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In this paper, a novel piezoelectric actuator driven nano-stage with bridge type mechanism is studied from the perspectives of design

optimization, dynamical modeling, as well as controller synthesis for high precision manipulation purposes. FEM (Finite Element

Method) analysis and dynamical modeling are provided to derive the system model including the hysteresis nonlinearity. Considering

the complexities of dynamical uncertainties and hysteresis nonlinearity, an active disturbance rejection controller is developed

consisting of extended state observer (ESO), state feedback controller and profile generator. With the proposed algorithm, the

nonlinear dynamics, system uncertainties and external disturbances can be treated as part of the “total disturbances”, such that the

extended state observer can be used to estimate and suppress the effects of these complex dynamics. The proposed control algorithm

is deployed in real time implementations on the designed nano-stage, where experimental results demonstrate good control

performance in terms of high precision positioning, hysteresis compensation and disturbance rejection.
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1. Introduction

1.1 Background

High precision micro/nano-stage is a key component in many fields

of precision engineering, such as high resolution imaging systems,1

lithography machining of semiconductors,2 as well as Hard Disk Drive

(HDD) data storage systems.3 Regardless of various application

objectives and manipulating tasks, one of the common requirements for

micro/nano-stages is the capability of positioning or moving with high

resolution, high repeatability, and high bandwidth.4 The design and

control of micro/nano motion stages with ultra-high precision has

become one of the key enabling technologies in these areas.

To satisfy the ultra-high precision requirements, most micro/nano

stages are designed on the base of the compliant mechanism, which

employ various flexure hinges to generate motions through elastic

deformation.5,6 The use of flexure hinges makes the nano-stages to

eliminate the friction and clearance issues that exist in a traditional

mechanism. The piezoelectric actuators have been widely used to drive

the compliant mechanism due to their characteristics of large load

capacity, high resolution and fast response. Accordingly, high

resolution and high bandwidth sensors (e.g. laser displacement sensors

or optical encoders) are incorporated in the nano-stage design, such that

advanced feedback control algorithms can be deployed to achieve ultra-

high precision manipulations. For compliant mechanism design,

guiding mechanisms7 and displacement amplification mechanisms8 are

necessary due to the coupling motion and the limited stroke of

piezoelectric actuators. There are inevitable tradeoffs among the system

stroke, bandwidth and working load in the mechanical structures

design. Therefore the innovation and design optimization on nano-

stages have attracted significant research, see e.g. Pucheta9 and Shan10

for references.

Although flexure hinges based nano-stage is a promising way to

accomplish ultra-high precision manipulations, the natural hysteresis

and creep nonlinearities limit the accuracy of the developed nano-

stages. Moreover, various external disturbances will also reduce the

positioning or moving precision of the system. In order to solve these

problems, various research efforts have been made in the past few

years. Charge control11 is a successful method to suppress the hysteresis

DOI: 10.1007/s12541-015-0289-5 ISSN 2234-7593 (Print) / ISSN 2005-4602 (Online)



2246 / OCTOBER 2015 INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING  Vol. 16, No. 11

effects. However, charge control reduces workspace and bandwidth of

the piezoelectric actuators as well as increases complexity of the

control hardware. Thus, voltage control is widely used for controlling

nano-stages including feedforward control12 and feedback control.13 It

should be noticed that the feedforward control are usually based on the

inverse model. However, the accurate hysteresis dynamic models are

usually complicated, and their inverse models are difficult to get

practically, especially when robustness has to be addressed.14 Although

the feedback methods are more robust in suppression of the hysteresis

nonlinearity,15 model uncertainties together with the complex nonlinear

behaviors, especially the hysteresis nonlinearity, make it difficult to

establish the accurate dynamic model for the controller design and to

obtain robust stability results.16

1.2 Motivation

The main purpose of this work is to investigate the analysis, design

and control methods for nano-manipulating stages supporting a novel

direct writing vacuum evaporation instrument for quantum device

fabrications. As described in our previous work,13 the system is composed

of an electron beam evaporation apparatus, a vacuum system, a vacuum

evaporation chamber, as well as a new sample chamber, as shown in

Fig. 1. Based on the performance specifications of the equipment, strict

requirements have been put forward for nano-stage design, such as

bandwidth, stroke, resolution and vacuum compatibility. In the

meanwhile the coating process inevitably results in various disturbances,

such as vibration, environment temperature variation and sensor noise,

which significantly affect the motion accuracy of the nano-stage.

Considering the requirements on operating accuracy, geometry

limitations, as well as anti-disturbance control performance, the nano-

stage needs to be prototyped in a systematic way such that the

mechanical design can be accurately achieved and its model can be

analytically captured for anti-disturbance control purpose. It is worth

noting that most existing results on the analysis of the amplification

mechanisms are quite inconsistent with the practical performance in

nano-stages. These deviations limit appropriate deployment of model

based anti-disturbance control, such as disturbance-observer-based

control,17 internal model control,18 etc.

With this, we consider the systematic design, modeling and control

methods for a piezoelectric actuator driven nano-stage with a bridge

type mechanism. In particular, we restrict our attention to the bridge-

type amplifiers based design with a new analysis method facilitating

more accurate design analysis, and the active disturbance rejection

controller (ADRC)19,20 approach is developed for the nano-stage to deal

with the nonlinear dynamics, system uncertainties, as well as external

disturbances.

1.3 Contribution

In the present paper, we aim to provide a systematic study on the

design optimization, dynamical modeling, controller synthesis and

experimental evaluations for a piezoelectric actuator driven nano-stage.

In Particular, we focus on how to the accurately analyze and design the

mechanical system and handle various model uncertainties and

disturbances for ultra-high precise manipulation purpose.

One of the main contributions of this paper is a modified analysis

method for bridge-type amplifiers. Comparing with existing analysis

methods,21,22 our new approach is more accurate to predict the

performance of bridge-type mechanisms in nano-manipulating systems.

Accordingly this method is applied to the mathematical modeling and

optimizations of the bridge-type-amplifier based nano-stage, which is

further verified by finite element analysis (FEA) results. Meanwhile, an

active disturbance rejection control (ADRC) approach is proposed for

nano-manipulations in the presence of various disturbances and model

uncertainties. With the proposed algorithm, the nonlinear dynamics,

system uncertainties and external disturbances are treated as part of the

“total disturbances”, and further estimated and actively compensated by

the extended state observer (ESO). The proposed ADRC algorithm is

deployed in real time implementations on the designed nano-stage,

where experimental results demonstrate good control performance in

terms of high precision positioning, hysteresis compensation and

disturbance rejection.

The rest of the paper is organized as follows: A piezoelectric-

actuator driven nano-stage is designed in Section 2, where the static

model of the nano-stage is established for parameter optimization and

further is verified by finite element analysis (FEA). In Section 3, a

general model of the nano-stage is proposed and the system parameters

are identified by experimental data. The active disturbance rejection

controller (ADRC) based on extended state observer (ESO) is proposed

to reject the “total disturbances” in Section 4. Experimental results for

controlling the designed nano-stage in Section 5, followed by

conclusions in Section 6.

2. Mechanical Design and Analysis

2.1 Mechanical design of the nano-stage

The schematic diagram of the designed piezoelectric-actuator driven

nano-stage is depicted in Fig. 2. In the proposed nano-stage, the central

motion platform is connected to the fixed frame through four leaf

springs, which constitute a double four-bar parallelogram mechanism.

Due to the leaf springs’ characteristics of high longitudinal stiffness,

low transverse stiffness and low stress concentration, the leaf

parallelogram can well improve the nano-stage’s rejection capability

Fig. 1 Schematic plot of the direct writing vacuum evaporation system
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against parasitic motions and other external disturbances. Therefore,

the motion of the piezoelectric actuator can be transmitted to the central

motion platform accurately.

A piezo stack is adopted as the actuator for the nano-stage, thanks

to its characteristics of high resolution, high force, high stiffness and

fast response. However, considering the fact that the stroke of the piezo

stack is very limited and cannot meet the workspace requirement, a

bridge type displacement amplification mechanism,21,23 as shown in

Fig. 3, which has a compact structure and a large displacement

amplification ratio is employed in the developed nano-stage. Corner-

filleted flexure hinges are used in this displacement amplifier because

they are more flexible than other type flexure hinges of the same size.

2.2 Static modeling and parameters optimization

Various analytical models have been developed for bridge-type

amplification mechanisms, based on the geometric relations,24,25 elastic

beam theory21,22 and compliance matrix method.26 However these

methods cannot be directly applied to the static modeling of the nano-

stage due to the effect of the reactive force from the guiding

mechanism. Therefore, a new analysis method for bridge-type amplifiers

is proposed in this section, where the static model of the nano-stage is

also established for parameters optimization.

Thanks to the symmetrical structure of the bridge-type amplifier,

only one bridge arm needs to be analyzed. Assume that each flexure

hinge has a 3-DOF compliance which arises from the deformations, and

the other elements are rigid bodies, as shown in Fig. 4. As illustrated

in Fig. 5, the compliance equation of the flexure hinge can be written

as follows:21

, (1)

where [δx, δy, δθ]T is the generalized displacement of the flexure hinge,

[δFx, δFy, δMz]
T is the generalized force applied at the hinge, E is the

material’s Young’s modulus, G is the shear modulus, and l, b, t represent

the length, height and thickness of the corner-filleted flexure hinge

respectively.

We denote FAx, FAy and FBx, FBy as the inverse forces imposed on

hinge A and B respectively. Owing to the identical rotation angle of the

two flexure hinges in arm AB, it is assumed that the internal moments

caused by the two hinges are identical (i.e., MA=MB). Note that only the

longitudinal reactive force Fly is applied to the amplifier due to the

symmetrical structure of the guiding mechanism, as shown in Fig. 3.

According to force and moment equilibrium, we have

, (2)

, (3)

(4)

where Fin is the driving force imposed on the bridge-type mechanism,

l1 and l2 represent the horizontal and vertical lengths of the rigid links

respectively.

As shown in Fig. 4, the input and output displacements could be

δx

δy

δθ

c
11

0 0

0 c
22

c
23

0 c
32

c
33

δFx

δFy

δMz

l

Ebt
-------- 0 0

0
4l

3

2Ebt
3

-------------
l

Gbt 
----------+

6l
2

Ebt
3

----------

0
6l

2

Ebt
3

----------
12l

Ebt
3

----------

δFx

δFy

δMz

= =

FAx FBx Fx

Fin

2
-------= = =

FAy FBy Fy

Fly

2
------= = =

MA MB M
Fx l

2
Fy l

1
–

2
-----------------------= = =

Fig. 2 Schematic diagram of the designed nano-stage

Fig. 3 A flexure-based bridge type displacement amplifier

Fig. 4 Schematic of single arm of bridge-type amplifier

Fig. 5 Coordinate system of corner-filleted flexure hinges
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divided into three parts: the deformations of flexure hinges A and B,

and the rotation of rigid link AB. Flexure hinges A and B have the same

elastic deformations due to the same force status. In addition, the

rotation angle of the rigid link AB is identical to rotation angles of the

flexure hinges (i.e., ∆α = δθ). According to the Euler-Bernoulli beam

theory and kinematic analysis, the following relationships can be

derived:

, (5)

, (6)

where ∆x and ∆y represent the input and output displacements of the

bridge arm respectively, ∆xl and ∆yl represent the translational

deformations of the flexure hinges in x and y directions.

According to Eqs. (1)-(4), we can calculate the deformations of

flexure hinges A and B. Then we have the input and output

displacements of the bridge-type amplifier as

, (7)

. (8)

For the guiding mechanism shown in Fig. 2, four leaf springs form

the double four-bar parallelogram mechanism. Due to the symmetrical

structure and identical working conditions, only one leaf spring is analyzed

to establish the mathematical model. The mechanics analysis of one leaf

spring PQ is illustrated in Fig. 6. According to the bending deformation

theory,27 we can have the deflection equation for leaf spring as

, (9)

where bs, ts and ls represent the height, thickness and initial length of

the leaf spring PQ respectively, Fsq is the shear force imposed on the

endpoint Q.

Note that the driving force Fs imposed on the guiding mechanism

and the force Fly imposed on the amplifier are an action-reaction pair,

which can be derived as

. (10)

As the whole nano-stage is manufactured monolithically, the height

of the bridge-type amplifier is identical to the guiding mechanism (i.e.,

bs = b). Substituting Eq. (10) into Eqs. (7) and (8), we can have

, (11)

. (12)

where

, ,

and µ is the Poisson’s ratio of the material.

Then we can obtain the displacement amplification ratio of the nano-

stage as

.

(13)

In addition, the input stiffness Kin and the equivalent stiffness Keq of

the nano-stage can be derived as

, (14)

. (15)

The fundamental natural frequency can be calculated by

, (16)

where M is the equivalent mass of the nano-stage.

In this design, the proposed nano-stage is expected to satisfy the

following objectives: 1) the workspace of the nano-stage is around 100

µm; 2) the natural frequency should be over 300 Hz. To this end, the

material of nano-stage is chosen as aluminum alloy AL7075-T6 with

high ratio of yield strength to Young’s modulus. It is noticeable that the

performance of the nano-stage is highly dependent on some

dimensional parameters. Recall Eqs. (11)-(16) with additional

considerations on the constraints of allowable stress, size limitation,

and the features of the piezo actuators. The dimensional parameters of

the nano-stage are optimized as shown in Table 1. As a result, the

proposed nano-stage achieves a displacement amplification ratio of 4.8

and a high natural frequency of 412.46 Hz.

2.3 Design validation with FEA

The designed nano-stage is verified by Finite-Element Method

(FEM). The static and modal analysis is carried out by FEA method to

verify the design. The static analysis results are illustrated in Fig. 7. It

is clear that the developed nano-stage has an amplification ratio of 4.7

according to the FEA results, which is fairly consistent with the

theoretical value, as shown in Table 2. The tiny displacement loss is

mainly due to the reason that the links of the compliant mechanisms are
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Fig. 6 Mechanics analysis of one leaf spring

Table 1 Critical parameters of the nanostage

Structure Parameters (mm)

t b l l1 l2 ls ts

0.4 15 2 13 1.4 15 0.8

Material Parameters

Young’s modulus Yield strength Poisson’s ratio Density

71.9 GPa 455 MPa 0.33 2810 Kg/m3



INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING  Vol. 16, No. 11 OCTOBER 2015 / 2249

not rigid bodies, thus generate deformations under stress. Meanwhile it

can be clearly shown that the existing models for bridge-type amplifiers

have considerable errors to predict the performance of the bridge-type

amplifier based nano-stages, as shown in Table 2. Besides, the first four

mode shapes extracted by ANSYS are shown in Fig. 8 and the

corresponding frequencies are listed in Table 3. It is obvious that the

theoretical calculation of the natural frequency agrees well with the

FEA results.

3. Dynamical Modeling and Identification

3.1 Electromechanical coupling modeling

The dynamic model of the piezoelectric actuator driven nano-stage

can be represented by Fig. 9, which consists of the electrical part (Fig.

9(a)) and the mechanical part (Fig. 9(b)). The electric modeling is

composed of a circuit of the voltage amplifier and an equivalent circuit

of piezoelectric actuator (PZT). Practically the voltage amplifier is

simplified as a fixed gain kamp with an equivalent resistance R. Considering

the hysteresis effect, the piezoelectric effect and the capacitive

characteristic of the PZT, the PZT is modeled as a serial connection of

a nonlinear hysteresis unit H(q) and a parallel structure of an

electromechanical transducer with transformer ratio Tpe and an equivalent

capacitance C. Then we define the total charge in PZT is q, and the

resulting current flowing through the circuit is . As shown in Fig. 9(b),

the mechanical part can be simplified as a mass-spring-damper system.

Based on the Kirchhoff law, Newton’s law and the piezoelectric

effect, the following dynamical of the piezoelectric driven nano-stage

can be obtained as

(17)

where

y(t) is the output displacement of the nano-stage, m, k, c are the

equivalent mass, stiffness and damping coefficient of the nano-stage,

respectively.

3.2 System parameters identification

Recall the system model (17), the linear portion of the dynamics is

a third-order linear system, without considering the nonlinear hysteresis

effect H(q). According to the experimental frequency response data, the

nominal system dynamics can be identified as:

. (18)
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Fig. 7 Static analysis results of the nano-stage

Fig. 8 First four modes of the nano-stage obtained by ANSYS

Table 2 Analysis results of the nano-stage

Method Our method
Method

in Ref21
Method

in Ref22
FEA

Amplification

ratio
4.8 8.3 8.2 4.7

Table 3 ANSYS results on frequency modes

Modes  1st  2nd  3rd  4th

 Frequency (Hz)  421.77  821.77  904.87  1778.94

Fig. 9 The electromechanical model of piezoelectric driven nano-stage:

(a) electrical part and (b) mechanical part



2250 / OCTOBER 2015 INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING  Vol. 16, No. 11

Fig. 10 shows the comparison between the frequency responses of

the experimental data (blue solid line) and identification results (red

dash-dot line). It clearly demonstrates that the third-order model with

the estimated parameters in Eq. (18) can reasonably capture the system’s

dynamics. Note that the system resonance peak appears at around 360

Hz, which is a bit lower than the natural frequency of 421.77 Hz

derived from FEA in Section 2. The discrepancy is mainly due to the

machining error which reduces the stiffness of the flexure hinges.

4. Active Disturbance Rejection Control

Note that the flexible modes are inevitable in the control of the

nano-stages, which pose major challenge for nano-manipulations. As

described in last section, nonlinear hysteresis effect always exits and

complicates the control task due to the multivalued and nonlocal

memoryless property. In addition, various disturbances seriously affect

the manipulating accuracy. Therefore, in order to deal these challenges,

we propose an active disturbance rejection control method (as shown in

Fig. 11) for the nano-stage. Under the effect of the extended state

observer (ESO), ADRC use an approximated simple dynamical model

for the system design, instead of an accurate model of the plant, which

is complexly nonlinear because of the hysteresis nonlinearity. Besides,

this method also doesn’t require accurate information of external

disturbances.

Considering the existence of external disturbance ω (t), the plant

model Eq. (17) can be rewritten as

(19)

where f(·) is defined as the “total disturbances” including both the

internal dynamics  and the

external disturbance ω (t).

Since the “total disturbances” is unknown, an extended state observer

is designed to estimate and compensate it, which treat f(·) as an additional

state of system Eq. (19). We assume that f(·) is differentiable and define

the state variables as x(t) = [x1, x2, x3, x4]
T = [y, , , f]T. Then the plant

model Eq. (19) can be transformed into the following state space form

(20)

where

, , , .

Referring to reference,28 we have the extended state observer (ESO) as

(21)

where z = [z1, z2, z3, z4]
T represents the observer state which provides an

estimation of the system state x, and L = [L1, L2, L3, L4]
T is the observer

gain is chosen such that all the observer poles are at −ωo. That is

. (22)

With a well-tuned ESO, the “total disturbances” f will be estimated

by the observer state z4, that is z4 ≈ f. As depicted in Fig. 11, the control

law is designed as

. (23)

Substituting control law Eq. (23) into plant model Eq. (19), we have

the augmented system as

, (24)

which means that the “total disturbances” f is actively compensated by

ESO. Therefore, the original plant Eq. (19) is reduced to a unit gain triple

integrator Eq. (24) which can easily controlled using the following state

feedback controller

, (25)

where , , , r is the reference signal, and the state

feedback controller gain K = [k1, k2, k3] is chosen as K = [ , ,

3ωc], placing all the closed-loop poles at −ωc.

It should be noted that the above parameters are selected based on

following considerations:29

1) The controller bandwidth should be higher than the bandwidth of

closed feedback system that we desired;

2) The observer bandwidth should be three to five times higher than

y··· a
2
y··– a

1
y·– a

0
y– b

0
u b

0
b
0

–( )u b
1
H q( )– ω+ + +=

b
0
u= f y·· y· y u ω H q( ) t, , , , , ,( )+

a
2
y··– a

1
y·– a

0
y– b0u b

0
b0–( )u b

1
H q( )–+ +

y· y··

x· Ax Bu Ef
·

+ +=

y Cx=

A

0 1 0 0

0 0 1 0

0 0 0 1

0 0 0 0

= B

0

0

b
0

0

= E

0

0

0

1

= C 1 0 0 0=

z· Az Bu L y ŷ–( ),+ +=
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Fig. 10 Open-loop frequency responses

Fig. 11 Block diagram of active disturbance rejection control
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the controller bandwidth;

3) The observer bandwidth should be five to ten times less than the

sampling frequency.

Considering high-speed and high-precision motion requirements,

we select the state feedback controller bandwidth ωc as 450 Hz, and the

observer bandwidth ωo as fourth times higher than the controller

bandwidth. Then the observer and controller gains L and K can be

determined respectively, as listed in Table 4.

5. Implementation and Experimental Results

5.1 Experimental setup

Based on the design and analysis results presented in Section 2, a

prototype of the proposed nano-stage was monolithically machined by

AL 7075-T6 using the wire electrical discharge machining (WEDM)

technique thanks to its accuracy and precision. An experimental

apparatus for control and implementation purposes is then established

as depicted in Fig. 12, where the piezoelectric-actuator driven nano-

stage is mounted to a floatation platform for the vibration suppression

purpose. Considering the high bandwidth and high precision

requirements of the piezoelectric actuator, a very high bandwidth

voltage amplifier is designed to drive the piezo stack. A RENISHAW

laser interferometer is installed for real time displacement measurement.

Besides, we employ Matlab/Simulink real time control package

xPCTarget with National Instruments (NI) PCI-6251 I/O hardware for

feedback control implementations.

5.2 Implementation and experimental results

The developed control algorithm is further implemented on the

experimental apparatus depicted in Fig 12. A sampling frequency of 10

kHz is chosen to avoid possible aliasing effects during the experiments

and ensure high bandwidth control implementations. The frequency

responses of the closed-loop system are illustrated in Fig. 13. The results

demonstrate that the bandwidth of the closed-loop systems is around

100 Hz. Particularly, the sensitivity plots indicate good disturbance

rejection capability of the proposed ADRC, as shown in Fig. 13(a).

Fig. 14 shows the step response of the closed-loop control system

which only uses the designed active disturbance rejection controller.

The settling time for the output response is about 14 ms and the

overshoot is eliminated. Furthermore, the steady-state error indicates

that the positional accuracy is less than 10 nm. The above results

demonstrate that the nano-stage has good performance in the high-

speed and high-precision positioning control by applying the proposed

active disturbance rejection controller.

Moreover, Fig. 15 shows the experimental results of the active

disturbance rejection controller to track a sinusoidal signal of r(t) =

25sin(10πt +π/2)+25 (µm). It demonstrates that the tracking error is

less than 0.53 µm. The RMS tracking error can be calculated as 0.33

µm, which demonstrates that an average tracking error less than 1.1%

can be obtained by the active disturbance rejection controller.

Table 4 Values of the controller and observer gains

ωc 450 Hz

ωo 1800 Hz

k1 2.26×1010

k2 2.39×107

k3 8.48×103

 L1 4.52×104

L2 7.67×108

L3 5.78×1012

L4 1.63×1016

Fig. 12 (A) Experimental setup (B) Details of laser interferometer (C)

Prototype of the piezoelectric-actuator driven nano-stage

Fig. 13 Closed-loop frequency responses
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Apart from the excellent tracking performance, the developed control

structure of ADRC also demonstrates good hysteresis compensation

ability, as shown in Fig. 16. The experimental results show that the

maximum gap of the open-loop hysteresis curve is around 22 µm, which

is reduced to less than 60 nm with the effect of the controller. The

hysteresis nonlinearity is well eliminated and the relationship between

the input and output of the system is approximately linear.

To further verify the performance of the proposed controller,

comparative experiments are also deployed between the designed

ADRC and the conventional PID controller. Fig. 17 depicts the

experimental results of the PID controller to track the same sinusoidal

signal. The maximum tracking error of PID controller is 1.15 µm, while

our ADRC controller achieves maximum tracking error of 0.53 µm,

which demonstrates 53.9% performance improvement in tracking.

6. Conclusions

In this paper, we proposed a comprehensive study on the design,

modeling, controller synthesis and experiment evaluations for a bridge-

type-amplifier based nano-stage. We developed a new analysis method

for bridge-type amplifiers, which is more accurate than existing methods.

Accordingly, the static model of the nano-stage was established for

parameters optimizations, and then verified by FEA. The dynamical

model of the nano-stage was obtained by electromechanical analysis

and experimental data identification. For the purpose of nano-

manipulations, an active disturbance rejection controller (ADRC) was

designed for an approximated third order model, which can effectively

estimate and compensate the “total disturbances” including nonlinear

dynamics, system uncertainties and external disturbances. Real time

control implementations demonstrated that the proposed control

algorithm achieved excellent positioning and tracking performance

with good anti-disturbance capabilities. Current work along this line of

research includes disturbance observer based control and internal-model

based high precision tracking for nano-manipulation purposes.
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