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Abstract

Piezoceramic actuators (PCAs) are desired devices in many micro/nano-positioning applications.
The performance of PCA-based applications is severely limited by the presence of hysteresis
nonlinearity. To remedy the hysteresis nonlinearity in such systems, feedforward hysteresis
compensation is the most common technique. In the literature, many different feedforward
hysteresis compensation approaches have been developed, but there are no comparative studies
of these approaches. Focusing on the modified Prandtl-Ishlinskii model (MPIM) for asymmetric
hysteresis description of piezoceramic actuators, three feedforward hysteresis compensation
approaches—inverse hysteresis compensation (IHC), without inverse hysteresis compensation
(WIHC), and direct inverse hysteresis compensation (DIHC)—are developed and compared in
this paper. Extensive comparative experiments were conducted on a PCA-actuated stage to
verify the effectiveness of the three different feedforward control approaches to hysteresis
compensation. The experimental results show that the performances among the three approaches
are rather similar, and the main differences among them are due to the specific implementation of
each approach.

Keywords: piezoceramic actuator, asymmetric hysteresis, feedforward hysteresis compensation

1. Introduction

Nowadays, piezoceramic actuators (PCAs) are being applied
more and more increasingly in many micro-positioning sys-
tems such as micro/nano-manipulations [1-3] and scanning
probe microscopies [4-6]. The benefit of selecting PCAs in
these applications lies in the fact that PCAs directly transform
electrical signals into mechanical signals for managing small
displacements in the range of tens of pm (1 pm = 10~'? m) to
several hundreds of ym based on the converse piezoelectric
effect [7]. They have attractive advantages of fast frequency
response, nanometer scale resolution, and high stiffness.
However, the accuracy of PCAs is highly limited by the
inherent hysteresis nonlinearity of the piezoceramic materials,
which is a consequence of the effects of domain switching in
the piezoceramic materials due to the action of the applied
electric field. Hysteresis is a kind of a multi-valued non-
linearity with nonlocal memory [8, 9], which means the
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displacement of the PCAs depends not only on the current
input voltage but also on its history. Therefore, development
of control approaches to remedy the hysteresis is a challen-
ging task.

To tackle this challenge, many control efforts have been
made over the last decade. Roughly speaking, the existing
control techniques can be classified into the following three
categories: 1) charge control, ii) feedback voltage control, and
iii) feedforward voltage control. The main benefit of using
charge control is the reduction of hysteresis between the
displacement and the applied charge. Experiments indicate
that hysteresis can be reduced at least to one-fifth compared
with voltage control [10, 11]. The disadvantage of charge
control is the requirement of additional electric circuits or
devices, which increases the complexity and cost of the
control hardware. Feedback voltage control is the second
technique to eliminate the hysteresis of PCAs. In recent years,
many feedback control schemes based on modern control
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techniques have been proposed for high-precision tracking
control of PCAs, including, for instance, state feedback
control [12], optimum linear quadratic Gaussian control [5],
H,, control [13], quantitative feedback control [14], sliding
mode control [15], robust adaptive control [16], and fuzzy
control [17]. In this category, the hysteresis is generally
treated as disturbances, and the main difficulty lies in the
stability analysis of the entire closed-loop system. In the
voltage control case, the third technique is to develop a
feedforward compensator with a well-defined hysteresis
model [8, 18-24]. As of today, feedforward voltage control is
the most commonly adopted control technique to compensate
for the hysteresis nonlinearity of PCAs. In this work, we
focus mainly on reviewing and comparing the approaches
using the third technique for hysteresis compensation.

The key to the feedforward control technique is to find an
available hysteresis model that can precisely describe hys-
teresis behaviors. Many popular mathematical models have
been developed, such as the Jiles-Atherton model, Duhem
model, Bouc-Wen model, Preisach model, and Prandtle-Ish-
linskii model. With a developed hysteresis model, the sub-
sequent step is to construct a feedforward controller for
hysteresis compensation. A review of the literature reveals
that, there are three approaches to accomplishing this purpose.
i) Inverse hysteresis compensation approach: a hysteresis
model is used to describe the hysteresis of PCAs and an
inverse model of the hysteresis model is then constructed to
cancel the hysteresis nonlinearity [8, 9, 19, 25-32]. ii)
Without inverse hysteresis compensation approach: a hyster-
esis model is adopted to describe the hysteresis of PCAs and
is used directly for hysteresis compensation without inverse
model construction [24, 33-35]. iii) Direct inverse hysteresis
compensation approach: a hysteresis model is directly utilized
to describe the inverse hysteresis of PCAs for hysteresis
compensation [20, 23, 36, 37]. This approach also avoids the
construction of an inverse model for the adopted hysteresis
model.

As can be seen from the preceding discussion, hysteresis
compensation of PCAs is an interesting topic, and many
researchers devote themselves to this field. However, until
now, no comparative study of the different feedforward
approaches has been undertaken. The development of this
work is a continuation of the authors’ work presented in [9].
The previous work was limited to developing the novel
modified Prandtl-Ishlinskii model (MPIM). Therefore, it did
not provide insight into comparisons of different feedforward
hysteresis compensation approaches.

Focusing on the MPIM for asymmetric hysteresis
description of a piezoelectric actuator, the motivation of this
paper is to develop and compare the three feedforward hys-
teresis compensation techniques for PCAs, where the hys-
teresis is described by the MPIM. The principles and
implementation steps of the three feedforward control
approaches for hysteresis compensation are presented first in
this work. Then comparative experiments are conducted in
real time to evaluate and compare their hysteresis compen-
sation performances.

The contributions of this paper are as follows: i) A novel
feedforward hysteresis compensator with the MPIM is pro-
posed using the without inverse hysteresis compensation
approach; ii) the characteristics and performances of the three
hysteresis compensation approaches are discussed and eval-
uated for asymmetric hysteresis compensation of PCAs. We
note that feedforward approaches have been reported for
hysteresis compensation of the PCAs and have proved to be
useful for performance improvement, but a comparative study
of different feedforward approaches has not been reported
before. Our experimental results demonstrate that the per-
formances among the three approaches are rather similar, and
the main differences among them are due to the specific
implementation of each approach. These results may also
show why so many researchers try to develop different hys-
teresis compensators with different hysteresis models
according to their applications.

The remainder of this paper is organized as follows.
Section 2 briefly introduces the MPIM used in this work.
Section 3 presents three feedforward contol approaches for
hysteresis compensation. In section 4, a PCA-based experi-
mental platform is built and comparative experiments are
conducted. Section 5 concludes this paper.

2. Modified Prandtl-Ishlinskii model

The Prandtl-Ishlinskii model (PIM) is a famous operator-
based phenomenological model to describe hysteresis non-
linearity having the advantage of the existence of the analy-
tical inverse. The classical PIM is effective for symmetric
hysteresis description. However, it is insufficient to describe
asymmetric hysteresis. As an extension, a modified Prandtl-
Ishlinskii model (MPIM) [9] defined by weighted one-sided
play operators and a polynomial input function is developed
to describe the asymmetric hysteresis of PCAs. Before pre-
senting the different feedforward control approaches, a brief
introduction of the MPIM is given in this section.

2.1. Play operator

The play operator is the basic hysteresis operator with sym-
metric and rate-independent properties. The one-dimensional
play operator can be recognized as a piston with a plunger of
length 2r. The output F; [x](¢) is the position of the center of
the piston, and the input x is the plunger position. Considering
the positive excitation nature of the used piezoceramic
actuator, a one-sided play operator with r > 0 is given as
follows [9]:

F.[x](0) =1, (x(0), 0)
FIx)(0) = £, (x(0), F[x](1)) (1)
fort,-<t$t,-+1,0<i<N—1With

f.(v,w) =max (v — r, min (v, w)) 2)

where 0 =1y < ;) < ... < ty = tg is a partition of [0, tg],
such that the function x(f) is monotone on each of the
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subintervals [#;, t;;1]. The argument of the operator F,[x] is
written in square brackets to indicate functional dependence
because it maps a function to another function.

2.2. MPIM

On the basis of the one-sided play operator (1), the MPIM is
expressed as [9]

R
y(n) =gx@) + /0 p(NE[x]()dr 3

where g(x(t)) = a1x3(t) + a»x(¢) is a polynomial input
function with constants a; and a,, and p(r) is a density
function that can be obtained by the experimental data. The
density function p(r) generally vanishes for large values of r,
whereas the choice of R = oo as the upper limit of integration
is widely used in the literature for the sake of convenience.

For implementation of the real-time feedforward com-
pensator, the MPIM (3) is approximated by the discrete form
as follows:

Y1) = g(x () + Y. b(MF, [x1(0) “)

i=1

where n is the number of the adopted play operators for
modeling, and b (1) = p(r;)(r; — r,_y) is the weighted coeffi-
cient for the threshold r;.

3. Feedforward hysteresis compensation
approaches

The nature of feedforward hysteresis compensation approa-
ches is to develop feedforward controllers in series for a real
hysteretic system. In this scheme, the developed feedforward
controllers can represent the inverse hysteresis behaviors of
PCAs. Therefore, hysteresis can be compensated by the
feedforward controller as illustrated in figure 1, where y,(?), v
(t), and y() are the desired position, control action, and actual
position of the PCA, respectively. In this section, three
feedforward hysteresis compensation approaches are pre-
sented and discussed together with the MPIM.

3.1. Inverse hysteresis compensation

Inverse hysteresis compensation (IHC) is a four-step
approach. The first step is hysteresis modeling, which adopts
a hysteresis model to describe the hysteresis of a PCA. The
second step is parameter identification, or identifying the
parameters of the adopted model. The third is inverse con-
struction, or developing an inverse model of the identified
hysteresis model. The fourth step is controller design, where
the constructed inverse is used in the feedforward path for
hysteresis compensation. As an illustration, figure 2(a) shows
the implementation steps of the IHC approach.

From figure 2(a), it can be seen that the key to the IHC
approach is to construct an inverse model of the adopted
hysteresis model. With the MPMI model for hysteresis
description (4), the inverse model of the MPIM can be

derived by the implicit operator equation [9]

v(6) =P [w](0) 5)
for the inverse compensator

v(t) = P~ [y, 1) (6)

where w =y — P.[v], P[v](t) = a;v*(t) is a new model
component, and P! is expressed as

P Iwl(t) = @aw (1) + )b, Fy [wl(2) (7
j=1

with

j-1
Fj=asrj+ Zbi(rj — 1)

i=1

n 1
a) = —
as
. b;
b = J

==

In accordance with (5)-(8), a block diagram of the
feedforward controller using the IHC approach is depicted in
figure 3.

3.2. Without inverse hysteresis compensation

The second feedforward control approach is considered an
approach without inverse hysteresis compensation (WIHC),
which means that one does not need to construct an inverse
model of the adopted hysteresis model in the feedforward
controller. Figure 2(b) shows the steps of the WIHC
approach, which is a three-step approach. The first step is
hysteresis modeling, which adopts a hysteresis model to
describe the hysteresis of a PCA. The second step is para-
meter identification, or identifying the parameters of the
adopted model. The third step is controller design directly
using the identified hysteresis model, which is different from
the IHC approach that uses the inverse model for controller
design. Note that the first and second steps of the WIHC are
same as those for the IHC. Comparing figure 2(a) with
figure 2(b), the WIHC avoids construction of the inverse
model.

The key idea of the WIHC approach is to directly use the
adopted hysteresis models to develop the hysteresis com-
pensators with the multiplicative structure. In [33], the feed-
forward controller with the Bouc-Wen model was first
developed to compensate for the hysteresis of PCAs based on
the multiplicative structure. Subsequently, Li et al [24]
extended the multiplicative structure with the Preisach model
for hysteresis compensation. As a continuation, this paper
intends to develop a novel multiplicative structure-based
hysteresis compensator with the MPIM as feedforward. In this
way, the control law v of the feedforward compensator using
the WIHC approach can be extracted from the discrete MPIM
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Figure 1. Block diagram of the feedforward controller for hysteresis compensation.

4) as

1
V(1) = —(y, (1) = HVI()) 9)

as

where H [v](t) = apv* (1) + X7_ b(r)F, V().

It can be seen from (9) that the MPIM is used directly to
develop the feedforward controller without constructing the
inverse. The block diagram of the WIHC approach is shown
in figure 4.

3.3. Direct inverse hysteresis compensation

Direct inverse hysteresis compensation (DIHC) is a three-step
approach as well and is illustrated in figure 2(c). Rather than
model the hysteresis effect of the PCA, the first step of the
DIHC approach is to directly model the inverse hysteresis
effect of the PCA, which is different from the IHC and WIHC
approaches. The new concept in the DIHC approach is
motivated by the fact that the inversion of the hysteresis effect
is by nature hysteresis loops that can be described by a hys-
teresis model [20, 23, 36]. The second step is parameter
identification, which identifies the parameters of the MPIM.
The third step is controller design using the identified inverse
hysteresis model. Therefore, the DIHC approach also avoids
the construction of the inverse mathematical model.

Based on the principle of the DIHC approach, the feed-
forward controller can be directly developed by the identified

MPIM [20]:
v(t)=Ply,1(t) = ary,; (1) + ary, (1)

+ 2 b () F, [y1(0)

i=1

(10

The block diagram of the DIHC is shown in figure 5(a).

4. Experiments

In this section, a PCA-based experimental platform is built
and comparative experiments are conducted to evaluate and
compare the hysteresis compensation performances of the
IHC, WIHC, and DIHC approaches.

4.1. Experimental setup

The experimental platform is shown in figure 6. It consists of
a host computer, a dSPACE-DS1103 controller board, a
piezoceramic actuator, a piezoelectric amplifier, a strain
gauge position sensor, and a sensor signal conditioner. The
host computer provides a user interface for the dSPACE-
DS1103 controller board. The dSPACE-DS1103 controller
board equipped with 16-bit DACs and 16-bit ADCs is
adopted to generate control codes and obtain the displacement
information. The adopted PCA is a preloaded piezoceramic
stack actuator (PSt 150/7/100 VS12 from Piezomechanik in
Germany), which is used to drive the one-dimensional flexure
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Figure 2. Implementation steps of three feedforward hysteresis compensation approaches.
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Figure 3. Block diagram of the feedforward controller using the IHC
approach.
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Figure 4. Block diagram of the feedforward controller using the
WIHC approach.

Figure 5. Block diagram of the feedforward controller using the
DIHC approach.

hinge guiding stage (FHGS) with the nominal 75-um dis-
placement. The piezoelectric amplifier (PEA) has a fixed gain
of 15 that provides excitation voltage for the PCA in the
0-150V range. In the PCA, the strain gauge sensor (SGS) is
bonded to measure the real-time position of the PCA. The
SGS is a contact-type sensor that can offer high resolution and
bandwidth [38]. The output signals of the SGS are adjusted
by the signal conditioner (SC) and then sampled by the 16-bit
ADC of the dSPACE-DS1103 control board. As an illustra-
tion, figure 6(b) shows a block diagram of the experimental
platform.

4.2. Parameter identification

To experimentally compare the different feedforward
approaches, the parameters of the MPIM should be identified
first. As addressed in section 3, the IHC and WIHC utilize the
MPIM to describe the hysteresis of the tested PCA, whereas
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Figure 6. Experimental setup.

Table 1. Identified parameters of the MPIM for the IHC and WIHC
approaches. The definitions of the parameters are given under (3).

Number r; b; a;

1 0 02313 -0.1569
2 0.1 03059 0.4603
3 0.2 0.0155

4 0.3 0.0752

5 0.4 0.0683

6 0.5 0.0252

7 0.6 0.0035

8 0.7 0.0094

9 0.8 0.0264

10 0.9 0.0032

the DIHC adopts the MPIM to represent the inverse hysteresis
of the PCA. Therefore, the parameters of the MPIM in the
IHC and WIHC approaches are the same.

Many identification algorithms such as the least-squares
method, fuzzy algorithms, and particle swarm optimization
(PSO) have been proposed to identify the hysteresis models
[8, 39, 40]. In [39], PSO has been shown to be superior to its
competitors for identification of the P-I model. Therefore, the
PSO algorithm is used in this work to identify the model
parameters. In practice, the threshold values r; in the MPIM
are given by

i —

1
= Ol i=1,2,..,m

(11)

n

where x(7) is the input of the MPIM model, Ilx (t)ll, = 1 in the
normalized case, and n = 10 is chosen in this study. It should
be noted that in the IHC and WIHC approaches, x(f) repre-
sents the control input v(¢), whereas in the DIHC approach x
(t) represents the desired trajectory y,(f). Table 1 lists the
identified parameters of the MPIM for the IHC and WIHC
approaches. Table 2 lists the identified parameters of the
MPIM for the DIHC approach.

Table 2. Identified parameters of the MPIM for the DIHC approach.
The definitions of the parameters are given under (3).

Number T b; a;
1 0  -0.00002 0.1608
2 0.1 -0.26603 1.2588
3 0.2 -0.10684
4 0.3 -0.01221
5 04 -0.08412
6 0.5 -0.00238
7 0.6 -0.00328
8 0.7 -0.01115
9 0.8 -0.03417
10 0.9 -0.47999

4.3. Comparative study

In this comparative study, a desired
v, (1) = 37.35 + 10.5 sin (7t + 2.6)
+10.5 sin (1.6zf + 3) + 15.75 sin 2zt + 1.5) (um) is adop-
ted to evaluate the performances of the three hysteresis
compensation approaches.

To quantify the performances of different feedforward

control approaches, the following indexes are used.

trajectory

max (ly (1) — y, (1))
D1) e, = -
max (y, (1)) —min (y,; (1))
value of the tracking ‘error.
T

(L/T) [ () =y (0)de

(D2) e,ps = \/ J - : X 100%: the root mean
max (yd(tf().— min (y, (1))

square value of the tracking error and T represents the total
running time.

X 100%: the maximum

4.3.1. Tests without hysteresis compensation. Before
comparing the hysteresis compensation performances of
different control approaches, the hysteresis nonlinearity of
the adopted PCA should be given. figure 7 shows the
experimental results with a feedforward gain component. It
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Figure 7. Hysteresis nonlinearity of the tested PCA.

can be seen that the hysteresis is the complex nonlinearity
with multi-valuedness and nonlocal memory. We can
determine that the maximum hysteresis caused error is about
emne = 13%, defined as

MHE

max (y,) — min (y,)

X 100%.

€mhe = Max

(12)

Therefore, it is necessary to develop control approaches to
remedy the hysteresis nonlinearity.

4.32. IHC. With the IHC approach, figure 8 shows the
trajectory-tracking results. The map of the desired position
and actual position is shown in figure 8(a). It can be
determined that the IHC approach reduces the hysteresis e,
from 13% to less than 3%. With the THC, figure 8(b) shows
the trajectory tracking response. It can be seen that the
response of the PCA follows the desired trajectory well. In
addition, the tracking error is shown in figure 8(c), where e,,
and e,,,,; are 2.66% and 0.75%, respectively.

4.3.3. WIHC. In this section, the experimental results with
the WIHC approach are shown in figure 9. Figure 9(a) shows
the map of the desired position and actual position, where the
hysteresis e,,;. is reduced from 13% (without hysteresis
compensation) to less than 3% (with the WIHC approach).
Figure 9(b) shows the trajectory tracking response, and the
tracking error is also shown in figure 9(c). The experimental
results demonstrate that, with the WIHC approach, e,, and
ems are 2.87% and 0.76%, respectively.

4.34. DIHC. Finally, the same test is conducted with the
DIHC approach. Figure 10 shows the experimental results.
The relationship between the desired position and the actual
position is illustrated in figure 10(a). We determine that the
DIHC reduces the hysteresis-caused error e,,,. from 13% to
about 2.5%. The response of the PCA shown in figure 10(b)
also verifies the effectiveness of the hysteresis compensation.

(a)

70

601

50r

40t

30r

Actual position (um)

20

101

0 1 1 1 1 1 1
0 10 20 30 40 50 60 70

Desired position (pm)

70 Desired trajectory ]
— — — Actual trajectory

Displacement (pm)

Time (s)

Error (um)

-0.5}

-1.5
0
Time (s)

Figure 8. Experimental results with the IHC approach. (a)
Relationship of desired and actual position. (b) Response of the PCA
(blue solid line: desired trajectory; red dash line: actual trajectory)
and (c) Tracking error.
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Figure 9. Experimental results with the WIHC approach. (a)
Relationship of desired and actual position. (b) Response of the PCA

Time (s)

Time (s)
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(blue solid line: desired trajectory; red dash line: actual trajectory)
and (c) Tracking error.
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Figure 10. Experimental results with the DIHC approach. (a)
Relation of desired and actual position. (b) Response of the PCA
(blue solid line: desired trajectory; red dash line: actual trajectory)
and (c) Tracking error.
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Figure 12. Comparison of the results hysteresis with the three
approaches.

Table 3. Performance comparison of three approaches.

Index IHC WIHC DIHC
emne 3% 3%  2.5%
e,  2.66% 287% 2.06%
ems  0.75% 0.76%  0.78%

figure 10(c) shows the tracking error with the DIHC. It is

determined that e, and e, are 2.06% and 0.78%,
respectively.
4.3.5. Discussions. As shown in figures 8-10, the

experimental results with the IHC, WIHC, and DIHC
approaches are presented and analyzed. The three
approaches greatly reduce the hysteresis nonlinearity of the
PCA. To reflect the hysteresis compensation performance,
figures 11 and 12 also show the comparisons of the tracking

errors and resulting hysteresis with the three compensation
approaches. For a quantified comparison, table 3 summarizes
the e,pe, €, and e,,,,; With the different approaches. Overall,
the performance is rather similar among the three approaches,
and the DIHC is superior by the narrowest of margins.
Therefore, we can conclude that the IHC, WIHC, and DIHC
approaches are all effective for improving hysteresis
compensation and tracking accuracy. The main differences
among them are due to the specific principles and
implementation steps of each approach. Any of them can be
adopted in applications with PCAs as designers find
convenient.

5. Conclusion

Three feedforward control approaches for hysteresis com-
pensation have been discussed, experimentally verified, and
compared in this work. Investigated approaches are the IHC,
WIHC, and DIHC with the MPIM. Based on the discussions
in the foregoing sections, it is worth mentioning that the IHC
approach is the most widely used to compensate for hyster-
esis. In this approach, the inverse functions of the hysteresis
models are required to be constructed for the development of
feedforward controllers. In contrast with the IHC approach,
which uses inverse models for controller design, the WIHC
approach directly utilizes the hysteresis models to develop the
feedforward controllers. Thus, the WIHC approach avoids the
complicated procedure for constructing inverse functions of
the hysteresis models. However, the multiplicative structure is
required for developing feedforward compensators in this
approach, which may not be applicable to some other hys-
teresis models, such as the Jiles-Atherton model and the
Krasnosel’skii-Pokrovskii model. Based on the fact that the
inversion of the hysteresis effect is by nature hysteresis loops,
the DIHC approach directly utilizes the hysteresis models to
characterize the inverse hysteresis effect of PCAs, which is
different from the IHC and WIHC approaches that model the
hysteresis effect of PCAs. Hence, the DIHC approach also
avoids the construction of the inverse mathematical model
and avoids the utilization of the multiplicative structure. From
the comparative experimental results with the three approa-
ches, it can be seen that the performance is rather similar
among the three approaches, and the DIHC is superior by the
narrowest of margins. Therefore, the [HC, WIHC, and DIHC
approaches are all effective for improving hysteresis com-
pensation and tracking accuracy. The main differences among
them are due to the specific implementation of each approach.
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