.5353u° — 0.3218u + 1.008u (19)

To quantitatively evaluate the effectiveness of the proposed feedforward compensation
and composite control methods, the normalized maximum error enyg and the normalized
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root-mean-square error eNrmsg are adopted as performance metrics. They are defined
as follows:

_ maxi|yg, — vil .
NME = rhax (y;) — ming (y;) 100% 20
1 vM 2
LyM (s
ENRMSE = \/M =1 (V4 — ) x 100% (21)

max; (y;) — min;(y;)
5.3. Feedforward Compensation Experiments

Figure 10a—d show the sinusoidal input voltage signals at 10, 20, 50, and 100 Hz,
respectively, while Figure 10e-h present the corresponding uncompensated input voltage—
output displacement hysteresis loops of the piezoelectric actuator at different excitation
frequencies without compensation. It can be clearly observed that the actuator exhibits
pronounced frequency-dependent symmetric dynamic hysteresis. As the frequency of the
driving signal gradually increases, the width of the hysteresis loop continuously expands,
the phase lag between the input and output becomes increasingly severe, and the nonlinear
distortion grows more evident. After feedforward compensation is implemented using the
phase compensator designed in this paper, the corresponding desired—actual displacement
relationships are shown in Figure 10i-1. Compared with the original hysteresis characteris-
tics, it can be seen that the phase-lead compensation effectively offsets the errors caused by
the dynamic hysteretic response. At all tested frequencies, the actual output displacement
closely tracks the desired displacement curve, and the hysteresis loop is significantly com-
pressed. These experimental results demonstrate that, for the symmetric dynamic hysteresis
of piezoelectric actuators under low-amplitude excitation, the phase-compensator-based
feedforward strategy alone can achieve satisfactory suppression of dynamic hysteresis and
can significantly reduce the positioning error induced by dynamic hysteresis.
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Figure 10. Symmetric hysteresis compensation under sinusoidal excitation at 10, 20, 50, and 100 Hz:
(a—d) input voltage signals; (e-h) uncompensated hysteresis loops; and (i-1) compensated desired—
actual displacement relationships.

Under high-amplitude excitation, the hysteresis of the piezoelectric actuator arises
from the coupling of linear dynamic phase lag and static asymmetric amplitude distortion.
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Figure 11 presents the corresponding results under high-amplitude sinusoidal excitation,
where (a—d) show the input voltage signals, (e-h) show the uncompensated asymmetric
hysteresis loops, and (i-1) show the compensated desired-actual displacement relationships
at 10, 20, 50, and 100 Hz, respectively. Therefore, a single phase compensator alone is insuf-
ficient to correct the asymmetric amplitude error. In the cascaded feedforward structure
constructed on the basis of polynomial series correction, the phase compensator is used
to offset the frequency-varying phase lag, and the polynomial fitting is used to correct
the asymmetric amplitude deviation. The experimental curves show that, after compen-
sation with this scheme, the hysteretic nonlinearity is effectively suppressed at different
frequencies, and the actual positioning output exhibits excellent linearity. This confirms that
the proposed method can effectively compensate for the asymmetric dynamic hysteresis
characteristics of piezoelectric actuators.
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Figure 11. Asymmetric hysteresis compensation under sinusoidal excitation at 10, 20, 50, and 100 Hz:
(a—d) input voltage signals; (e-h) uncompensated hysteresis loops; and (i-1) compensated desired—
actual displacement relationships.

The hysteresis loops and displacement-tracking curves presented above provide only
a qualitative assessment of the hysteresis-suppression performance. To further quantify the
compensation accuracy, the values of ey and enryvisg after symmetric and asymmetric
hysteresis compensation are calculated at four excitation frequencies: 10, 20, 50, and 100 Hz.
The statistical results are summarized in Table 1.

A comparison of the two operating conditions shows that the phase compensator
alone can reduce the tracking error associated with symmetric hysteresis to a very low
level. After the polynomial amplitude-correction element is introduced, compensation for
asymmetric hysteresis is also achieved. The proposed method maintains low enyp and
enrmsg Values under both symmetric and asymmetric hysteresis conditions over the tested
frequency range. In particular, the asymmetric-hysteresis case does not exhibit a systematic
increase in compensation error compared with the symmetric case, indicating that the
polynomial correction effectively reduces the residual amplitude nonlinearity introduced
by hysteresis asymmetry.
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Table 1. The enyg and enrvisg Values of feedforward compensation for the piezoelectric actuator.

10 Hz 20 Hz 50 Hz 100 Hz

Symmetric hysteresis NV 0.68% 1.32% 0.84% 1.48%
ENRMSE 0.29% 0.55% 0.29% 0.80%

Asymmetric hysteresis ENME 0.662/0 0.722/0 0.602/0 1.07;70
eNRMSE 0.25% 0.22% 0.29% 0.38%

To further evaluate the applicability of the proposed feedforward compensation
method to non-sinusoidal inputs, additional experiments were conducted using triangular-
wave signals at 10, 20, 50, and 100 Hz under both symmetric and asymmetric hysteresis
conditions. Figures 12 and 13 show the corresponding experimental results.
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Figure 12. Symmetric hysteresis compensation under triangular-wave excitation at 10, 20, 50,
and 100 Hz: (a-d) input voltage signals; (e-h) uncompensated hysteresis loops; and (i-1) com-
pensated desired-actual displacement relationships.

As shown in Figures 12 and 13, the hysteresis loops under triangular-wave excitation
are also effectively linearized after feedforward compensation. For the symmetric case,
the phase compensator substantially reduces the hysteresis-induced deviation, whereas
for the asymmetric case, the cascaded phase-compensator—polynomial structure further
corrects the residual amplitude asymmetry. The quantitative compensation errors are sum-
marized in Table 2. These results demonstrate that the proposed feedforward compensation
method remains effective for the tested non-sinusoidal inputs within the experimentally
investigated frequency range of 10-100 Hz.

Table 2. Quantitative errors of feedforward compensation under triangular-wave excitation.

10 Hz 20 Hz 50 Hz 100 Hz

Symmetric hysteresis eNME 1.12% 1.67% 2.08% 2.57%
ENRMSE 0.41% 0.86% 1.17% 1.47%

Asymmetric hysteresis eNME 2.05% 2.69% 2.72% 2.95%
EeNRMSE 1.11% 1.57% 1.59% 1.73%
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Figure 13. Asymmetric hysteresis compensation under triangular-wave excitation at 10, 20, 50,
and 100 Hz: (a—d) input voltage signals; (e-h) uncompensated hysteresis loops; and (i-1) compensated
desired—actual displacement relationships.

The slight distortion observed near the turning points of the triangular-wave trajecto-
ries is mainly attributed to their broadband harmonic content. A triangular wave consists
of a fundamental component and a series of odd harmonics (3f, 5f, 7f, ...). At higher
excitation frequencies, some of these harmonic components exceed the experimentally in-
vestigated compensation range of 10-100 Hz and are consequently subjected to additional
amplitude attenuation and phase distortion. Since the sharp corners of a triangular wave
depend on these high-frequency harmonics, incomplete compensation of such components
leads to the small local deformation near the trajectory reversals.

5.4. Experimental Verification of the Proposed Composite Control Strategy

To validate the effectiveness of the proposed composite control strategy, comparative
experiments are conducted on a piezoelectric actuator platform. The proposed method em-
ploys a phase compensator as the feedforward controller in conjunction with a proportional-
integral (PI) feedback loop, while the conventional method adopts a static inverse hysteresis
model as the feedforward controller combined with an identical PI feedback structure to
ensure a fair comparison. The controller parameters are set to k, = 1 and k; = 1.2, and the
sampling period is Ts = 200 ps.

For the conventional method, two distinct inverse hysteresis models are established
according to the hysteresis characteristics. In both the symmetric and asymmetric cases,
the inverse model is constructed based on the Madelung rule-based hysteresis curve
description approach [20]. The specific formulations are given as follows. For the symmetric
hysteresis case, the major hysteresis curves of the inverse model are expressed as:

foym (%) = 0.436x° —1.398x* +1.678x° — 1.09x* + 1.377x, (22)
oym (X) = —0.2235x° + 0.8913x* — 1.093x” + 0.7319x> + 0.6897x. (23)
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For the asymmetric hysteresis case, the major hysteresis curves of the inverse model
are expressed as

fasym (%) = 0.6917x° — 2.174x* +2.681x> — 1.645x> + 1.45x, (24)
asym (¥) = 0.1653x° 4 0.1703x* — 0.5709x + 0.6202x> + 0.6114x. (25)

Two sets of tracking experiments are designed to evaluate the control performance
under different hysteresis characteristics, namely symmetric hysteresis tracking and asym-
metric hysteresis tracking. In each scenario, the tracking trajectories, tracking errors,
and post-compensation hysteresis curves of both methods are recorded and compared. To
evaluate the tracking performance over a continuous frequency range, a linear frequency-
sweep reference signal is employed. The reference trajectory is defined as

Y. .
ya(t) = 52X {1 — cos [27‘( ( finitialf + f—target finital tzﬂ } (26)
2 2Ttarget

where Yax denotes the maximum reference displacement. In the experiments, finiia = 0 Hz,
frarget = 60 Hz, and Tiarget = 10 s, corresponding to a sweep rate of 6 Hz/s. The maximum
reference displacements are approximately 6.5 um and 18.5 pm for the symmetric- and
asymmetric-hysteresis experiments, respectively.

The corresponding feedback-control results are shown in Figure 14.
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Figure 14. Experimental results of feedback control. Panels (a—d) correspond to the symmetric hystere-
sis case, and panels (e-h) correspond to the asymmetric hysteresis case. Specifically, panels (a,e) show
the tracking trajectories and tracking errors of the proposed method; panels (b,f) present the corre-
sponding hysteresis curves of the proposed method; panels (c,g) show the tracking trajectories and
tracking errors of the conventional method; and panels (d,h) present the corresponding hysteresis

curves of the conventional method.
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The experimental results indicate that, for both symmetric and asymmetric cases,
the compensated hysteresis curves obtained by the two methods exhibit remarkably high
linearity, and the tracking errors of the two methods are closely comparable under all
tested conditions. Specifically, for symmetric hysteresis, the proposed method achieves
an NME of 1.345% versus 1.353% for the conventional method, and an NRMSE of 0.104%
versus 0.285%; for asymmetric hysteresis, the proposed method achieves an NME of 0.955%
versus 1.110% for the conventional method, and an NRMSE of 0.059% versus 0.150%,
as summarized in Table 3. These results confirm that the proposed phase-compensator-
based approach effectively circumvents the cumbersome procedure of precise hysteresis
modeling and inversion, while achieving control performance that is not inferior to that
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References

of the inverse-model-based conventional method, thus offering a practical and efficient
alternative for hysteresis compensation in piezoelectric actuators.

Table 3. The enyve and enrmsg Values of feedback control for the piezoelectric actuator.

Proposed Method Conventional Method

Symmetric hysteresis NME 1.345% 1.353%
ENRMSE 0.104% 0.285%

Asymmetric hysteresis NME 0'9552/" 1-1102/0
ENRMSE 0.059% 0.150%

6. Conclusions

This paper proposes a phase-compensator-based composite control strategy for piezo-
electric actuator hysteresis. Unlike conventional model-dependent approaches, the pro-
posed method equivalently treats symmetric hysteresis as linear phase lag and compensates
it via a phase compensator. A cascaded polynomial is designed to correct the asymmetric
amplitude discrepancy between ascending and descending branches. This hysteresis-
model-free scheme avoids cumbersome hysteresis modeling and inversion, featuring a
simple structure with few parameters to be identified. Combined with PI feedback control,
the composite control achieves tracking errors comparable to inverse-model-based methods.
For symmetric hysteresis, the proposed method yields an NME of 1.345% and an NRMSE of
0.104%, versus 1.353% and 0.285% for the conventional method. For asymmetric hysteresis,
the proposed method achieves an NME of 0.955% and an NRMSE of 0.059%, compared
with 1.110% and 0.150% for the conventional method. Both methods produce compensated
hysteresis curves with high linearity. These results demonstrate that the proposed strategy
offers a practical and efficient alternative to hysteresis-model-dependent compensation
without sacrificing control performance.
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