
Abstract–This paper presents the control performance of a high-
precision positioning device using the hybrid actuator composed of a 
piezoelectric (PZT) actuator and a voice-coil motor (VCM). The 
combined piezo-VCM actuator features two main characteristics: a 
large operation range due to long stroke of the VCM, and high 
precision and heavy load positioning ability due to PZT impact force. 
A one-degree-of-freedom (DOF) experimental setup was configured 
to examine the fundamental characteristics, and the control 
performance was effectively demonstrated by using a switching 
controller. In rough positioning state, an integral variable structure 
controller (IVSC) was used for the VCM to conduct long range of 
operation; in precision positioning state, an impact force controller 
(IFC) for the PZT actuator coupled with presliding states of the 
sliding table was used to obtain high-precision position control and 
achieve both forward and backward actuations. The experimental 
results showed that the sliding table having a mass of 881g and with 
a preload of 10 N was successfully positioned within the positioning 
accuracy of 10 nm in both forward and backward position controls. 

Keywords—Integral variable structure controller (IVSC), impact 
force, precision positioning, presliding, PZT actuator, voice-coil 
motor (VCM). 

I. INTRODUCTION

IEZOELECTRIC actuator is a popular electromechanical 
element that can provide precise motion, generate a large 

force, and feature a high-frequency response and small size. 
Benefiting from these advantages, many positioning devices 
using the PZT actuators are well found in precision industry. 
Typically, there are three kinds of positioning devices using 
the PZT actuators classified by the actuating methods [1]. The 
first one is to use the steady displacement of a PZT actuator to 
obtain a theoretical unlimited displacement resolution [2]. The 
next one is to use the dynamic displacement of a PZT actuator 
to perform stick-slip like motion with a large stroke operation 
[3, 4]. The third one is to use rapid deformation of a PZT 
actuator incorporated with a mechanical element, such as 
spring, pneumatic cylinder, and voice-coil motor, for long 
range operation [5]-[7]. In this paper, the control performance 
of a positioning device featuring with one-degree-of-freedom 
(one-DOF) actuating ability using one set of the combined 
piezo-VCM is presented. 
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With regard to the combined piezo-VCM actuator [5], it has 
been reported as a precision adjusting tool featuring tow main 
characteristics: 1) a heavy load and high-precision actuating 
ability on the order of 10 nm due to the actuation of PZT 
impact force, 2) a large operation range of the PZT actuator 
due to long stroke of the VCM. Therefore, this hybrid actuator 
can be applied to assembly or alignment works in 
manufacturing process where a precision adjustment for a 
component is required. In that study, since the hybrid actuator 
was not directly connected to the target object and the 
actuation was through the form of contact force, two hybrid 
actuators were required to precisely adjust the target object 
with forward and backward motions [8]. Instead of the 
function as a precision adjusting tool, the positioning device 
presented in this paper can obtain one-DOF positioning ability 
using only on single hybrid actuator. The actuating principle is 
based on the PZT impact force coupled with a presliding state 
of the target object.  

To achieve a good control performance of a target object 
being subjected to a heavy load or with dry friction, a suitable 
controller is required for the actuator to drive the target object 
smoothly and robustly. The variable structure control (VSC) 
is one of the major approaches to dealing with the nonlinear 
system having parameter uncertainties. Phakamach and 
Akkaraphong designed an integral variable structure 
controller (IVSC) being applied to the electrohydraulic 
servomechanism velocity control system [9, 10]. It comprises 
an integral controller for achieving zero steady-state error and 
a variable structure controller for enhancing robustness. In 
this paper, for examining the control performance of the 
combined piezo-VCM actuator, a switching dual-controller 
consisting of the IVSC for the VCM and an impact force 
controller (IFC) for the PZT actuator is configured, and the 
control performance is verified through experiments.  

In the next section, the driving process of the positioning 
device using the piezo-VCM actuator is described. The 
theoretical models for the hybrid actuator to perform both 
rough and precision positioning are presented in Section III. 
The variable structure controller with integral compensator 
(IVSC) for the VCM and an impact force controller (IFC) for 
the PZT actuator are presented in section IV. The 
experimental setup is given in section V. Results of 
experiments are provided in section VI. Conclusion is given in 
Section VII. 
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II. DRIVING PROCESS

Fig. 1(a) shows the main components and operation 
principle of the positioning device. The combined piezo-VCM 
actuator is directly connected to the sliding table, which is set 
upon the sliding surface with a frictional constraint. Based on 
the configuration, the sliding can be actuated to move in ether 
forward or backward direction by using only the VCM. 
However, it is very difficult to actuate the sliding table 
precisely due to stick-slip phenomenon usually existing 
between the sliding surfaces with dry friction. On the other 
hand, the actuating method presented in this paper is capable 
of performing precision positioning by applying a PZT impact 
force to the sliding table with a presliding state. Detailed 
operation processes are described as follows:  
(a) In the initial stage, the sliding table is standstill and the 

combined piezo-VCM actuator is electrically neutral. 
(b) In the forward rough positioning stage, the VCM is 

actuated by applying a current to its coil which produces 
a forward electromagnetic force Fv. If the forward thrust 
force is larger than the maximum static friction force, the 
sliding table will start to move with a large travel distance. 
In this state, however, a high-precision position control is 
difficult to achieve due to nonlinear characteristic of dry 
friction. 

(c) In the forward precision positioning stage, the actuation 
for the sliding table is switched to the combination of a 
small forward thrust force coupled with a PZT impact 
force Fp. Initially, the small thrust force generated by the 
VCM is to keep a forward presliding state of the sliding 
table, i.e., the sliding table does not exactly move. And 
then, the sliding table is actuated to move precisely by the 
PZT impact force, which is generated by applying a pulse 
voltage waveform to the PZT actuator. 

(d) In the backward rough positioning stage, the VCM is 
actuated by applying a reverse current to its coil which 
produces a backward electromagnetic force Fv. If the 
backward thrust force is larger than the maximum static 
friction force, the sliding table will start to move with a 
large travel distance.  

(e) In the backward precision positioning state, the actuation 
for the sliding table is similar to previous step (c) but with 
a backward pre-sliding state of the sliding table. 
Processes (b) ~ (e) are used to control the sliding table 
undergoing both forward and backward motions with a 
satisfactory positioning accuracy. Thus, the sliding table 
may feature one-DOF high-precision positioning ability. 

III. THEORETICAL ANALYSIS

A. Rough Positioning State 
Referring to the main components of the positioning device 

shown in Fig. 1(a), the analysis model can be represented as 
shown in Fig. 2. In rough positioning state, since the actuation 
for the sliding table is only governed by the VCM, the 
dynamic equation is expressed as follows: 

XcFFXM tv .        (1) 
where M  is the total equivalent mass including moving shaft 
of VCM, PZT actuator, and sliding table; c is a damping 

coefficient for expressing the VCM due to the nature of back 
electromotive force (EMF); Fv is the thrust force caused by the 
electromagnetic force of the VCM; and Ft is the friction force 
existing on the sliding surfaces. The thrust force Fv is resulted 
by applying a current to the coil of the VCM. Referring to the 
equivalent electrical circuit of the VCM as shown in Fig. 3, 
the applied voltage VVCM to the VCM can be expressed as 
follows:  

Fig. 1.  Main components of the positioning device and driving process. 

Fig. 2.  The mechanical model of the rough positioning. 
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,mVCM eILRIV        (2) 
where I is the coil current; R is the coil resistance; L is the coil 
inductance; )( xKe mm is the back-EMF with a constant Km.
The electromagnetic force Fv is proportional to the current and 
is expressed as follows, 

,IKF vv                         (3) 
where Kv is a force constant of the VCM.  

B. Precision Positioning State 
In precision positioning state, the actuation is performed by 

applying the PZT impact force to the sliding table being in 
presliding state maintained by the VCM. Referring to the 
actuating process shown in Fig. 1(c), the analysis model can 
be described as shown in Fig. 4. Since the positioning device 
is mainly composed of the actuating part of the VCM and the 
driven part of the sliding table, it can be simply regarded as a 
2-DOF mass-spring-damper mechanical system. Therefore, 
the physical model is described by the following two-coupled 
differential equations.  

,)()(

)()(

tpss

vpss

FFXcXkXM

FFXcXkcm
  (4) 

where M and m respectively represent the masses of sliding 
table and moving shaft of VCM, and their corresponding 
displacements are expressed as X and . The PZT actuator is 
characterized by a spring with stiffness constant ks and 
damping coefficient cs. The impact force Fp is generated by 
the actuation of the PZT actuator with a short period of 
elongation of s, and is expressed as ks. In precision 
positioning state, the thrust force of the VCM is used only for 
producing a presliding state of the sliding table in either 
forward or backward direction.  Therefore, the thrust force is 
given by a smaller value than the friction force, and satisfies 
the following condition, 

0vt FF .        (5)

IV. CONTROL STRATEGY

A. Design of IVSC for the VCM 
As described in Section II of operation principle, the VCM 

is used to perform rough positioning with long-range 
operation, and the PZT impact force is used to obtain high-
precision positioning ability. Therefore, a dual-controller with 
switching function shown in Fig. 5 is implemented to attain 
the performance. The dual-controller consists of a variable 
structure controller with an integral compensator (IVSC) as 
well as an impact force controller (IFC). As shown in Fig. 5, 
the IVSC composes of a VSC with an integral compensator in 
the feedforward control loop. In rough positioning state, the 
IVSC is used to control the sliding table with large travel-
range and high-speed abilities. Once the steady-state position 
error  is within 10 m, the control practice is switched (SW = 
0) to the precision positioning state, which is performed by the 
IFC for the PZT actuator coupled with a constant thrust force 
given by the VCM, as shown in the block diagram of Fig. 6. 
The constant thrust force is to keep the presliding state of the 
sliding table and thus is smaller than the friction force. Under 
this condition, the impact actuation based on IFC is carried 
out by applying a pulse voltage to the PZT actuator. As a 
result of the combinational actuations, the sliding table can 
finally move to a specified precision position. 

In rough positioning state, the control system is considered 
as a linear system as shown in Fig. 5, and it can be described 
as the following forms: 

1

1

1

)(

1,,1,

XrZ

tdbUXaX

niXX
n

i
iin

ii

      (6) 

Fig. 6.  Block diagram of the switching controller with the IFC for PZT   
actuator undergoing fine positioning operation. 

Fig. 3.  Theoretical equivalent electrical circuit of the VCM. 

Fig. 4.  The mechanical model of the precision positioning. 

Fig. 5.  Block diagram of the switching controller with the IVSC for VCM 
undergoing rough and precision positioning operation. 
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where r is the input command, iX  is the state variable, X1 is 
the output signal, U  is the control input, ia  and b are system 
parameters, d  is disturbance, and n is the order of state 
variable. 

Let the control input functionU have the switching form of 
TwIw UsUsU )1(        (7) 

where IU  is the control command based on IVSC, TU  is the 
control command of the constant thrust controller, and  

,-if,0
-if,1

1

1

Xr
Xr

sw       (8) 

where (=10 m) is the steady position error. 
The strategy of designing an IVSC controller involves 1) 

designing an appropriate control function Ueq to guarantee the 
existence of a sliding mode, 2) determining a switching 
hyperplane and an integral control gain KI to obtain good 
control performance, and 3) eliminating chattering phenomena 
using a supervisor control signal. 

The IVSC method was developed by Phakamach and 
Akkaraphong [9, 10], it combines an integral controller 
followed by a VSC. In this paper, the IVSC controller is used 
to examine the control performance of the VCM actuating 
system. According to (1)-(3), the VCM servo control system 
can be shown as the block diagram of Fig. 7, and it can be 
described by the state equations based on (6) as follows:  

1

33223

32

21

)(

XrZ

tdbUXaXaX

XX

XX

     (9) 

where 
TT tXtXtXtXtXtX ])()()([])()()([ 321

LM
RcKK

ta mv)(2

LM
cLRMta )(3

LM
K

b v

tt F
M

F
LM

Rtd 1)(

where XX1  is the displacement of the sliding table, and r
is the reference input. 

From (9), the third order linear controllable canonical form 
with time-variant system is used to design a variable structure 

controller with integral compensation. Let the control input 
IU  satisfy the condition of a sliding mode, it can be defined 

as 
UUU eqI         (10) 

where eqU , called equivalent control, is used to drive the 
operation point to the sliding surface; U  is a supervisor 
input used to eliminate the influences due to the parametric 
variations in ia , b , and disturbances )(td , and to guarantee 
the existence of sliding mode. Detailed derivations, 
including eqU , U , and the integral gain KI, can be referred 
to previous work [8].  

B. Design of IFC for the PZT Actuator  
The control model for the PZT impact actuation can be 

derived based on a heuristic approach, in which it is assumed 
that the impact actuation is performed between two masses (M
and m). According to the conservation law of momentum and 
further assuming the condition of no energy loss during 
impact actuation, the predicated displacement X  caused by 
the impact actuation can be derived into the following 
compact form [6]. 

)( PZTVfcX          (11) 
where, 

,))((
2
1)(

)(

2

v

PZTssPZT

t

VkVf

FF
Mm

mc
       (12) 

in which s  is the excited static displacement of the PZT 
actuator caused by PZT voltage VPZT. Therefore, the control 
voltage VPZT can be determined by the inverse function of (12) 
while a predicted displacement X is given. It is a pulse 
voltage waveform with duty cycle and can be described as 

)()()( 1 Tn
c
xfnV                       (13) 

Tn
Tn

n
,0
,1

)(

where )(n  is an unit impulse function and T is pulse width.  

V. EXPERIMENTAL SETUP 

Fig. 8 shows the experimental setup of precision 
positioning device using the combined piezo-VCM actuator. 
The PZT actuator having the dimension of 5 mm 5 mm 20 
mm (Tokin) is embedded in a steel protective block with a soft 
stiffness for preventing breakage from an extension load. The 

Fig. 7.  The block diagram of VCM servo control system. 

Table 1. Identified parameters of VCM 

M c L R Kv Km
(kg) (Ns/m) (H) ( ) (N/A) (V/(m/s))

63 10-3 1.778 94 10-3 3.657 4.029 4.029 
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steel block is then firmly fixed between the sliding table and 
the VCM. The sliding table is made of stainless steel with the 
dimension of 35 25 130 mm and mass of 881g. The sliding 
table setting upon the V-grooved base is capable of moving in 
either forward or backward direction, and thus has one-DOF 
positioning ability. The sliding surfaces have a roughness of 
Ra 0.36 m, which was obtained by grinding. A spring-type 
friction adjusting mechanism with a stiffness of spring being 
14.7 N/mm is mounted on the topside of the sliding table for 
giving a preload to the sliding table.  

Fig. 9 shows the schematic experimental setup for 
performing position control. The driving voltages for PZT 
actuator and VCM are generated by the MATLAB software 
and SIMULINK programming language. Two 16-bit D/A 
converters are used to transform the control voltages into the 
power amplifier. Since an instantaneous rise in current will 
occur when a pulse waveform was being applied to the PZT 
actuator, a heavy-duty power amplifier with the rated current 
of 10 A and with the frequency bandwidth of 1 MHz was used. 
The displacement of the positioning table is detected by a 
capacitance-type gap sensor, with a measuring range of 

250 m and a resolution of 10 nm. 

VI. EXPERIMENTAL RESULTS

A. Parametric Identification of the VCM  
To design the IVSC, it is necessary to identify the 

parameters of VCM. Since the VCM control system is 
considered as a linear system, the VCM was disconnected 
from the sliding table to form a single actuator in the 
parametric identification process. As expressed in (2), the 
VCM is regarded as a mechanical damper and can be 
represented by an equivalent electrical circuit, as shown 
previously in Fig. 3. Applying a sinusoidal voltage waveform 
to the VCM, the displacement of the moving shaft of the 
VCM and the coil current were recorded, and then parametric 
estimation was made by the recursive least-square method 
(RLS) [8]. The VCM parameters identified are summarized in 
Table I, in which the damping coefficient c is 1.78 Ns/m. 
Since the coil resistance R = 3.66  and force constant Kv =
4.03 N/A, the thrust force Fv related to the VCM voltage VVCM
is therefore derived as 1.10 N/VVCM.

B. Position control 
Although the positioning device might feature high-

precision and large operational range of actuating ability, to 
obtain a satisfied positioning accuracy, the performance of 
position control has to be examined due to parametric 
variations of the positioning device. Fig.10 shows the 
experimental results of position control in accordance with the 
implemented controller depicted in Fig. 10. In Fig. 10(a), the 
recorded forward and backward displacements of the sliding 
table and the control commands for PZT actuator and VCM 
are shown; in Fig. 10(b), detail commands of IVSC including 
the equivalent control input eqU and supervisor input U are
presented. 

Initially, the forward and backward target positions were 
given as 450 m at t = 0 s and 200 m at t = 2.5 s measured 
from the reference origin, respectively. Referring to the 
forward position control shown in Fig. 10(a), in rough 
positioning state using the IVSC algorithm, the VCM carried 
the sliding table smoothly reaching to the target position of 
450 m within a position error of 10 m at time axis of 0.95 s. 
At this moment, the control practice was shifted to the 
precision positioning state using the IFC for the PZT actuator 
coupled with a constant thrust force of 2.2 N given by the 
VCM. Due to the operation of PZT impact force, it took 0.33 s 
for the sliding table moving from the rough position of 
440 m to the final precise position of 449.99 - 450.01 m. 
The enlarged drawing shown in Fig. 10(a) is the recorded 
displacement obtained by the actuations of PZT actuator. The 
forward control ended with the positioning accuracy within 10 
nm, which is the resolution limitation of the measuring system. 
The total control time in forward control was 1.28 s.  

The backward control started at t = 2.5 s. Similar to the 
forward control, initially, the VCM control system based on 
the IVSC algorithm was used to actuate the table moving from 
the stating position of 450 m to the final position of 200 m
with a positioning accuracy of 10 m, and then precision 
position control was performed based on the PZT impact force 
coupled with a backward thrust force of the VCM. The total 

DA,
NI PCI-6052E

AD,
NI PCI-6052E

Pzt & VCM 
driver

V-grooved

Sliding 
table

Anti-vibration table

Gap sensor

Fig. 9 The schematic drawing of control system. 

Fig. 8  The Photograph of the experimental setup with hybrid actuator.. 
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control time in backward control was 1.43 s. The average 
sampling periods for the VCM and PZT control systems were 
1 ms and 10 ms, respectively. According to the experimental 
results, the effectiveness of the configured IVSC and IFC that 
could be applied to the positioning device using the combined 
piezo-VCM actuator was successfully demonstrated. 
Compared with previous study using two sets of the hybrid 
actuator [8], only one single hybrid actuator was capable of 
obtaining the same positioning performance in this study. This 
was due to the PZT impact force coupled with the forward and 
backward presliding states of the sliding table. In addition, the 
IVSC used for the VCM control system showed good 
robustness in different actuating mechanisms provided in 
previous study and current study. 

VII. CONCLUSION

In this paper, the IVSC and IFC were employed to 
demonstrate the control performance of a positioning device 

using the combined piezo-VCM actuator with a frictional 
constraint. An experimental setup with one-DOF of motion 
ability was configured to examine the fundamental 
characteristics and control performance of the positioning 
device. Main results were obtained as follows:  
1) The control algorithm for the positioning device using the 

combined piezo-VCM actuator was configured with rough 
and precision positioning states. It was shown as effective 
in obtaining a large operational range and high-precision 
positioning ability. 

2) In rough positioning state, using the IVSC for the VCM 
control system, the sliding table could move smoothly to 
the target position with a positioning accuracy of 10 m
and with a large travel range. 

3) In precision positioning state, using the IFC for the PZT 
actuator coupled with a presliding state of the sliding table, 
a final positioning accuracy of 10 nm was obtained. 

4) The IVSC showed good robustness in the VCM control 
systems with different actuating mechanisms. 

It is shown that proposed positioning device featuring the 
performance of high-precision, and large operational range 
has attractive practical applications in the field of precision 
industry. 
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Fig. 10 Experimental results of position control (a) displacement and 
voltage commands of the piezo-VCM actuators, (b) U, and equivalent 
control Ueq. 
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