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Abstract: In nanopositioning systems, the control bandwidth is frequently limited due to the
presence of lightly damped resonant dynamics. Active Damping Control is typically integrated
with tracking control within an inner-loop configuration to mitigate dominant resonant dynamics
and enable higher bandwidths. The paper discusses that, in such architectures, feedforward
control based on plant dynamics inversion is insufficient to achieve the intended feedforward
objectives. In response to this limitation, the study introduces a delay-based input shaping and
feedforward framework combined with a dual closed-loop feedback control system that includes
active damping. The feedforward filter, derived from partial inner closed-loop dynamics inver-
sion, facilitates precise, delayed tracking of reference signals. This configuration implements a
unity-gain shaping filter, effectively reducing tracking feedback errors caused by reference inputs.
Furthermore, the study presents a simulated example employing a simplified dynamic model
of an industrial nanopositioning system to demonstrate enhancements in closed-loop periodic

tracking performance through the proposed feedforward and input-shaping methodology.
Copyright © 2025 The Authors. This is an open access article under the CC BY-NC-ND license

(https://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. INTRODUCTION

Nanopositioning systems are used for high-resolution po-
sitioning applications, such as imaging using atomic force
microscopes (AFMs) (Fleming and Leang (2014)) or
nanofabrication technologies such as force lithography,
nanografting, etc. (Shan and Leang (2013)). These sys-
tems typically use piezoelectric stack actuators to gen-
erate substantial forces and high stiffness and maintain
significant bandwidth and resolution. The design includes
parallel flexures to guide the platform, ensuring backlash-
free and frictionless operation. Nanopositioning systems
often track repetitive or user-defined trajectories in various
applications. For example, fast imaging is crucial for inves-
tigating the dynamics of biological samples or enhancing
the throughput of nanofabrication processes, necessitating
a rapid response to these reference inputs. Sensor-based
feedback control systems are implemented to meet de-
mands for enhanced speed and subnanometer resolution
and ensure good reference tracking by mitigating errors
from system dynamics or external disturbances (Devasia
et al. (2007)).

Traditionally, simple proportional-integral (PI) controllers
have predominantly been employed for feedback control.

* This work was financed by Physik Instrumente (PI) SE & Co. KG
and co-financed by Holland High Tech with PPS Project supplement
for research and development in the field of High Tech Systems and
Materials.

However, the system dynamics encounters a significant
resonance peak attributed to the lightly damped flexures,
which restricts the control bandwidth to under 2% of the
resonance frequency (Fleming (2009)). To address this
constraint, inversion techniques such as notch filters are
frequently used alongside tracking controllers to dampen
resonant dynamics; thus increasing bandwidth (Feng et al.
(2017)). However, deploying these filters necessitates a
precise system model and is very sensitive to changes in
system dynamics due to fluctuating payload mass. Active
damping control has been explored and developed as an al-
ternative, employing damping control within an inner feed-
back loop as part of a dual closed-loop framework (Chen
et al. (2021)). Approaches like positive position feedback
(PPF) (Moon et al. (2017)), integral resonant control
(IRC) (Fleming et al. (2009)), etc., effectively dampen
resonance with moderate tolerance to frequency variations.
However, when integrated into an integral tracking loop,
these systems face low gain margin constraints (Flem-
ing (2009)). In general, the performance of contempo-
rary damping controllers is limited because of the inter-
dependence between gain and phase. Acknowledging this
limitation, the authors have introduced and implemented
a novel non-minimum phase resonant controller (NRC),
which utilizes a constant-gain design with a tunable phase
to dampen the resonant poles completely. This approach
enables the attainment of bandwidths that exceed the
system’s resonance frequency within a dual closed-loop
framework (Natu and HosseinNia (2024)).

2405-8963 Copyright © 2025 The Authors. This is an open access article under the CC BY-NC-ND license.
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Feedforward control, which involves dynamic system inver-
sion, can be combined with feedback to improve tracking
by improving the transient response and bandwidth (van
Zundert and Oomen (2018)). However, this method is
susceptible to modeling errors and uncertainties in plant
parameters (Gu et al. (2014)). In raster scanning, feed-
forward combined with damping feedback reduces sen-
sitivity to resonance variations and improves tracking
(Aphale et al. (2008)). Two-degree-of-freedom (2DOF)
designs use feedforward with tracking feedback controllers:
high gains of the feedback controller handle low-frequency
piezoelectric nonlinearities and disturbances, while feed-
forward compensates for linear dynamics (Butterworth
et al. (2011),Leang et al. (2009)). Feedforward boosts
performance where plant uncertainty is less than its
nominal magnitude (Clayton et al. (2009)). Nanoposi-
tioning systems often have non-minimum phase (NMP)
zeros, destabilizing inversion-based dynamics. Approxi-
mate inversion techniques like Zero Phase Error Track-
ing Control (ZPETC), Zero Magnitude Error Tracking
Control (ZMETC), etc., (Butterworth et al. (2012)) are
utilized for stable performance. Two 2DOF architectures
aid this: feedforward plant-injection (FFPI) and feedfor-
ward closed-loop-injection (FFCLI) (Butterworth et al.
(2009)). FFCLI is superior, as it simplifies the transfer
function from the desired to the output position to a delay
block and a low-order filter (Butterworth et al. (2010)). In
AFM applications, perfectly delayed tracking is preferable
if the delay is well known, though FFCLI’s feedforward
filter might become high-order to encompass the inverse
dynamics of the closed-loop system (Butterworth et al.
(2008)).

To date, there has been no recorded instance of a feed-
forward architecture that concurrently integrates both
tracking and damping control. Furthermore, within dual
closed-loop architectures, the plant inversion-based feed-
forward is insufficient for fulfilling the control objectives
and is not interchangeable with closed-loop inversion feed-
forward, as indicated by the extant literature on standard
control architectures. Consequently, this paper contributes
by proposing a feedforward inner closed-loop inversion ar-
chitecture in conjunction with a dual closed-loop feedback
control system incorporating active damping. The feed-
forward filter, developed based on the inversion of partial
inner closed-loop dynamics, facilitates the precise delayed
tracking of reference signals. This architecture utilizes a
unity-gain shaping filter, effectively minimizing the real
feedback error attributable to reference inputs. In addi-
tion, the paper presents a simulated case study employing
a simplified dynamic model of an industrial nanoposi-
tioning system to illustrate enhancements in closed-loop
reference tracking performance within the bandwidth fre-
quency regime.

The paper is organized as follows: Section 2 explains the
control architecture, objectives, and limitations of plant
inversion-based feedforward control, and presents the de-
sign principles for the proposed method. Section 3 applies
the method in a simulated case study involving simplified
nanopositioner dynamics. Section 4 presents time-domain
reference tracking results. Section 5 concludes the paper
and suggests future work.

2. COMBINED FEEDFORWARD & INPUT SHAPING
2.1 Control Architecture

Fig. 1 shows the control framework with a feedforward con-
troller F¢(s) and input shaping filter F(s) within a dual
closed-loop architecture, integrating a tracking controller
Cy(s) and an active damping controller Cy(s) for precise
high-bandwidth control of nanopositioner dynamics G(s).

Fig. 1. Control architecture combining feedforward and
input shaping with dual closed-loop feedback control.

The primary aim of this control framework is to facili-
tate accurate tracking of the desired reference ry, while
attenuating the impact of disturbances d and noise n on
system performance. The measured output position y can
be articulated in relation to the three inputs of the system:

_ (G(S)Ff(s) + G(s)Ct(s)Fs(s)) ot
1+ G(s)(Ci(s) + Ca(s))

G(s)
<1+G(8)(Ct(s) +Cd(s))) d+ (1)

<1 n G@(@l(s) T cd<s>>) !

As demonstrated in (1), the contributions of F(s) and
F,(s) are confined to sensitivities associated with reference
inputs, whereas the attenuation of disturbances and noise
is independently addressed by the feedback controllers
Ci(s) and Cy(s). The dynamics of the nanopositioning
system can be expressed as:

G(s) = Gi(s)D(s), (2)
where G(s) denotes the linear system dynamics due to
resonant modes and amplifier dynamics, and D(s) = e "*
accounts for the system’s time delay 7.

The key considerations for implementing F¢(s) and Fi(s)
in the control architecture in Fig. 1 are as follows:

e In nanopositioning systems, the strictly proper na-
ture of plant G(s) makes the inverse non-realizable,
requiring taming for realization. Additionally, NMP
zeros or delay in G(s) may destabilize the inverse,
requiring causal or non-causal methods for stability.

e The intended feedforward objective necessitates y =
rq, while the integrated control framework is applied
to the actual setpoint feed r, thereby explicitly realiz-
ing the objective y = r. This aligns with the common
aim of minimizing the tracking error e = r — y.
Hence, it is essential to ensure that Fi(s) does not
alter the reference frequency components, necessitat-
ing |Fs(s)| = 1. Furthermore, delay compensation in
F,(s) is employed consistently in practical applica-
tions, implying r4 is fed prior to r in the system.
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2.2 Inadequacy of Plant Inversion-Based Feedforward

The feedforward control design is typically based on the in-
version of the plant dynamics in standard control architec-
tures. However, when active damping is integrated within
the dual closed-loop framework, such plant inversion is
inadequate to attain the feedforward goal. The following
analysis supports this statement, where the feedforward
filter is designed as follows:

Fy(s) = Gy (s)Fy(s), (3)
where Fy(s) is the taming filter to make the inverse
realizable. The objective is to minimize the sensitivity
relating from the setpoint reference r to tracking error e,
formulated as:

e _ F(s)(1+G(s)Ca(s)) — G(s)Fy(s) @)

r Fu(s)(1+ G(s)(Cu(s) + Cals)))
Substituting (3) into (4), and computing Fs(s) for e = 0
gives:

_ _D(s)Fi(s)
SAUNEEE e ®)
Substituting (5) into (1) renders:
a = Tyry(s) = Fs(s) # 1. (6)

Consequently, utilizing the plant inverse to design Fj(s)
does not facilitate perfect tracking of the intended ref-
erence. Additionally, it modifies the setpoint reference
utilized by the feedback controllers, which is considered
undesirable, as highlighted in the preceding subsection.
This paves the way for designing feedforward control using
inner closed-loop inversion, detailed in the next subsection.

2.8 Feedforward Inner-Closed-Loop-Inversion Architecture

In this subsection, we introduce a feedforward design
based on inner closed-loop inversion, which facilitates
the feedforward objectives of accurate reference tracking
(y = rq4) and minimizing error (e = 0). The inner closed-
loop dynamics Gg4(s) shaped utilizing an active damping
controller Cy(s) in feedback with plant G(s) is given as:
G(s) )
14+ G(s)Cu(s)
Given that G(s) encompasses a delay term D(s), perform-
ing a direct inversion of G4(s) results in instability. To mit-
igate this issue, a causal approach is proposed, employing
an inversion of partial inner closed-loop dynamics G%(s)
to guarantee stability, given as:

Gi(s)
G . 8
1) = TG Cals) ®)
The feedforward controller F(s) can then be designed as:

-1
Fy(s) = Gg (s)- Fi(s). (9)
Here, Fy(s) denotes the taming filter, which is defined by
its low-pass characteristics, enabling the realizability of
inversion, as given by:

Fy(s) i .
S) =
K $2 + 2Cwi s + w? ’

where w; and (; are the low-pass corner frequency and
damping coefficient of the filter, respectively, and m is the
order of the filter, chosen to be greater than the relative
degree of G7(s).

Gd(s) =

(10)

In practice, careful selection of w; is crucial to avoid ac-
tuator saturation by keeping the control signal u below
the saturation voltage threshold us. Considering the max-
imum reference signal r4___ and control sensitivity Sy, ()
(rq ¥ u), wy can be determined as:

max W | [[Sury (8) oo * [ dpae| < |us]- (11)
The feedforward Fy(s) in (9) is designed to minimize error
e. Using (4) and (9), the error sensitivity simplifies to:

e Fy(s) — D(s)Fi(s) (12)

r Fu(s)(1+ G(s)(Ci(s) + Cals)))
Thus, to ensure e = 0, the shaping filter Fs(s) should be:

dmax

F,(s) = D(s)Fi(s). (13)
Substituting (13) into (1), we get:
E = Tyry(s) = Fi(s), (14)

where, |Fs(s)] = 1 V w < wy. If wy is greater than the
dual closed-loop bandwidth w,., characterized by the +3
dB bounds of T}, (s), then the proposed feedforward and
input shaping methodology improves the tracking perfor-
mance compared to the feedback-only case and achieves
perfectly delayed tracking up to w,.

However, achieving a sufficiently high w; may not always
be feasible in practical scenarios, thus affecting the track-
ing performance within the bandwidth frequency domain
and, consequently, filtering out the reference (rq # r). In
such circumstances, it becomes necessary to re-tune Fj(s)
to a delay approximation D’(s) (Fs(s) = D’(s)), such that:

|D'(s)| =1 Vw e (0,00),
(D' (s) = /D(s)+ LF(s) Vwe (0,w].

Thus, the proposed methodology achieves perfectly de-
layed tracking performance, fulfilling the objectives.

(15)

3. SIMULATED CASE STUDY
8.1 Nanopositioning System Dynamics
Presented in Fig. 2, the experimental setup utilizes a com-

mercial P-621.1CD PIHera linear precision nanopositioner
with a travel range of 100 pm. The single-axis positioning

P621.1CD PlIHera
Linear Precision Positioner

E-712 Digital
Piezo Controller

Fig. 2. Experimental setup utilized for identification of
nanopositioning system from Physik Instrumente.
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Fig. 3. Experimentally identified frequency response (—),
14th-order estimated system dynamics with delay
(), and 6'"-order estimated system dynamics with
delay (---).

stage incorporates a ceramic-insulated multilayer piezo-
stack actuator, a flexure-based mechanism-guided plat-
form, and a high-resolution capacitive sensor.

A sinusoidal chirp signal (0 to 0.1 V) was generated
with LabVIEW and sent to the piezo-actuator for system
identification. The capacitive sensor measured the position
output, and the input-output signals were imported into
MATLAB for analysis. The transfer functions were esti-
mated using MATLAB’s signal processing toolbox. A high
sampling frequency F, of 33.33 kHz provided sufficient
data for an accurate identification.

The dominant resonance peak w,, is at 735 Hz, with the
second mode wy nearby at 983 Hz (see Fig. 3). A notable
phase delay occurs due to actuator-amplifier dynamics
and system time delay, even at frequencies below w,.
Higher modes appear around and beyond 2000 Hz. Pole-
zero interlacing indicates the system’s collocated nature.

For the simulated case study, a 6""-order transfer function
inclusive of delay is estimated to adequately represent
the predominant system dynamics, as derived from the
identified frequency response (see Fig. 3).

a353 +ass® +ars+ ap
= e
b686 —+ b585 + b484 =+ b383 —+ b282 —+ b18 —+ bo

—TS8
)

(16)
where, as = 1.219ell, ay = 7.748el4, a; = 4.472¢l8,
ag = 2.775e22, bg = 1, b5 = 1.647e4, by = 1.291e8,
bz = 9.879¢l1, by = 4.813el5, by = 1.364e19, by = 5.3e22,
and 7 = 0.00018.

G(s)

3.2 Dual Closed-Loop Feedback Control

A tracking controller Cy(s) and an active damping con-
troller Cy(s) operate simultaneously within the dual
closed-loop feedback control architecture to enable the
suppression of vibrational dynamics and facilitate high
control bandwidths. In this paper, to enable complete
damping of resonant poles, we use the Non-Minimum-
Phase Resonant Controller (NRC) as Cq(s), described by
the transfer function:

5 — Wq
Od(s)_k' <s+wa>’

where Cy(s) = kVw € [0,00), and w,, signifies the tunable
corner frequency. The controller gain is tuned as k =
|G=1(0)], to place a pole at s = 0, while the locus of the

(17)
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Fig. 4. Frequency response of estimated plant G(s) (---')
and inner closed-loop Gg4(s) (—).

remaining two resonant poles varies with w, = n-w,,, where
the normalized parameter n is tuned based on the required
damping of the targeted and nearby resonant mode.

The inner closed-loop transfer function from the input
disturbance d to the system output y, formulated as G4(s)
in (7), is illustrated in Fig. 4. Here, for n = 8, the NRC
completely dampens the dominant resonance mode while
significantly damping the second mode.

The Cy(s) in the outer loop is then designed based
on G4(s) to achieve the highest possible w., where a
proportional-integral (PI) controller is employed to set the
desired bandwidth and ensure zero steady-state error. A
notch filter N(s) is used in series to suppress the partially-
damped second mode alongside a low-pass filter to atten-
uate high-frequency noise and unmodelled dynamics. The
transfer function is represented as:

2
(E) + Qron +1

)= ky (1+2) ; ().
e () o L S
Proportional Low-Pass
Integral Term Notch Filter

Filter
(18)

where, k, = 1.0533, w; = 28 Hz, wy = 1000 Hz, Q; = 1.1,
Q2 = 1, w; = 3000 Hz. Thus, the NRC and PI controllers in
conjunction enable w, to be achieved beyond w,. F(s) and
F,(s) are designed using (9) and (13), with the filter Fy(s)
tuned to w; = 930 Hz, ¢; = 0.6, and m = 2. Fig. 5 shows
the frequency response comparison between the feedback-
only and the combined feedback-feedforward architectures.

N
o

e

Gain (dB)

N
o

-
@
o

o

Phase (deg)

-
[0
o

10’ 10? 10°
Frequency (Hz)

Fig. 5. Frequency response of plant G(s) (---), and dual
closed-loop Ty, (s) with feedback-only (—) and com-
bined with feedforward (—), £3 dB bounds (- - ).
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4. SIMULATED TRACKING PERFORMANCE

The nanopositioning stage aims to follow predefined tra-
jectories, typically periodic ones, accurately. Fig. 5 demon-
strates tracking up to dual closed-loop bandwidths w, in
the frequency domain. This section assesses time-domain
performance with sinusoidal references from 10 to 800 Hz.

Phase lag increases with frequency in dual closed-loop sys-
tems. Perfectly delayed tracking is used in periodic scan-
ning when the delay is known. Post-processing techniques
remove phase lags to represent tracking performance ac-
curately. The known phase lag ¢; (degrees) at frequency f
(Hz) is used to compute the time delay t4.

_ 4

f-360°
Subsequently, the shifted outputs y*(¢) can be computed
as follows:

y*(t) =y(tisn, 1 tn) fori=[1,N]Jand i € Z.  (20)

In discrete time, phase lags are compensated by shifting
Ng = |[|ta|/ts] samples, where ¢, is the sampling time, and
|-] is the round function. Fig. 6 shows the phase-corrected
system tracking response for small-amplitude sinusoidal
references from 0 to 2 pm.

td (19)

Table 1. RMS Tracking Errors

Frequency | Feedback-only | Feedback-Feedforward
(Hz) (1im) (uim)
10 0.0250 0.0069
50 0.0656 0.0073
100 0.0814 0.0087
200 0.0852 0.0184
300 0.0849 0.0398
400 0.0847 0.0525
500 0.0728 0.0643
600 0.0561 0.0530
700 0.0382 0.0055
800 0.1090 0.0953

To assess the tracking performance of the dual closed-
loop system with and without feedforward control, the
root mean square tracking error (€,,,s) index is considered,
given as:

N

1
€rms = N ; (y (tl) -r (ti))Za (21)
where, 7(t;) and y(t;) represents the reference signal and
output signal at discrete time step i, respectively, and N
is the total number of samples, with 1 =1,2,3,..., N.

Table 1 presents the calculated root mean square (RMS)
tracking errors, both in the presence and absence of
feedforward control. The results clearly indicate that the
system sustains exceptionally low errors for both scenar-
ios, with reference signal frequencies varying up to 800
Hz, which is approximately in agreement with w.. No-
tably, the architecture integrating the proposed feedfor-
ward and input-shaping design yields superior tracking
performance compared to the feedback-only configuration,
thereby demonstrating the efficacy of the proposed design
methodology. Recognizing that these error magnitudes are
subject to variation contingent upon the precise tuning
of all controller parameters, which are adjusted according
to specific application requirements, is crucial. The values
presented exemplify the system’s tracking capabilities up
to we.

5. CONCLUSIONS AND FUTURE WORK

This study addresses the limitations of traditional feed-
forward control approaches in dual closed-loop nanopo-
sitioning systems, where active damping is employed to
mitigate lightly damped resonant dynamics. By intro-
ducing a feedforward architecture based on partial inner
closed-loop dynamics inversion, the proposed framework
overcomes the inadequacies of plant inversion-based feed-
forward strategies in such configurations. Integrating this
feedforward filter with a unity-gain shaping filter effec-
tively reduces reference-induced feedback errors, enabling
precise, delayed tracking of reference signals within the
bandwidth frequency regime. A simulated case study us-
ing a simplified industrial nanopositioning system model
highlights the practical benefits of the approach, including
enhanced tracking accuracy to periodic reference inputs.
Future research can focus on experimental validation, ro-
bustness analysis under unmodeled dynamics, load vari-
ations, actuator nonlinearities and disturbances, and ex-
tension to multi-degree-of-freedom systems to expand the
applicability of the proposed methodology.
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