Mechatronics 47 (2017) 97-104

journal homepage: www.elsevier.com/locate/mechatronics

Contents lists available at ScienceDirect

Mechatronics

Mechatronics

Technical note

Positive acceleration, velocity and position feedback based damping
control approach for piezo-actuated nanopositioning stages™

® CrossMark

Linlin Li, Chun-Xia Li, Guoying Gu*, Li-Min Zhu

State Key Laboratory of Mechanical System and Vibration, School of Mechanical Engineering, Shanghai Jiao Tong University, Shanghai, 200240, China

ARTICLE INFO

ABSTRACT

Article history:

Received 18 October 2016
Revised 10 July 2017
Accepted 6 September 2017

Keywords:

Nanopositioning stages

Piezoelectric actuators

Hysteresis compensation

Damping control

Positive acceleration velocity and position
feedback

This paper proposes a new damping control approach with positive acceleration, velocity and position
feedback (PAVPF) scheme for piezo-actuated nanopositioning stages to implement high-bandwidth op-
eration. To achieve this objective, the intrinsic hysteresis nonlinearity of the piezoelectric actuator is
firstly handled by a feedforward compensator with a modified Prandtl-Ishlinskii model. Afterwards, the
PAVPF controller with the pole-placement method is implemented to suppress the lightly damped res-
onant mode of the hysteresis compensated system. With the PAVPF controller, the poles of the damped
system in a third-model can be placed to arbitrary positions with an analytical method. Finally, for accu-
rately tracking a predefined trajectory, a high-gain proportional-integral (PI) controller is designed, which
could deal with the disturbance and the unmodeled dynamics. For verifying the proposed PAVPF-based
control approach, comparative experiments with positive velocity and position feedback controller and
with PI controller are conducted on a piezo-actuated nanopositioning stage. Experimental results demon-
strate that the developed control approach with PAVPF controller is effective on damping control and
improves the control bandwidth of the conventional PI controller from 111 Hz to 766 Hz, which leads to

the significant increase of the tracking speed.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, piezo-actuated nanopositioning stages are inten-
sively required in industrial devices including the scanning probe
microscopes [1-3], and micromanipulators [4,5]. The key compo-
nents of these nanopositioning stages are the piezoelectric actua-
tors (PEAs) and flexure hinge based mechanisms. However, there
are two main challenges that limit the improvement of the track-
ing accuracy and speed of such stages [6-8]. One is the inher-
ent hysteresis nonlinearity of the PEAs, which causes the conven-
tional control approaches for linear dynamic systems inapplicable
[9]. The other one is the lightly damped resonant behavior of the
mechanisms, which generally restricts the maximum operation fre-
quency less than the 1%-10% of its resonance frequency of the
stage [10,11].

For the decades past, many efforts have been made to elimi-
nate the inherent hysteresis behavior of the PEAs. Charge actua-
tion [12] is a feasible method in mitigating hysteresis. However,
the additional cost and the greater circuit complexity hinder it
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from being widely used until now. Among the methods in voltage-
actuation case, the feedforward control with a hysteresis compen-
sator [13] has been demonstrated to be effective to cancel the hys-
teresis, which has been extensively employed in the literature [14-
17].

To address the lightly damped resonant behavior, several damp-
ing control techniques have been reported [7,18-29]. With the ca-
pacity to manage modeling uncertainties and the robustness to
parameter variations, the feedback damping control has become
promising, such as the integral resonant control [24,25], the force
feedback control [23], and the positive position feedback (PPF) con-
trol [18]. Due to the lack of the force sensor in many apparatuses,
the force feedback control has not been used intensively. With the
simple structure and the ability to place the poles of the damped
system to more benefitting locations [18], the PPF controller is
widely used to suppress the vibrations of piezo-actuated systems
[28,29]. Moreover, based on the PPF technique, several works have
been extended for vibration suppression in multimode condition
and/or disturbance decay, such as the hybrid positive feedback
control [20], and the modified positive position feedback control
[22]. It should be noted that the poles of the damped system with
a PPF controller or the extended controllers could not be placed ar-
bitrarily [21,28]. Hence, the positive velocity and position feedback
(PVPF) control [21] is designed to suppress the undesired vibra-
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Fig. 1. The experimental platform: (a) the experimental setup; (b) the block diagram.

tion of a second-order system, which makes it possible to assign
the poles of the damped system to arbitrary locations. The PVPF
[21] controller is an effective method for damping control and has
been extensively employed to nanopositioners, such as [21,26]. It
is worthy of mentioning that these damping control techniques
are generally effective for the system with a typical second-order
model to implement arbitrary poles placement. However, in gen-
eral, the dynamic model of the piezo-actuated nanopositioning
stages is third-order [11], which has also been confirmed by var-
ious experiments [11,27,30]. In this sense, the analytical method
for designing PVPF controller is not applicable for such third-order
system. Of course, the numerical method may be employed to
find the optimum control parameters for designing PVPF controller.
Therefore, inspired by the reported PVPF controllers, the objective
of this work is to develop a damping controller for the third-order
dynamic model such that the poles of the damped system can be
assigned arbitrarily.

In this paper, a positive acceleration, velocity and position feed-
back (PAVPF) control approach is proposed to damp the undesired
resonant mode of a piezo-actuated nanopositioning stage with a
third-order model. The developed control approach can be im-
plemented with three steps. Firstly, due to hysteresis nonlinear-
ity of the PEA, a direct inverse feedforward compensator is uti-
lized, which leads to an approximately linear system. Secondly,
the PAVPF control approach is presented to suppress the vibration
of the compensated system with an analytical method. The pole-
placement method is used to design the PAVPF controller. Thirdly,
a feedback tracking controller is designed to cope with the distur-
bance and the unmodeled dynamics. As we mentioned above, the
PVPF controller may not be used to arbitrarily set the poles with
an analytical method for the third-order system. In order to make
a comparative test between the PVPF controller and PAVPF con-
troller, a numerical algorithm is applied in this work. On the other
hand, with the PAVPF controller, the poles of the damped system
are able to be placed arbitrarily, depending on the designers. In
the end, comparative experiments with PVPF controller and with
conventional PI controller are performed to validate the proposed
control approach.

The remainder of this paper is arranged as follows.
Section 2 describes the experimental platform. In Section 3,
the proposed PAVPF-based control approach is designed and
comparative experiments with PVPF controller are conducted. In
Section 4, real-time experimental results are presented and the
conclusion is drawn in the last section.

2. System description

The experimental platform used in this work is shown in
Fig. 1(a). As an example, a piezo-actuated nanopositioning stage
(produced by Harbin Core Tomorrow Science and Technology Co.,

H— G 1+—
Fig. 2. The block diagram of the Hammerstein-like model.

Ltd) is utilized. The one dimensional flexure-guided piezo-actuated
nanopositioning stage is composed of three parts: an integrated
high-resolution strain gauge sensor, a flexure hinge guiding mech-
anism with the travel range of 71.55 pm , and a PEA to drive the
mechanism. The PEA in this device is made of piezoceramic. The
external size of the stage is 132 x 50 x 25 mm. A voltage amplifier
with the constant amplification factor of 15 is provided to drive
the PEA. The signal conditioner is used to capture the position sig-
nal from the sensor of the stage for parameter identification and
closed-loop control. The dSPACE system, with 16-bit ADCs and 16-
bit DACs interface in the board, is used to carry out the control ap-
proach in the environment of Simulink/Matlab by the software of
ControlDesk. The ADC interface is used to capture the actual po-
sition signal from the signal conditioner and convert it to digital
voltage signal. The DAC interface is employed to convert the digi-
tal signal generated by the computer to analogue excitation voltage
signal and transfer it to the amplifier. In this work, the output volt-
age of the dSPACE is set to range from 0 to 10V, and the sampling
rate of the control system is chosen as 20 kHz. Fig. 1(b) shows the
experimental platform schematically.

3. Controller design

Before the design of the PAVPF-based controller, the dynamics
of the nanopositioning stage is studied. In general, a Hammerstein-
like model can describe the dynamic behavior of the stage, which
cascades the rate-independent hysteresis nonlinearity with the
linear dynamics of the system [11,31,32]. Fig. 2 schematically
shows the Hammerstein-like model, where H represents the rate-
independent hysteresis nonlinearity, and G contributes the plant
linear dynamic model.

Taking into account that the proposed PAVPF-based controller
is tailored for a linear system, the hysteresis nonlinearity H ham-
pers its design and application. To address this issue, a feedforward
compensator will be designed firstly to handle the hysteresis be-
havior of PEAs.

3.1. Hysteresis compensator

To cancel the hysteresis behavior, the feedforward compensator
is widely used in the voltage actuation case. With the model sim-
plicity and exclusion of the inversion-model calculation, a direct
inverse hysteresis compensation method is applied in this work,
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Fig. 3. The block diagram of the system with the feedforward compensator.
Table 1
The obtained parameters of the feedforward
compensator.
Number r; G Di
1 0 —0.60888  0.12836
2 0.1 —0.39862 191854
3 0.2  —0.00259
4 03  —-0.04132
5 04  -0.01665
6 0.5 —0.00100
7 06 -0.05216
8 0.7  —0.02983
9 08  —0.00791
10 09 -0.64570

based on a modified Prandtl-Ishlinskii (MPI) model [33]. The block
diagram of the system with the hysteresis compensator H-! is
shown in Fig. 3, where y,(t) represents the desired trajectory, v(t)
denotes the control signal of the feedforward compensator, and
y(t) represents the real displacement signal of the stage.
Based on the MPI model [33], the output of the feedforward
compensator can be expressed as
N
U(t) = p1y3(t) + paya(t) + Y c(rF[yal(t) (1)
i=1
where p; and p, are the constant coefficients of the input polyno-
mial, ¢(r;) is the weight of each play operator F.[yq](t), N is the
number of the used play operators. F.[yq](t) is a one-side play op-
erator

E.[y4]1(0) = max(y4(0) —1;,0)
Flyql(t) = max(yq(t) —r;, min(yq (t), B [yq](t = T5))) (2)

where Ts is the sampling period, and r; is the threshold value. In
this work, the fixed threshold value r; is chosen as:

i .
i = IVaOlle, 1=0.1...N~1 3)

N is selected as 10 in this work. To identify the parameters,
a multi-value triangular signal in a relatively low frequency is
used to stimulate the system, without triggering the dynamics of
the system. With the corresponding input and output of the sys-
tem captured, the parameters of the feedforward compensator in
(1) can be optimized with a modified particle swarm optimization
method [34]. All the obtained parameters are shown in Table 1.
The readers may refer to [33,34] for the detailed algorithms of pa-
rameters optimization. Fig. 4(a) displays the hysteresis compensa-
tion results of the piezo-actuated stage with the feedforward com-
pensator, where an approximately linear relationship is observed.
Moreover, Fig. 4(b) provides the response of the stage without the
feedforward compensator, where obvious hysteresis occurs. It is
demonstrated that the inherent asymmetric hysteresis nonlinear-
ity has been significantly reduced with the feedforward hysteresis
compensator. Therefore, the compensated system G can be approx-
imately considered to be linear.

3.2. PAVPF damping controller

Here, the design of the PAVPF controller is presented. Firstly,
the dynamic model G needs to be identified. To this end, a band-
limited white noise signal is utilized to stimulate the compensated

system. The System Identification Toolbox of Matlab is used for de-

termining the transfer function of the compensated system, based

on the corresponding system output position signal and the input

noise signals. The identified model G has the transfer function of
a3s3 + ays? + a;s + ag

s3 —+ b252 + b]S + bo (4)

where a3 =0, a,=2815.3, a; =-1.783e7, ayg=2.974ell, b, =
4948, by = 1.032e8, by = 2.723e11. With the identiﬁgd model in
Eq. (4), it is convenient to obtain the original poles of G, which are

GGs) =

p1.2 = —1054 + 9806i (5)

p; = —2840 (6)

It can be obtained that the damping ratio of the system is 0.107,
which is a definitely lightly damped resonant mode. To illustrate
the preciseness of the identified dynamic model, Fig. 5 compares
the frequency responses of the experimental results and the sim-
ulation results. It is observed that the identified model accurately
describes the dynamic behavior of the system. In addition, there
is a lightly damped undesired resonant mode of the compensated
system, which restricts the improvement of the tracking speed of
the stage.

Remark: we should mention that, in general, the numerator of
G(s) is third order when developing the PAVPF controller. How-
ever, in this work, the numerator of G(s) in the identified model
is second-order, which is just a special case. Therefore, we adopt
a3 = 0 in Eq. (4) for verification. Without losing generality, the de-
sign method is still available when a3 #0.

To damp the resonant mode of the compensated system, the
PAVPF controller will be designed. The block diagram of the pro-
posed PAVPF controller is shown in Fig. 6. The output of the PAVPF
controller up(t) is the synthesis of acceleration, velocity and po-
sition signals based on the system output, and up(t) is positively
feedback to the compensated system G. The transfer function of
the PAVPF controller can be written as

Fzsz +T's+ Ty
$2 + 28 wps + W}

Cdamp (5) = (7)
where &, wp, 'y, I'y, I’y are the adjustable parameters of the con-
troller. As a matter of fact, the term Cyqpy*y(t) can be regarded
as the connection of the acceleration, velocity, and position signals
(252 + T'ys 4+ Tg) x y(t) and a low-pass filter 1/(s* + 2£wps + w3).
where I'y, 'y, and 'y mean the weights of the feedback values
of the acceleration, velocity, and position signals, respectively. As
there only exists a position sensor in the system, the acceleration
and velocity signals are derived by the first and second difference
of the position signal, respectively. To avoid the amplification of
the sensor noise in the difference process, the low-pass filter is
thus employed. Therefore, the PAVPF controller is defined as the
format of Eq. (7).

From Fig. 6, the transfer function of the damped system with
PAVPF controller has the expression of

G(s) _ N(s)

Piamp (S) = _ = (8)
e 1 2 G(5) Caamp 5) M)

where N(s) and M(s) have the expressions

N(s) = (ass® + azs? + a1$ + ap) (s? + 26 wps + wp?) (9)

M(s) = (s> + bas? + bys + bo) (s? + 26 wps + w3)
—(a38® + a35% + a15 + ag) (T25% + T'1s + Tp)
= (1 -T3a3)s° + (by + 26 wp — T1a3 — Thap)s?
+(by 4+ wp? —Toas — '1ay — T'a; + 26 wpby)s?



100 L. Li et al./Mechatronics 47 (2017) 97-104

T T
09t
08f
|
So07
g
5
S o6
‘._'1
Gos
o
S04
=
S
<03
02
0.1
0 . . . . . . . . .
0 01 02 03 04 05 06 07 08 09 1

Desired displacement
(a)

1 T T T T T
= \\Vithout compensation

Actual displacement
© o o o o o o o
v A 0 N ® ©
T

o

L L L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Input Voltage

(b)

o

Fig. 4. Experimental results of the hysteresis curves for the system with and without the feedforward compensator: (a) with compensator; (b) without compensator.

20 T T T
o 0
Z
© 20 -
3 20
F
2
E a0}
=)
<
= -60 Experimental results
— — — Simulation results
-80 = L
0
> -180
@
k)
@ -360
17}
e
o -540
-720 L
10° 10’

Frequency (Hz)

Fig. 5. The experimental frequency response and the frequency response of the
identified simulation model.

I —_———
| G Plant
I Hysteresis t
_% —I-» H' _L H — G Y g)
Lt —=. 1
u) |
PAVPF controller
Cdamp

Fig. 6. The block diagram of the system with PAVPF control.

+(b0 — Foaz — F] a — ano + 2$a)pb1 + bza)pz)sz
+(2§C{)pb0 —Ta0 —Toaq + bla)pz)s + bga)pz —Teag (10)

It can be observed that Eq. (10) can be treated as a characteris-
tic polynomial with five parameters (ga)p,a)lzj, Iy, T, y). Mean-
while, there are five zeroes of the equation M(s) = 0, which cor-
responds to the five poles of the damped system with PAVPF con-
troller. Hence, from the view of mathematical principles, it is pos-
sible to allocate each pole of the damped system to a desired lo-
cation arbitrarily. Provided that the desired locations of the poles
are set as P(i=1,2,3,4,5), the characteristic equation can be ex-
pressed as

Q) =(—=P)(—P)(s—P3)(s—Py)(s—PFs)
= §° + Kys* + K35> + K352 4+ Kis + K (11)
where

Ky=—-P —P,—P—Py—Ps

K3 = P3(Py 4 P1) + PP, + P4 (Ps + P, + Py)
+Ps(Py+ P+ D+ Py)
Ky = —Py (P3P1 + PP + P1P2) — P5[P3P1 + PP, + PP,
+Py(Py + P 4 P3)] — PPy P
Ki = Ps(P4PsP; + P4PsP, + PoPi P, + PiP,P;) + P P,PsP,
Ko = —PP,P;P,4Ps (12)
To assign the poles of the damped system to the desired loca-
tions P.(i=1,2,3,4,5) , the coefficients of the characteristic poly-
nomial M(s) and the coefficients of Q(s) should satisfy the follow-
ing conditions:
K4(1 — an3) = bz + 2$a)p —Ta3 —Thay
K3(1 — an3) = b] -I—Cl)pz —Toaz —T'ay —TM'yay + 2$Cl)pb2
Kz(] — an3) = bo —Toa; — T'ay — IT'yag + 2";‘a)pb1 + bza)lz)
Ky (1 = T2a3) = 26wpbg — TMap — Toay + byw;,

Ko(1 = Taa3) = bow; — Toao (13)
Eq. (13) can be expressed in the matrix form
AeX =B (14)
where
X= (%wp CUp2 r, Iy FO)T (15)
2 0 —ay + Kyas —as 0
2b2 1 —a; + Kzas —day —das
A= 2b1 b2 —ag + Kyas —a —ay (16)
2b0 b] K as —dp —aq
0 bo Kyas 0 —do
K4 — by
Kz — by
B=| K, —bo (17)
K
Ko

By solving the linear equation (14), the PAVPF controller can be
obtained.

Based on the above principle, the PAVPF controller is designed
for the system G. The damping control objective is that the dom-
inant poles have desired damping ratio. In this sense, the desired
locations of the poles should be placed far to the left half plane. In
this work, the desired poles are chosen as

p/1,213.4 . —3000 :l: 98061 (18)

P, = —2840 (19)
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which means that the desired damping ratio of the dominant pole
is 0.297. Then, substituting Eqs. (18) and (19) into Eqs. (12) and
(13), the solution of Eq. (14) can be obtained, which determines
the adjustable parameters in Eq. (7). The obtained PAVPF damping
controller can be expressed as:

0.2536s24-5.360e3s + 1.318¢7

s2 +1.010e4s + 1.270e8 (20)

Cdamp (5) =
3.3. PVPF damping controller

For a comparative study, the PVPF controller is designed with
the same control objective to verify the damping performance of
the PAVPF controller. For more details about the PVPF control and
the design of the PVPF controller, readers may refer to [21,26]. The
transfer function of the PVPF controller can be written as:

Es+ R

_— 21
$2 + 2&,wy8 + w2 (21)

Cpvpr(s) =
Then, the characteristic equation of the damped system with PVPF
control is

11— G(s)Covpr(s)| =0 (22)

As discussed in [21,26], the PVPF control approach can place the
poles of the damped system arbitrarily with an analytical method,
when the model of the target system is second order. With the
third model expressed in Eq. (4), the PVPF controller could not be
designed directly to suppress the resonant vibration of the system
using an analytical method. Therefore, a numerical method is cho-
sen to optimize the control parameters of the PVPF controller.

For a fair comparison, the set point in this PVPF controller is the
same with the one of the PAVPF controller in Eqgs. (18) and (19).
Since the real pole of the system does not influence the damping
performance of the system, the objective function for the optimiza-
tion method is expressed as

min Fun = |Re(pYy34) — Re(Pl34)] (23)

where Re(p/,;,) is the real part of the objective complex poles. The
Matlab optimization function ‘Isqnonlin’ is adopted to optimize the
controller parameters. The determined transfer function is

5560s + 1.353e7
s2 +9915s + 1.517e8

With the simulation results, it can be obtained that the poles of
the damped system with PVPF control are not exactly equal to
the set point. However, with the PAVPF controller, the poles of the
damped system can be assigned in an arbitrary manner accurately.
For validating the effectiveness of the PAVPF controller, compara-
tive experiments are performed as well. The frequency responses
of experimental results of the system in open-loop, with PVPF con-
troller and with PAVPF controller are compared in Fig. 7. It can be
observed that the lightly damped resonant peak is well suppressed
by both the PVPF controller and the PAVPF controller. The PAVPF
controller has a more significant vibration suppression effect. Fig. 8
plots the step responses of the system in open-loop, with PVPF
controller and with PAVPF controller, respectively. Based on the
experimental results, the overshoot of the system with the PAVPF
controller is smaller than that of the system without it. Meanwhile,
the damping performance of the PAVPF controller is slightly better,
compared with the PVPF controller. Therefore, the effectiveness of
the PAVPF controller on damping control is demonstrated.

(24)

Cpvpe(s) =

3.4. High-gain feedback controller

In this control approach, a feedback tracking controller is re-
quired to deal with the tracking errors. Therefore, a proportional-
integral (PI) controller is used as the tracking controller in the
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outer feedback loop. The PI controller has the transfer function of
Crack(8) = kp + ki/s, in which k, and k; are the proportional and
integral gains, respectively. The block diagram of the system with
PAVPF-based control approach is shown in Fig. 9. To determine the
exact values of the gains k, and k;, the stability analysis of the
system with PI+PAVPF is provided using a graphical method. For
the detail algorithms of the graphical method, readers can refer to
[27,.35]. The stability region with the magnitude margin A of 9.5dB
and phase margin ¢ of 60° is shown in the intersection area of
these two stability boundaries in Fig. 10. To optimize the control
gains of the PI controller, the control bandwidth of the system with
PI+PAVPF controller are analyzed. With every pair of k, and k; uni-
form distribution in the stability region, the control bandwidth of
the system with different control gains is tested individually, based
on the simulation results. The grey-scale map, as shown in Fig. 10,
shows the simulation results of the control bandwidth in normal-
ized case to illustrate the variation rule of the control bandwidth.
It can be seen that the higher bandwidth exists in the region with
the higher integral gain k;. The control gains k, and k; will be de-
termined in the stability region with a higher control bandwidth,
by trial and error method in the experiment.
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4. Experimental results

In this section, real-time experiments are performed on the ex-
perimental platform, as shown in Fig. 1, to verify the advantages
of the proposed control approach.

Remark: With the similar damping performance of the PAVPF
controller and the PVPF controller, the following bandwidth test
results and the tracking performance of the system with PI+PVPF
controller are close to the results of the system with PI+PAVPF
controller, which is also verified by the real-time experiments.
Therefore, the comparative experimental results of the system with
PI+PVPF controller are not presented in this paper.

4.1. Bandwidth test

Firstly, experiments are performed to determine the control
gains of the PI controller of the system with PI+PAVPF control. The
control gains k, and k; are determined as 0.3 and 1900, respec-
tively. The determined operating point can be found in Fig. 10, with
the magnitude margin more than 9.5dB and phase margin more
than 60°. For comparison, experiments are performed with the tra-
ditional PI controller for the hysteresis compensated system. The
hysteresis compensator of the system with PI control is the same
with that of the system with PI+PAVPF control. The proportional
and integral gains of the traditional PI controller are determined
as K, =0.3 and K; =800, with trial and error method. The step
responses of the system with PI+PAVPF controller and the system
with PI controller are shown in Fig. 11. The output of the system
with PI control exhibits obvious oscillations, and converges slowly
with rising time of about 2.8 ms and settling time of about 5 ms.
In contrast, the rising time and settling time of the PI+PAVPF con-
trol are about 0.45 ms and 2 ms, respectively. These characteristics
show great superiorities of the PI+PAVPF controller on the transient
response.

Furthermore, experiments are performed to test the control
bandwidth of the system with these two control approaches. With
this objective, the band-limited white noise signal is also selected
to stimulate the system with PI controller and with PI+PAVPF con-
troller, respectively. The crossover frequency at -3 dB, which is gen-
erally chosen as a measurement of the system bandwidth [36],
is selected as the index of control bandwidth. The frequency re-
sponses of these two closed-loop systems (with PI controller and
with PI+PAVPF controller) are shown in Fig. 12. The bandwidths
of the system with PI controller and with PI+PAVPF controller are
111 Hz and 766 Hz, respectively. It can be obtained that the control
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Fig. 12. Frequency responses of the system with PI and with PI+PAVPF control.

bandwidth of system with PI +PAVPF controller improves about 6
times, which validates the advantages of the proposed PAVPF con-
troller.

4.2. Tracking performance

The control objective of a nanopositioning stage is to accurately
track a predefined trajectory. In most practical applications, most
of the tasks for the stage are to track a periodic triangular tra-
jectory [2,7,37-39]. Hence, real-time triangular trajectories track-
ing experiments are conducted with typical fundamental frequen-
cies of 1, 10, 50 and 100 Hz, respectively. Fig. 13(a) and (b) illus-
trate the comparison of the tracking performance of the system
with PI controller and with PI+PAVPF controller, under 50 Hz and
100 Hz triangular trajectories, respectively. As shown in Fig. 13, the
tracking performance of the system with the PI+PAVPF controller is
improved significantly, by comparing to the tracking results of the
system with PI controller. Besides, as described in Fig. 13, tracking
performances of both the PI controller and the PI+PAVPF controller
degrade, as the increase of the input signal frequency, which is in-
fluenced by the limited bandwidth of the controlled system.

With the objective of quantifying the tracking results of the
PAVPF-based control approach, two indexes are chosen as follows:

max ly@®) —r(®)|
em = max(r(t)) —min(r (D) < °0% (25)

A ) — )Pt

max(r(0)) —min(r) ~ [00% (26)
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Fig. 13. Comparisons of the triangular trajectory tracking results of the stage with different control method with different fundamental frequencies: (a) 50 Hz; (b) 100 Hz.

Table 2
Obtained tracking errors of the tracking experiments with
different fundamental frequencies for different control ap-

proaches.
Pl PI+PAVPF
Frequency (Hz) -
em(%) erms(%) em(%) erms(%)
1 0.39 0.25 0.21 0.09
10 2.53 3.07 1.23 0.96
50 13.93 1091 5.95 4.84
100 2335 1812 11.80 9.37

where r(t) represents the input signal as reference signal, y(t) rep-
resents the actual output position signal, and T denotes the cy-
cle of the input signal. e;; and eq,s indicate the maximum track-
ing error and the root mean square tracking error of the stage,
respectively. For comparison, e, and eqns of the system with dif-
ferent control approaches in the tracking experiments are summa-
rized in Table 2. It is clearly seen that the tracking errors of the
system with PI+PAVPF controller are reduced significantly, when
comparing to the system with PI controller. In this sense, the ad-
vantage of the PAVPF-based control approach is demonstrated on
high-bandwidth tracking control.

5. Conclusion

In this work, a PAVPF control approach is presented to suppress
the vibration of the resonant mode of piezo-actuated nanoposi-
tioning stage to achieve high-bandwidth control. The PAVPF-based
control approach is composed of the hysteresis compensator, the
PAVPF controller, and the tracking controller. The hysteresis com-
pensator with a MPI model is introduced for dealing with the non-
linearity of the PEA, which leads to an approximately linear sys-
tem. The pole-placement method is utilized to design the PAVPF
controller, which adds sufficient damp to the lightly damped sys-
tem. Then, a PI controller is designed to enhance the tracking per-
formance of the nanopositioning stage. Finally, to evaluate the ad-
vantages of the PAVPF-based control approach, comparative experi-
ments with PVPF controller and with conventional PI controller are
performed. Experimental results demonstrate that the performance
with the PI+PAVPF controller is improved significantly.
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