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Modeling of an Ultra Precision SIDM Rotational Device
Considering Hysteresis
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1. Introduction

Nawadays, impact microactuators have attracted a lot of
attention due to ease of fabrication, capability of batch processing,
robustness to environmental perturbations, high accuracy and high
power output, high response speed of actuation elements.

Recently SIDM (Smooth Impact Drive Mechanism) based ultra
precision rotational device was developed in the Micro-Electro-
Mechanical Systems laboratory of University of Ulsan [1]. This
paper presents the above device modeling using accurate frictional
model and considering hysteresis.

2. Ultra Precision Rotational Device

The investigated ultra precision rotational device has central
symmetrical structure (see Fig. 1). It consists of preload mechanism,
rotational disk and driving unit. The last includes the piezoelectric
element that joined to the flexible hinge and friction part through its
holder. The friction part is kept in touch with rotational disk.
Rotational disk is covered by alumina (Al,O3) cap and uses 3.5 inch
hard disk rotation bearing. Rotational axis of the disk is fixed.
Preload mechanism is installed onto slide rails and composed of
base, rolling bearing, spring and loadcell. Spring force defines
preload force value. Preload force’s direction is perpendicular to the
vibration direction of the piezoelectric element and is applied to the
friction part.
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Fig. 1 Schematic diagram [1]
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The principle of rotation is based on the Smooth Impact Drive
Mechanism (SIDM) [4]. This mechanism uses slow extension and
rapid contraction of the friction part. At low driving frequency the
friction part rotates the disk during slow motion and slips during
rapid motion. However, at high driving frequency the sliding
always occurs even during a slow extension. In this case, rotation
of the disk results from the difference between slow extension time
and rapid contraction time.

3. Dynamic Model

Multilayer piezoelectric element that used in the system can be
considered as a mass-damper-spring system. In such a way, the
free-body diagram of the investigated rotational device is become
as shown in Fig. 2. And the dynamic equations [7] is given as
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where m, and , are masses of the piezoelectric element and
friction part (including friction part holder), respectively; X, Cp
kp are displacement, damping coefficient and stiffness coefficient
of the piezoelectric element, respectively; and F, F, are the

piezoelectric force and the driving force (friction force).
The piezoelectric force F, in consideration of hysteresis

effect that described by Bouc-Wen model [5] is defined as
F =k (dV,-z) @)
where de is piezoelectric constant; z is a state variable a, is

parameter that controls the restoring force amplitude; B, and 7,

are parameters that control the shape of hysteresis loop. The state
variable [5] is given as
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The friction force is realized by the Leuven model [6] as well
as the hysteresis effect of the friction force is described by Bouc-
Wen model [5]. In detail the Leuven model consists of a nonlinear
state and a friction force equations [6] as given respectively

dh _ v[l—sgn(Fh(h)j Fh(h)"]
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dz
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dt
where 7 is a coefficient used to shape the transition curve; v is
velocity; /s is a state variable; F, (h) is the hysteresis frictional

/

force; and function s(v) describing a constant-velocity behavior
[6] is given as

s(v)= sgn(v)[Fc w(F - F)e U j (5)

where & is an arbitrary exponent; F., F are Coulomb

frictional force and static frictional force respectively; v_is a
Stribeck velocity.
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Fig. 2 Free-body diagram
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4. Simulation

Simulation was performed using MATLAB package. To solve
the system of equations (1), (3)-(5) Runge-Kutta method was
applied.

The simulation of the established nonlinear dynamic model
with taking into consideration the hysteresis effect was carried out
and compared with the experimental results. The saw-tooth
waveform driving voltage V(t) was used to excite the
piezoelectric element (Fig.3). In the Fig.4 the experimental and
simulated angular displacement of the rotational device are
presented. A macroscopic outlook exhibits well agreement of the
simulation and the experimental results.

Ta]

Voltage [V]
] 2 H

a2 1 é E
Time [s]

Fig.3 The single-wave saw-tooth waveform driving voltage
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Fig.4 IDM dynamic response on two single-waves

In the following Fig. 5 the effect of the piezoelectric element
hysteresis can be observed. It is obvious that the simulation with
piezoelectric hysteresis of the final angular positioning is much
more accurate then the one neglecting it. This can be explained by
the fact that the piezoelectric force forms a hysteresis loop with
respect to the input voltage and the residual hysteresis still occurs
in the piezoelectric element even if there is no any input voltage
(Fig. 6).

In spite of the time and computational complexity of frictional
force modeling it needed to be considered for the system requiring
a high precision output such as the rotational device been

investigated in this work.
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Fig. 5 IDM dynamic response
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Fig. 6 Hysteresis effect of the piezoelectric element due to the
single-wave input

5. Conclusion

In this paper modeling and simulation of the recently
developed ultra precision rotational device was carried out. Under
this investigation, the accurate dynamic model has been obtained. It
became clear that the frictional force and the hysteresis effect of the
piezoelectric element should be considered at the same time to
obtain accurate simulation results. The Leuven model [6] has been
applied to describe the frictional force. The hysteresis effect of both
the piezoelectric and the frictional force were described by the
Bouc-Wen model [5]. The angular displacement output has been
tested. The calculated results closely matched with the
experimental results.
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