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Abstract. A piezoelectric-based micro motion actuator is typically used in micro-scale movement
technologies, with the actuator developed to deliver very small movements and high resolution for
motion within several micrometer ranges. However, a significant challenge from the strong,
nonlinear hysteresis arises affects the piezoelectric materials joining input voltage to output
movement, which deteriorates the accuracy of the actuator and causes instability in a closed-loop
system. To obtain high precision, accuracy and reduced nonlinear effects, piezoelectric actuators
must be controlled with hysteresis compensation. Therefore, this research developed a
piezoelectric-based microactuator system with a control scheme based on PID (proportional-
integral-derivative) combined with the inverse hysteresis model implemented to compensate for
the actuator's hysteresis. Furthermore, a Modified Prandtl-Ishlinskii (MPI) model was used to
capture the hysteresis phenomenon, where its parameters were obtained through a system
identification process. The inverse model of the hysteresis was then used to generate feedforward
signals in the control system. The results showed that the control scheme is able to provide an
accurate motion due to the decrease in hysteresis compensation signals from 4.87 um to 0.97 pum.
The closed loop control system consisting of the PID control and hysteresis compensation further
improved the accuracy of the piezoelectric actuator and reduced the error down to 0.41 pm.

Keywords: Hysteresis; Micro motion actuators; Modified Prandtl-Ishlinskii model; PID control;
Piezoelectric

1. Introduction

A micro motion actuator is a device capable of generating microscale movements at an
accuracy of 0.001 mm, even extending to nanometres. This technology is widely applied in
tools that require movement with exceptionally high precision and accuracy, such as micro
robots (Karpelson, Wei, and Wood, 2012), atomic force microscopy (Leang and Devasia,
2006), laser beam alignment (Qin et al., 2020), ultra-precision machines (Tian, Zhang, and
Shirinzadeh, 2011), etc.

Currently, the types of actuators used to achieve precise and accurate movements
incorporate active or smart materials such as piezoelectric (Matsuda, Matsuo, and Ueyama,
2001), shape memory alloy (SMA) (Jani et al., 2014), voice coil motors (Zheng et al., 2018),
and magnetostrictive substancese (Apicella et al, 2019). Piezoelectric actuators (PEA) are
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the most widely used due to certain significant features namely, high rigidity, rapid
response, fine motion resolution, and large force capabilities (Cao and Chen, 2015).
However, piezoelectricity has several disadvantages, and the most detrimental is the highly
nonlinear hysteresis relationship between the input voltage and the output movement
(Rodriguez-Fortun et al., 2011; Heywang, Lubitz and Wersing, 2008; Damjanovic, 2006).
This characteristic disadvantage can lead to inaccuracies and instability, requiring
dedicated controllers for compensation (Changhai and Lining, 2005). Therefore, the
Prandtl-Ishlinskii (P-I) model was developed to address the inertial dependency at high
frequencies (Hassani and Tjahjowidodo, 2011). An extensive survey of hysteresis
mathematical models was carried out, presenting classical formalism and using it for the
development of more comprehensive models and corresponding controllers (Hassani,
Tjahjowidodo, and Do, 2014). Piezoelectricity is also used for energy harvesting, apart from
the application in actuators and sensors (Akbar et al., 2022).

Several mechanisms have been developed to enable both planar and rotary motions
using piezoelectric actuator. Devos et al (2004), designed a planar piezo motor actuated by
four piezoelectric motors arranged in a dedicated formation, enabling the delivery of linear
motion in three-dimensional space. Li and Xu (2009), proposed a parallel
micromanipulator offering decoupled motion in 3DOF. Polit and Dong (2011), designed a
piezo-driven parallel kinematic nanopositioning planar mechanism enabling decoupled
motions in two planar directions. Furthermore, Hassani and Tjahjowidodo (2013),
proposed a 3-Degree of Freedom pyramidal-shaped piezo-driven mechanism capable of
delivering planar motion in x-y, z-y and x-z planes. The mechanism operates in two modes,
namely low and resonance frequencies for high precision positioning (stepping mode) and
maximizing the speed (resonant mode), respectively.

In some applications, a direct piezo actuation is required, and a typical example is a
micro-macro manipulator such as the one designed for in-vitro intracytoplasmic sperm
injection (Fujii et al.,, 2020). Despite the relative simplicity, this mechanism faces a dual
challenge, tend to suffer severely from the hysteresis property inherent in piezoelectricity.

This paper focused on a detailed design of a direct piezoelectric-based actuator system,
with a feedback controller and model-based feedforward compensation to counteract the
hysteresis phenomenon. The validation test results of the piezoelectric actuator, and the
control law were presented through numerical simulations and experimental trials. In
conclusion, it examined the main advantages of the developed actuator, with focus on the
internally equipped position sensor, which significantly enhanced the performance.

The research was carried out in four phases shown in Figure 1, with the first focused on
determining the specifications and design requirements of the actuator, taking into account
certain limitations to ensure manufacturability with available materials. The actuator range
of motion was set to a maximum of 50 um and an error of less than 2 um. Subsequently, the
design comprising both mechanical and electrical components, were developed based on
predetermined specifications. The actuator displacement was measured using a calibrated
load cell, which evaluated the models in piezoelectric crystals with significant impact on
accuracy at the micro-scale. The results obtained served as a basis for developing the
hysteresis compensator model.
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Figure 1 Phases in the development of the piezoelectric-based actuator system

The second phase focused on the manufacturing of the mechanical and electronical
components, as well as designing the structure of the position control system, which
integrated feedback and feedforward control strategies, using the hysteresis model
examined in the first phase.

The third phase also known as the identification phase focused on distinguishing the
dynamic parameters of the mechanical system, and hysteresis model, including testing the
electronic circuit. The results obtained were then used to adjust and optimize the
parameters of the feedback and feedforward control gains.

The fourth phase centered on testing the performance of the developed system, by using
areciprocating trajectory to investigate the effectiveness of the control system. In addition,
this phase was completed by proving the satisfactory performance of the developed
piezoelectric actuator system.

2. Hysteresis Models

Hysteresis modelling was carried out to capture the characteristic behaviors of
piezoelectric systems. In addition, through mathematical modeling, hysteresis can be
accurately represented, enabling the development of compensatory strategies to reduce the
effect. In this context, three hysteresis models, namely the Bouc-Wen, Prandtl-Ishlinskii (P-
[) and Modified Prandtl-Ishlinskii(MPI), was discussed in the following sub-sections.

2.1. Bouc-Wen Model

The Bouc-Wen model was widely used to characterize hysteresis in piezoelectric
systems. This model was expressed in a unified form as stated in Equations 1 and 2 (Zhu
and Wang, 2012; Gomis-Bellmunt et al, 2009; Lin and Yang, 2006),

my(t) + by(t) + ky(t) = k{du(t) + h(t)} (1)

h(t) = ai(t) — Bh@®)|w(@®)[|h®)"" = yi(®)|h(®)]" (2)

where y(t) is the output of the piezoelectric actuator displacement, m, b and k are mass,
damping, and spring constant, respectively. In addition, u is the input voltage, d is the ratio
of the linear force constant to the input voltage, and h is the force with hysteresis. The values
of o, B, Yy and n are shape factors tuned for the hysteresis model. One advantage of the Bouc-

Wen model is that it uses only a few parameters however, the traditional one is only suitable
for symmetrical hysteresis forms (Wang and Zhu, 2011; Ha et al, 2006).

2.2. Prandtl-Ishlinskii (P-1) Model

The Prandtl-Ishlinskii (P-I) model uses a combination of backlash operators to form a
hysteresis profile, as shown in Figure 2. Despite the similarity to the Bouc-Wen model, the
P-I model lacks the ability to capture asymmetric hysteresis.
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Figure 2 Illustration of backlash, (a) backlash operator with weight/slope, (b) physical
example of backlash in mechanical systems, (c) Simulink® (MATLAB, 2023) model of
Prandtl-Ishlinskii model (d) backlash operators
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The P-I model shown in Figures 2(a) and (b), included the backlash operator (play) as
stated in Equation 3 (Xu and Li, 2010),

y(t) = max{u(t) — r,min{u(t) + r,y(t — dt)} } 3)

where u(t) is the input, y(t) is the output of the hysteresis model, r(t) is the threshold
value or the width of the backlash, and dt is the sampling time. The initial conditions of
Equation 3 are stated in Equation 4,

y(0) = max{u(0) — r, min{u(0) + r,y,} } (4)

where y, is the initial condition of the output, in addition the backlash operator has two
parameters, r and w,,, where 7 is the difference between the forward and backward paths
and wy, is the slope between input and output.

The output of the P-I model is a combination of several backlash operators multiplied
by the weight values. Furthermore, the w;, value determines the slope of the backlash, while
the output of the P-I model is stated in Equation 5 (Xie et al., 2018),

n

Y(O) = ) wy,yi = WhH, [, o] (5)
i=1

where w, = [Wbl,wbz,---,wbn]T is a vector weight (slope backlash), while H,.[u,y,] =

T
[Hr[u,yol],Hr[u,yoz],---,Hr[u,yon]” is the backlash operator vector containing the

backlash width vector r = [ry,1,,7,]7 , and the initial condition vector y, =

[yol,yoz,---,yon]T with n is the number of backlash operators. The structure of the P-I
hysteresis model is shown in Figures 2(c) and (d) (Zhu and Wang, 2012).

P-I model, proven to effectively capture hysteresis behavior, lacks the capability to
distinguish the direction of motion, as stated in Equation 3. However, it is only effective for
modeling symmetrical non-local memory hysteresis.

2.3. Modified Prandtl-Ishlinskii (MPI) Model

The Prandtl-Ishlinskii (P-I) model is only effective for representing symmetrical
hysteresis. To address this shortcoming, the modified Prandtl-Ishlinskii (MPI) model was
developed by Kuhnen (2003). Both models are similar, except that a dead-zone operator is
integrated at the P-I output. A combination of the backlash and dead-zone operators,
enables the MPI to model asymmetric hysteresis. The formular for determining the dead-
zone operator is stated in Equation 6 (Xie et al, 2018), while the threshold is shown in
Figure 3.
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max[y(t) —d,0] ford >0
z(t) = Sy[yl(e) = y(t) ford =0 (6)
min[y(t) —d,0] ford <0
where z(t) is the output of the combined deadzone operator, w; = [wdl, ---,wdn]T is a

T
weight vector determining the slope of each dead zone and S,[y] = [5d1 ], Sa, [y]] is
a deadzone operator vector with a threshold vector (deadzone width) d = [dy, dy, -+, d]T
ford, <d, <--<d,,, < +oo.

Based on Equation 6, the model output from the combined dead-zone operators
multiplied by weights is stated in Equation 7. In addition, the structure of the MPI model is
shown in Figure 3(d).

z(t) = wgSaly] (1)

, , Garf
() dm\/;m dm| Sy 0
/ ‘ //‘d:() d=0

(a) (b) (c)

Figure 3 Dead zone with threshold: (a) negative {d<0}, (b) without dead zone {d=0}, and
(c) positive {d>0}, (d) the MPI (Modified Prandtl-Ishilinskii) model is composed of
combination of several backlash and dead zone operators

z(1) R ~
d=0 N 3 (1)

The MPI model is formed from a series combination of backlash and dead zone
operators. By substituting Equation 5 in 7, the resulting equation for the model output is
stated in Equation 8,

2(8) = '[u] = wiSs|whH, [w yo]| (8)
where z(t) is the output and u(t) is the input to the MPI hysteresis model.

The proposed modification of the P-I model effectively captures the asymmetric
hysteresis phenomenon. This improvement required additional parameters, potentially
leading to a longer computational process. The use of a more elemental model increases the
number of parameters to be optimized. Therefore, the trade-off between the model
complexity and effectiveness needs to be carefully considered.

3. Actuator Design

The research developed a multilayer piezoelectric actuator, with the constituent
components shown in Figure 4(a). Additionally, Figure 4(b) presents the manufactured
parts, while Figure 5 illustrates the corresponding piezoelectric actuator driver circuit. In
addition, the manufactured parts and the corresponding piezoelectric actuator driver
circuit are shown in Figures 4(b), and 5.

The actuator design parameters obtained from the component measurements shown
in Figure 4(b), are summarized in Table 1. The experimental set-up, comprising the
piezoelectric actuator, a loadcell used as a displacement sensor, step-up module, driver, and
data acquisition card are shown in Figure 6. To enable the usage as a position sensor, the
loadcell is calibrated by applying force to the tips and measuring both the displacement and
output voltage. The results obtained led to the establishment of a relationship between the
loadcell output voltage and the displacement of the tip.
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Figure 4(a) The piezoelectric actuator design contains (1) actuator rod, (2) front chassis,
(3) spring, (4) piezoelectric crystal, (5) rear chassis, (6) adjustment bolt, (7) washers, (8)
lock nut; (b) Piezoelectric actuator components
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Figure 5 The piezoelectric actuator driver circuit
Table 1 Actuator's parameters
Parameter Value
1 Piezo-electric's stiffness (kpiezo) 4.8 x 106 N.m-!
2 Spring's stiffness (Kspring) 1.37 x 10* N.m'!
3 Rod's mass (M) 1.032 x 10-2 kg
4 Piezo's mass (Myjez0) 3,65 x 10-3 kg
5 Viscous friction coefficient (b) 10-1 N.s.m'!
6 Piezo-electric's gain (d) 0.28 pm. V!
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Figure 6 (a) Block diagram of the experimental setup, (b) The experimental setup to
evaluate piezoelectric actuator performance. A load cell is used to measure the actuator
displacement
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The dynamics of a piezoelectric actuator can be modeled using a second order system
as stated in Equation 1. By assuming the hysterical part h = 0 and addressing the
compensated phenomenon separately as discussed in Section 6, the actuator dynamic
model is stated in Equation 9,

my(t) + by () + ky(t) = k d u(t) (9)

Based on Equation 9, the transfer function between the output y(t) and u(t) is stated in
Equation 10,
k
Ys)  kd _ d (10)
U(s) ms2+bs+k g24bg kK
m m

G(s) =

Kpiezo+Kspri _ L
—PeZ0 PP Using the parameters given in Table 1, the
kpiezo'kspring

transfer function Equation 10 can be stated as 11,

2.74 x 10° (11)
s2+ 7.14s + 9.78 x 105

The transfer function in Equation 11 is therefore used to assist in the design of the linear
feedback controller.

where m = Myyq + Mpjezo and k =

G(s) =

4. Estimation of the Hysteresis Parameters

A sinusoidal signal with decreasing amplitude was fed to the driver circuit at low
frequency to estimate the P-I and MPI hysteresis model parameters. Initially, the signal had
an amplitude of 150V, covering the typical range of actuations in the system. Input at low
frequencies puts the piezoelectric in a quasi-static state, minimizing the impact of actuator
dynamics on hysteresis, including the rate-dependent effect (Qin, Zhao, and Zhou, 2017;
Zhu and Rui, 2016). The frequency of the input signal used for the parameter estimation is
0.1 Hz, and the voltage measurement is stated in Equation 12,

u(t) = 15(—0.25t + 10.6165)|sin(0.27t) | (12)

The estimation process was carried out based on Levenberg-Marquardt algorithm
using the Simulink® parameter estimation feature that minimizes the quadratic cost in
Equation 13 (MathWorks, 2018).

N N
min F (x) = Z e? = Z(ym(k) ) (13)
k=1 k=1

The Simulink® models for the P-I and MPI models are shown in Figures 7(a) and (b),
respectively.

w,

. n .bl_ /‘/dlE dy
?‘2 bz_ /_jd2Ede_

[Time, Simulation [Time, : : : : Simulation

Normalized —*{ output of Normalized |+ ; ’ Wi ) q ' W | output of

Input] PI Model Input] g > A5 | | PIModel
(a) (b)

Figure 7 (a) Simulink® model of Prandtl-Ishlinskii (P-I) hysteresis, (b) Simulink® model of
Modified Prandtl-Ishlinskii (MPI) hysteresis
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The estimated parameters for both P-I and MPI models, comprising a total of 15
elementary models, where each element consists of two and four parameters respectively,
are shown in Table 2.

Table 2 (a) The estimated P-I parameters; (b) The estimated MPI parameters

(a) (b)
i T Wp, i T Wp, d; Wy,

1 0 0.452917 1 0 0.63804 0 0.988629
2 0.066667 0.253178 2 0.066667 0.308035 0.066667 0.005885
3 0.133333  0.432447 3 0.133333 0.186395 0.133333 -0.06904
4 0.2 -0.33235 4 0.2 -0.06517 0.2 0.049237
5 0.266667 0.408963 5 0.266667 0.178587 0.266667 -0.09053
6 0.333333 -0.27518 6 0.333333 -0.03324 0.333333 0.053955
7 0.4 0.295013 7 0.4 0.08585 0.4 -0.10068
8 0.466667 -0.29314 8 0.466667 -0.00645 0.466667 0.049059
9 0.533333 0.323778 9 0.533333 0.049062 0.533333 -0.06739
10 0.6 -0.43292 10 0.6 0.092679 0.6 -0.07129
11 0.666667 0.493058 11 0.666667 0.092679 0.666667 0.106082
12 0.733333 -0.67912 12 0.733333 -0.16926 0.733333 -0.20657
13 0,8 0.705708 13 0.8 0.234706 0.8 0.136164
14 0.866667 -0.51839 14 0.866667 -0.01599 0.866667 -0.04464
15 0.933333 0.25342 15 0.933333 -0.17972 0.933333 -0.1092

5. Hysteresis Model Validation

The obtained hysteresis parameter models were validated by comparing the
simulation with the experimental outputs. The simulation and experimental results of the
P-I and MPI models are shown in Figures 8 and 9(a) including Figures 9(b) and 10,
respectively. However, Figures 9(a) and 10(b) show that the deviation between the
simulation and experimental outputs of the P-I model are larger than the MPI. Figure 11
shows the comparison of the Root Mean Square Error (RMSE) between P-1 and MPI models,
in which the P-I model has an RMSE three times larger than that of the MPL.

—_ —Exp. results
E " g 40 ”ﬂll .ﬁv S:r?m :est.‘tits
= ey yin !‘\
5 30 < 30 \ BiED
o3 E i 8' | \ ‘ v‘ l\ I\
5 —Exp. results S | \
8 20 Sim. results g 20 | “l ‘ k‘ ’1 /‘\
5 S LU U YN
10 £ 10 ll | |1‘ | R S
o | 1 -
. S L \//\/\
0 30 60 S0 120 150 0 S5 10 15 20 25 30 35 40
Input [Volt] Time [s]
(a) (b)

Figure 8 Simulation and experiment results of P-I Model (a) position output vs input
voltage input, (b) position output vs time. There are significant errors between simulation
and experiment results on the P-I model
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Figure 9 (a) Detailed section on the P-I model validation with a maximum error of 1.4 um,
(b) Simulation and experiment results of the MPI model, position output vs input voltage
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Figure 10 Simulation and experiment results of the MPI model (a) position output vs time,
(b) detailed section on the MPI model validation. The MPI model yields a better agreement
between simulation and experiment compared to the P-I model (Figure 9(b))

31 ' RMSE P-I = 0.703 um P-IModel |
\' RMSE MPI = 0.217 pm — MPI Model

Absolute position error [um]

Time [s]
Figure 11 Comparison of absolute position error between the P-I and MPI models. RMSE
of the P-I model is 0.703 um, while RMSE of the MPI model is 0.217 pm

6. Controller Design

The inverse hysteresis model-feedforward was applied to the controller to compensate
for the hysteresis phenomenon in the piezoelectric actuator. Based on Equation 8, the
inverse hysteresis model is stated in Equation 14,

u(t) = 2] = wy By [wi Sil2]] (14)

T

where u(t) is compensated voltage input wj = [W,’;l,---,wgm] and wy =
T

[W;;l,---,wc’;m] are inverse weight vectors for backlash and dead zone operators

respectively. r* = [r},---,7:]" and d* = [d}, -+, d},]T are inverse threshold vectors for
backlash and dead zone operators. The inverse parameter values are calculated using
Equations 15 to 20 (Ang, Khosla and Riviere, 2007; Kuhnen, 2003).
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i (15)
j=1

o= o (16)

—Wyp,
wy, = . bi — i=2,m (17)

(Wb1 +2j-2 ij) (Wb1 + 252 ij)
i (18)
d; =Y wa(di—d)) i=1,m
j=1 1
P+ (19)
wy, = e,

—wy,

W:ii — dl l — 2,.”’m (20)

(wd1 +Xh, Wd,-) (Wd1 + 22 de)

The control system proposed in this research consists of a PID and hysteresis inverse
model. The PID controller is obtained using Equation 21,

u(®) = Kye(®) +Kijedt+Kd% (21)
where u(t), e(t), Kp, K; and K, are the control command, the position error, and gain,
including the integral, and derivative gain, respectively. The PID control algorithm was
implemented as a feedback control considering the robustness and broad applicability. It
has been used in various applications including the control of medical devices (Irianto et
al, 2023) and ICE engines (Abdurrakhman et al,, 2020). By adopting an incremental PID
algorithm, the overall control input can be derived in a discrete form as stated in Equation
22,

u(kT) = upp(kT) + upg (kT) (22)
= Upp(KT) + upg (kT — T)
+Ky,[e(kT) — e(kT — T)] + K;e(kT)
+K;[e(kT) — 2e(kT —T) + e(kT — 2T)]

where upg (kT —T) is the feedback control command in the previous step, and the
feedforward term ugp(kT) is given by the inverse MPI model. The PID gains were set by
using Ziegler-Nichols step response method (Astrom and Hagglund, 2004). Figures 12 and
13 show the controller block diagram and the implementation on Simulink® respectively.

Hysteresis
"1 Inverse Model

Desired

- PID Controller Driver p| Fiezoelectric p Actual
Position

+ "1 Actuator " Position

+

Measured Position

-

Position Sensor [

Figure 12 Block diagram of the proposed control system.
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Figure 13 Implementation of the proposed controller using Simulink®

7. Tracking Results

The evaluation of the piezoelectric actuator control system was carried out using two
types of controllers. The first experiment used the position control system without an
inverse hysteresis model. While the second analysis adopted a position control system with
an inverse hysteresis model. The desired position to evaluate the performance of the
proposed controller is stated in Equation 23,

u(t) = 20 + (20sin(0.4nt — /2)) (23)
Figure 14 shows the response of the position control system without inverse hysteresis
model feedforward and the hysteresis phenomenon respectively.

--------------

40 \ 7Meas pos. E 401
. \\ \ —=-Des. pos ‘ E r
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= 4 =R
é 20 / A é 20+
a 10 / { = 10+
[/ A 0 L
/ \ vl g
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Time [s] Desired position [ptm]

(@) (b)
Figure 14 (a) Plot of the desired and measured positions using a PID controller only, (b)
Hysteresis phenomenon on the PID controller without the reverse hysteresis model
feedforward. The hysteresis phenomenon is around 5um.

Figure 15 shows the response of the position control system with inverse hysteresis
model feedforward and the hysteresis phenomenon, respectively.
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Figure 15 (a) Plot of the desired and measured positions using the PID controller with the
hysteresis inverse model feedforward, (a) Hysteresis phenomenon on the PID controller
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with the inverse hysteresis model feedforward. The hysteresis phenomenon is much
reduced compared to the PID controller without the feedforward compensation
(Figure14(b))

Figure 16 shows a comparison of responses between open loop control with and
without inverse model hysteresis compensation. In open loop control, hysteresis values of
4.87 um and 0.97 um were observed in without and with the compensation, respectively.
This shows that the hysteretic compensator is able to reduce the hysteretic error
significantly.

Figure 17 shows a comparison of absolute position errors between two control
systems, one using only the PID controller and the other integrating PID controller with the
feedforward compensator. It clearly shows that the application of the inverse hysteresis
model feedforward can significantly improve the control system performance.
Furthermore, the root mean square errors of 1.26 um and 0.41 um was obtained for the PID
only and the one with feedforward.

40 —— Uncompensated -
~— Compensated

30

20

Position output [1m]

10

0 o 30 60 | ‘96 | 120‘ ‘150
Input [Volt]
Figure 16 Hysteresis comparison between open loop response without compensator (h,)
and with the inverse model hysteresis compensator (hq) at 0.2 Hz input signals. The
hysteresis compensator is able to reduce the hysteretic error from 4.87 pm to 0.97 um

T T T T T T T T T
RMSEPIDonly=1.26 mm ... PID only
RMSE PID + FeedForward = 0.41 pm — PID+FeedForward| |

Absolute position error [pum]

0 . 5 . 10 - 15
Time [s]

Figure 17 Comparison of absolute position errors of the PID controller only and the PID

with feedforward compensation. RMSE of the PID controller is 1.26 um dan for the PID

controller with feedforward compensation is 0.41 um

8. Conclusions

In conclusion, the design and manufacturing of a piezoelectric-based actuator and the
controller were presented. A significant asymmetric hysteretic phenomenon was observed
in the piezoelectric actuator. This was addressed by adopting a Modified Prandtl-Ishlinskii
(MPI) model and the inverse, which were proposed for incorporation into the position
control system, effectively capturing the asymmetric displacement or voltage hysteresis.
The parameters in the MPI model were efficiently identified using the Levenberg-
Marquardt method. Based on the inverse MPI model, a closed loop control scheme with
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hysteresis feedforward compensation was proposed. The results of the experiment showed
the effectiveness of the proposed MPI model and the inverse in describing the displacement
or voltage asymmetric hysteresis of the piezoelectric actuator. In addition, the developed
piezoelectric-based micro motion actuator showed good performance with sufficient
accuracy.
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