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Abstract Typically, the achievable positioning band-

width for piezo-actuated nanopositioners is severely

limited by the first, lightly-damped resonance. To over-

come this issue, a variety of open- and closed-loop control

techniques that commonly combine damping and tracking

actions, have been reported in literature. However, in

almost all these cases, the achievable closed-loop band-

width is still limited by the original open-loop resonant

frequency of the respective positioning axis. Shifting this

resonance to a higher frequency would undoubtedly result

in a wider bandwidth. However, such a shift typically

entails a major mechanical redesign of the nanopositioner.

The integral resonant control (IRC) has been reported

earlier to demonstrate the significant performance

enhancement, robustness to parameter uncertainty, gua-

ranteed stability and design flexibility it affords. To further

exploit the IRC scheme’s capabilities, this paper presents a

method of actively shifting the resonant frequency of a

nanopositioner’s axis, thereby delivering a wider closed-

loop positioning bandwidth when controlled with the IRC

scheme. The IRC damping control is augmented with a

standard integral tracking controller to improve positioning

accuracy. And both damping and tracking control para-

meters are analytically optimized to result in a Butterworth

Filter mimicking pole-placement—maximally flat pass-

band response. Experiments are conducted on a nanoposi-

tioner’s axis with an open-loop resonance at 508 Hz. It is

shown that by employing the active resonance shifting, the

closed-loop positioning bandwidth is increased from 73 to

576 Hz. Consequently, the root-mean-square tracking

errors for a 100 Hz triangular trajectory are reduced by

93%.

Keywords nanopositioning stage, high-bandwidth,

resonant mode control, tracking control, integral resonant

control

1 Introduction

Since its invention in 1986, the Atomic Force Microscope

(AFM) [1] has enabled the probing and manipulating as

well as fabricating matter, at nanometer scales. Conse-

quently, it has continued to facilitate huge developments in

a wide range of science and technology areas [2–4]. The

positioning capabilities of an AFM is predominantly

governed by the nanopositioner, which is generally

employed to position the test sample under the micro-

cantilever [5,6]. Though piezoelectric nanopositioners

(both tube- and platform-type) are popularly employed in

AFMs due to their advantages of modularity, repeatability,

mechanical simplicity, ease of operation, their lightly-

damped resonance and piezoelectric-actuator induced

hysteresis and creep effects leave a lot to their desire

positioning performance [7–10]. The main effect of this

lightly-damped resonance manifests in the unwanted

oscillatory positioning errors when high-frequency com-

ponents of the desired scanning trajectory excite the

system resonance [11,12]. Typically, the triangular trajec-

tories used in raster scanning of AFM contains odd-

harmonic high-frequency components, making it rather

challenging for high-speed operations.

In the past decades, several methods have been reported

to improve the tracking performance of the positioning
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stages [7,11,13–19]. These methods introduced to

overcome the positioning limitation by the lightly-damped

mechanical resonance take a very important position in the

above methods, and can be roughly grouped into two

categories: (i) Mechanical improvements that include

development of new structures, like flexure-based

mechanisms aimed at achieving high resonant frequencies

[13,20,21], and (ii) control strategies that include various

feedforward and feedback strategies, such as notch filters

[22,23], positive position feedback control [9,24], poly-

nomial-based control [25], positive acceleration, velocity,

and position feedback control [26], integral resonant

control (IRC) [27–29], delay time control [15], force

feedback control [30], and linear quadratic Gaussian

controller [31], that impart significant damping to the

resonant mode. These damping schemes are then augmen-

ted with suitably gained tracking controllers to overcome

errors introduced by hysteresis and creep nonlinearities

arising from the nonlinear dynamics of the piezoelectric

actuators employed [9,15,26]. In most reported implemen-

tations, the damping control and tracking control designs

are sequentially performed, whereby the tracking control

loop invariably changes the location of the damped system

poles, consequently narrowing the achievable positioning

bandwidth [32]. To overcome this and to ensure a

maximally flat-band closed-loop response, a simultaneous

controller design mimicking the Butterworth pole-place-

ment pattern was proposed in Ref. [33]. Although

significant improvements have been achieved by the

techniques mentioned above, the achievable closed-loop

bandwidth is still limited by the original open-loop

resonance frequency of the respective positioning axis.

In order to achieve a wider bandwidth without re-design

of the mechanical structure, this paper presents an active

control method to shift the resonance to a higher frequency.

To further enhance the closed-loop bandwidth, this paper

combines the simultaneous IRC damping and tracking

control design by mimicking the Butterworth pole-

placement pattern with the proposed active resonance

shifting loop. Brief introduction and simulation results of

this technique have been presented by us at a conference

[34]. Different from this, the limitations of this scheme

encountered during real-time implementation are detailed,

and the control parameters are analytically derived using

Butterworth-pattern design method. Meanwhile, an

empirical method is employed to fine tune the tracking

gain to handle the influence from the inherent system

delay, resulting in a flat response. Additionally, compara-

tive experiments with the traditional IRC (without the

proposed active control method) are conducted on one axis

of a two-dimensional nanopositioner, and the experimen-

tally recorded positioning results are quantified, demon-

strating the efficacy of this method in a practical setting.

The remainder of this paper is organized as follows:

Section 2 describes the proposed active shifting of the

resonant frequency, followed by the simultaneous Butter-

worth-pattern mimicking design of the IRC and integer

tracking control; Section 3 describes the experimental

setup and the controller implementation; Section 4 reports

and quantifies the experimental results, in terms of

bandwidth and tracking performance to show the advan-

tages of the proposed control scheme; and Section 5

concludes this work.

2 Control design

As mentioned earlier, the proposed control scheme is

composed of three separate loops that work in tandem:

i) Inner loop: Unity feedback control loop with

feedforward gain to actively increase the resonance

frequency of the system.

ii) Intermediate loop: Damping control loop employing

the IRC scheme.

iii) Outer loop: Tracking control loop employing an

integral controller.

In the following subsections, the basic principle of

operation, the individual structure and their simultaneous

Butterworth-pattern mimicking pole-placement design

technique are described in detail. As with all such control

development, this one also begins by first modeling the

dynamics of a typical nanopositioner’s axis as a simple

second-order transfer function that accurately captures its

dominant resonant dynamics. Thus, the dynamics of one

axis G can be modeled by a transfer function given by

G ¼
�2

s2 þ 2�ωpsþ ωp
2
, (1)

where ωp is the resonant frequency in rad/s, � is the

damping coefficient and �2 is the gain to match with DC

gain of system dynamics.

2.1 Active control of resonant frequency

It is well-known that for a second-order transfer function

given in Eq. (1), a unity gain negative feedback with a

feedforward gain, as shown in Fig. 1, is capable of

arbitrarily shifting the resonance of the Plant [34].

However, this shift in resonance comes at the cost of a

proportional change in system damping ratio. Therefore, as

the resonance is shifted to a higher frequency than its

nominal value, the resonant peak at the shifted (higher)

frequency gets sharper (damping coefficient is lower). This

mechanism can be explained as follows.

Consider the closed-loop arrangement shown in Fig. 1,

where the second-order transfer-function (G as given in

Eq. (1)) modeling the nanopositioner axis’ dominant,

lowly-damped first resonant mode is connected to a gain

Ks and a unity-gain negative feedback loop is engaged.
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Then, the closed-loop transfer-function of this loop can be

resolved as follows:

Ĝ ¼
GKs

1þ GKs

¼
Ks�

2

s2 þ 2�ωpsþ ω2
p þ Ks�

2

¼
�̂2

s2 þ 2�̂ω̂psþ ω̂2
p

, (2)

with �̂2 ¼ Ks�
2, ω̂p

2 ¼ ωp
2 þ Ks�

2, and �̂ω̂p ¼ �ωp. There-

fore, in order to increase the resonant frequency ω̂p, the

condition Ks>0 has to be satisfied. Comparing Eqs. (1) and

(2), it can be found that the original damping ratio and the

resulting damping ratio have the following relationship

�

�̂
¼

ω̂p

ωp

: (3)

This inverse proportionality between the resonant

frequency and damping coefficient shows that an increase

in resonant frequency is achieved with a penalty on

damping ratio, implying a taller/sharper resonant peak.

Though this method allows for arbitrary shifting of the

dominant resonant peak, it must be noted that this shift can

cause detrimental interference with the higher frequency

resonant dynamics. Moreover, extremely lowly-damped

resonances reduce phase margins significantly and elimi-

nate any stable closed-loop control implementation.

Additionally, it will also be shown in Section 3 that there

are hardware-based implementation limitations to the

amount of frequency shift that can be imparted to this

resonant mode.

2.2 Design of the Butterworth-pattern-based damping and

tracking control

Though the sequential design of damping and control

loops is prevalent in nanopositioning applications, it was

demonstrated recently that simultaneous design/tuning of

both damping and tracking control parameters results in

maximizing the achievable positioning bandwidth [32]. It

was further shown that tuning the damping and tracking

controller parameters such that closed-loop poles of the

damped and tracked system mimic the Butterworth-filter

pattern results in a maximally flat closed-loop response

[33].

As the shifting of the dominant resonant mode to a

higher frequency comes at the cost of a lower damping

coefficient, an aggressive damping control scheme must be

adopted to compensate for it. Several prior investigations

have reported the superior damping results obtained by

employing the IRC scheme. Furthermore, its tuning

simplicity and guaranteed closed-loop stability makes it

the damping scheme of choice for this resonance-shifted

system. Positioning accuracy can be further improved by

incorporating suitable tracking controller to work in

tandem with the IRC damping scheme. The overall control

diagram of the proposed control scheme is shown in Fig. 2,

where d is the feedforward term used in the IRC scheme to

swap the pole-zero interlacing [29], and Kd and Kt are the

integral gains incorporated in the damping and tracking

loops, respectively.

Using Eq. (2), the closed-loop transfer function of the

system (from reference input rðtÞ to output yðtÞ), whose
block diagram representation is given in Fig. 2 can be

expressed as CðsÞ ¼ NðsÞ=DðsÞ, where the numerator and

denominator are

NðsÞ ¼ KdKtKs�
2, (4)

and

DðsÞ ¼ s
4 þ ð2�ωp – dKdÞs

3 þ ðωp
2 þ Ks�

2
– 2�ωpdKdÞs

2

þ ½ – ðωp
2 þ Ks�

2ÞdKd –KsKd�
2�sþ KdKtKs�

2:

(5)

Fig. 1 Block diagram of the inner loop with unity feedback and

feedforward gain (Ks) to actively shift the Plant’s (G) resonance.

The ‘Plant’ is the nanopositioner’s axis being controlled.

Fig. 2 The overall control diagram with active control of resonance mode.
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It is clear that the closed-loop damped and tracked system

is a 4th-order system. In order to enforce a Butterworth-

mimicking pole placement with the natural frequency of

ωd and the desired damping ratios of γ1 and γ2, the

denominator of the closed-loop system (DðsÞ in Eq. (5))

should be equated to that of a 4th-order Butterworth filter

given by

PðsÞ ¼ ðs2 þ 2γ1ωdsþ ω2
dÞðs

2 þ 2γ2ωdsþ ω2
dÞ

¼ s
4 þ αωds

3 þ βω2
ds

2 þ αω3
dsþ ω4

d, (6)

with the intermediate variables α ¼ 2γ1 þ 2γ2 and

β ¼ 2þ 4γ1γ2. Assuming uniform distribution of poles

for the Butterworth filter, we can compute γ1 ¼
cosð�22:5°Þ ¼ 0:9239 and γ2 ¼ cosð�67:5°Þ ¼ 0:3827.
By equating the corresponding coefficients in Eqs. (5) and

(6), the following relationships can be obtained:

αωd ¼ 2�ωp – dKd, (7)

βω2
d ¼ ω2

p þ Ks�
2
– 2�ωpdKd, (8)

αω3
d ¼ – ðω2

p þ Ks�
2ÞdKd –KsKd�

2, (9)

ω4
d ¼ KdKtKs�

2: (10)

Combining Eqs. (7) and (8) results in the following

equality:

ωd ¼
�ωpα

β
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�2ω2
pα

2
– β½4�2ω2

pα
2
– ðω2

p þ Ks�
2Þ2�

q

β
:

(11)

Similarly, combining Eqs. (7) and (9) results in

Kd ¼
αωdðω

2
p þ Ks�

2Þ2

Ks�
2

–

2�ðω2
p þ Ks�

2Þ3

Ks�
2

–

αω3
d

Ks�
2
: (12)

The parameters d and Kt are recursively determined from

Eqs. (7) and (10) by employing the following equalities:

d ¼
2�ωp – αωd

Kd

, (13)

and

Kt ¼
ω4
d

KdKs�
2
: (14)

With all the control parameters determined, the proposed

active resonance-shifting control scheme can be designed

and implemented. The next section presents details of

experimental verification and performance evaluation

of the closed-loop system controlled by the proposed

scheme.

3 Experimental setup and controller
implementation

In order to evaluate the performance of the proposed active

control scheme, the experiments are conducted on a two-

axis piezo-actuated nanopositioner, designed by the

EasyLab, University of Nevada, USA [35]. The stage is

actuated by two piezoelectric stack actuators, which gives

the travel range of�20 μm. Two amplifiers (PDL 200 from

PiezoDrive, Australia) are employed to provide the high-

voltage actuation signals ranging from 0 to 200 V. The

high-resolution capacitive sensor (Microsense 6810, with

the probe of 2804 and the range of �50 μm) is used to

capture the real-time displacement signals for system

modeling and closed-loop control. The control algorithms

are implemented using LabVIEW with real-time module,

and the signals between the stage and the control system

are transferred via the National Instruments card (PCI-

6621). A general view of the experimental setup is shown

in Fig. 3. Since the slow-axis suffers more from the low

and lightly-damped resonance, the slow-axis is chosen as

the testing axis in this work. The sampling rate of the real-

time control module is set as 20 kHz.

To commence with the control design, the linear

dynamics of the first resonant mode of the nanopositioner’s

candidate axis are identified by means of a chirp-based

frequency response identification. The input chirp is

bandlimited linearly ranging within 10 and 2000 Hz.

Fast Fourier transforms of the simultaneously captured

input voltage and output displacement signals are

computed and combined to generate a frequency response.

A least-square method is then employed to obtain a

second-order transfer function that accurately captures

these first-mode resonant dynamics. The identified transfer

Fig. 3 Experimental setup, including the nanopositioner, the

displacement sensor, the voltage amplifier, the data acquisition

module and the PC.
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function is given by

G ¼
4:58� 106

s2 þ 73:21sþ 1:02� 107
: (15)

Figure 4 shows how accurately the second-order transfer

given in Eq. (15) captures the dominant first resonance

dynamics. It is also seen that the higher-frequency

dynamics occur at frequencies above 1.2 kHz. This

information will be used as a guideline to limit the amount

of shift, the active resonance-shifting loop imparts to the

system in order to ensure that the shifted resonance does

not interfere with the high-frequency dynamics. It is

observed that the first resonant-mode occurs at a frequency

of 508 Hz.

In order to increase the overall closed-loop positioning

bandwidth, the first resonant mode is shifted to a higher

frequency. However, to ensure that this shifted resonance

does not interfere with the unmodeled high-frequency

dynamics that occur beyond 1.2 kHz, a resonance shift of

400 Hz was deemed suitable. Thus, the new actively

shifted resonance now occurs at 908 Hz as shown in Fig. 5.

Using Eq. (2), the shifting gain (Ks) required to implement

this shift is 4.883. As expected, Fig. 5 also confirms that

this shift in resonance is accompanied by a decrease in the

damping coefficient, resulting in a sharper/taller resonant

peak.

Using Eqs. (7)–(14), the Butterworth-pattern mimicking

damping and tracking control parameters are computed to

be:

d ¼ – 0:9827, Kd ¼ 8209:64, Kt ¼ 513:19: (16)

However, during real-time implementation, these para-

meters result in a noticeable hump in the (desired) flat-band

close-loop response, mainly due to the inherent system

delay [35]. To address this issue, the tracking gain Kt is

adjusted in experiments via trial-and-error to eliminate this

artefact. The tuned Kt ¼ 400.

To show the advantages the proposed active resonance-

shifting control scheme, another set of control gains

mimicking the Butterworth-pattern but not incorporating

the resonance-shifting loop are determined and implemen-

ted (as reported in Ref. [33]). These control parameters are:

d ¼ – 0:6490, Kd ¼ 6954:48, Kt ¼ 297:96: (17)

Similar to the resonance-shifted case, the tracking gain is

adjusted to Kt ¼ 104 to eliminate the system-delay

induced artefact. The design methodology considering

the influence of the system delay would be our future focus

to further improve the bandwidth as well as the tracking

performance. The following section discusses the experi-

mental results obtained.

4 Experimental results

This section presents both frequency- and time-domain

closed-loop experimental results, clearly demonstrating the

efficacy of the proposed control scheme in effectively

increasing the achievable positioning bandwidth.

4.1 Bandwidth test

The –3 dB positioning bandwidth is by far the most

common and important performance quantifier for any

precise positioning system. Therefore, closed-loop fre-

quency responses were measured using the same

technique as described in Section 3 for both the active

Fig. 4 Plot of the measured (solid black) and modeled (dashed

red) frequency responses demonstrating that the model accurately

captures the dynamics of the dominant resonant mode which

occurs at 508 Hz.

Fig. 5 Nominal open-loop resonant mode (solid blue) at 508 Hz

and actively-shifted resonant mode (dashed red) at 908 Hz. Note

that the shift in frequency comes at the cost of a reduction in the

damping coefficient (sharper/taller resonant peak).
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resonance-shifted scheme as well as the standard damping

and tracking scheme without the resonance shift. The

recorded frequency responses are compared in Fig. 6 for

different control techniques. As seen, the nominal damped

and tracked closed-loop delivers a –3 dB bandwidth of 73

Hz, where the system with the active resonance-shifting

scheme delivers a closed-loop bandwidth of 576 Hz, which

is not only about 7 times greater than the nominal closed-

loop bandwidth, but is also greater than the nominal open-

loop resonant frequency of 508 Hz. To verify how this

improvement in bandwidth manifests in time-domain

tracking the trajectories, a complete time-domain analysis

is performed with the fundamental frequencies of 50 and

100 Hz.

4.2 Tracking performance

For the scanning applications of AFMs, the triangular

trajectory is designed as the target trajectories. Therefore,

the tracking experiments of the triangular trajectory is

conducted on the setup described in the last section. In

particular, the delay between the reference trajectory and

the actual displacement can be removed via the post-

imaging process for AFM scanning application, the shifted

displacement is deemed as the actual displacement for

comparison. Figure 7 shows the results under different

control schemes are demonstrated for the tracking

frequencies of 50 (Figs. 7(a) and 7(c)) and 100 Hz

(Figs. 7(b) and 7(d)), where the actual displacements in

Figs. 7(a) and 7(b) are offset by 1/2 unit to clearly show

their difference in time domain. In addition, the tracking

results of the system in open-loop are provided as well to

show the effectiveness of these two schemes on damping

control of the lightly-damped resonance. The tracking

errors are compared in the bottom figure for different

control schemes. It is obvious in Fig. 7 that the vibrations

occur for the system in open-loop and thus cause larger

tracking error. In comparison, the problem of vibrations is

well addressed by the IRC-based schemes (under the

traditional control and the proposed active control).

Further, it can be found in this figure that the system

under traditional control failed to track the corner of the

triangular trajectory due to the lower bandwidth, even for

the frequency of 50 Hz. In contrast, under the proposed

active control scheme, the tracking performances for

triangular trajectories are improved significantly for all

the frequencies.

In order to quantitatively evaluate these improvements,

the maximum tracking error and the root-mean-square

(rms) tracking error for the tracking results are compared in

Table 1, which are defined by

emax ¼

max
t2 ð0, 2T �

jrðtÞ – yðtÞj

maxðrðtÞÞ –minðrðtÞÞ
, (18)

erms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

2T

X

t2 ð0, 2T �

½rðtÞ – yðtÞ�2
s

maxðrðtÞÞ –minðrðtÞÞ
: (19)

With the improved bandwidth achieved using the

proposed active control scheme, the tracking errors are

reduced greatly, in which emax for tracking the triangular

trajectory with the fundamental frequency of 100 Hz is

reduced by 87%. Specially, the tracking errors for the

triangular trajectory with the frequency of 100 Hz are

obtained as emax ¼ 4:36% and erms ¼ 1:09% for the stage

with the resonance of 508 Hz. Besides, to quantitatively

show how close the actual displacement is to the perfect

tracking of the desired trajectories, the percentages of

tracking error within a particular error (1% and 5%) are

additionally presented for these two trajectories, which are

compared in Table 1 as well for the system with different

control schemes. It can be found that percentage of

tracking the 100-Hz triangular trajectory within 5% error

are increased from 58.18% to 100% with the proposed

active control scheme. This result implies that the prefect

tracking of the triangular trajectory within 5% is achieved,

which demonstrates that the proposed control scheme

contributes greatly to high-speed and high-precision

tracking of nanopositioning stages challenging from a

low and lightly damped resonance.

5 Conclusions

This paper proposes a novel active control scheme to

increase both the resonant frequency and damping ratio for

high bandwidth control of the piezo-actuated nanoposi-

tioning stage suffering from the low and lightly-damped

Fig. 6 The magnitude responses of the plant, and the closed-loop

systems under the proposed active control and the traditional

control without the active control of the resonant frequency.
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resonance. Although it is found that the increase of the

resonance frequency is at the cost of decreasing the

damping ratio, the Butterworth-pattern-based IRC and

Integer tracking controller are incorporated to provide the

flat response of the overall closed-loop system. The design

process is detailed presented. The experiments, including

the bandwidth test and trajectories tracking, are conducted

on a piezo-actuated nanopositioner. As compared to the

scheme without the active control of the resonant

frequency, the experimental results show that the band-

width is improved from 73 to 576 Hz, which confirms the

effectiveness of the proposed active control scheme at

delivering high-speed scanning.
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