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a b s t r a c t

This paper presents a new sensor arrangement and feedback controller for hysteresis, creep and vibration
in piezoelectric actuators. A piezoelectric force sensor is combined with a resistive strain gage to provide
both extremely low noise and high stability. The use of a force sensor also results in a system transfer
function that exhibits zero-pole ordering. Such systems allow a simple integral controller to provide
excellent tracking and damping performance with guaranteed stability.
eywords:
iezoelectric actuators
ontrol
orce feedback
train feedback

The proposed technique is demonstrated on a nanopositioning platform with a range of 10 �m and a
resonance frequency of 2.4 kHz. In closed-loop, the controller damps the resonance by 33 dB and provides
a tracking bandwidth of 1.8 kHz. Excellent tracking of a 130 Hz triangular reference and reduction of
hysteresis to 0.46% at 10 Hz is also demonstrated. The closed-loop positioning noise, predicted from the
sensor noise density, was approximately 0.67 nm peak-to-peak, or 0.0067% of the 10 �m range.
ysteresis
anopositioning

. Introduction

Due to their high stiffness, compact size and effectively infi-
ite resolution, piezoelectric actuators are universally employed

n a wide range of scientific and industrial applications. Exam-
les include nanofabrication systems [1–4], fiber aligners [5], beam
canners [6], nanopositioning systems [7], and scanning probe
icroscopes [8–10].
Unfortunately, piezoelectric actuators cannot be directly

pplied in positioning applications as they exhibit a significant
mount of hysteresis over large ranges and creep at low-
requencies [11,7]. These effects can cause tracking error in excess
f 20%. As a result, many applications require some form of feedback
12] or feedforward control [13] to reduce or eliminate non-
inearity.

The most popular technique for control of piezoelectric actu-
ted systems is sensor-based feedback control with an integral or
roportional-integral controller. This approach is simple, robust

o modeling error, and effectively reduces non-linearity at low-
requencies. However, the bandwidth of such systems is severely
imited by low gain-margin [12]. It can be shown that the maxi-

um closed-loop bandwidth is equal to the product of twice the
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damping ratio � and natural frequency ωn [14], that is,

max closed-loop bandwidth < 2ωn�. (1)

This is a severe limitation as the damping ratio is usually in the
order of 0.01, so the maximum closed-loop bandwidth is less than
2% of the resonance frequency. Techniques aimed at improving the
closed-loop bandwidth are based on either inversion of resonant
dynamics using a notch filter [15] or a damping controller [16–19].
Damping controllers are less sensitive to variations in resonance
frequency than inversion-based controllers but an integral tracking
loop is still required. This inevitably results in low stability margins
and instability if the resonance frequency is sufficiently reduced. In
addition, the greater bandwidth of damping and inversion-based
controllers increases the amount of positioning noise.

To demonstrate the limitations imposed by sensor noise, con-
sider a nanopositioner with feedback control derived from a
capacitive sensor with a noise density of 20 pm/

√
Hz. An estimate

of the RMS position noise can be found from the noise density and
square-root of closed-loop bandwidth,

RMS noise =
√

3.14 × bandwidth × noise density, (2)
where 3.14 is a correction factor to convert the 3 dB bandwidth of a
first-order system to an equivalent noise bandwidth. For example,
with a closed-loop bandwidth of 1.8 kHz, the positioning noise is
1.5 nm RMS. If the noise is normally distributed, the 6� peak-to-
peak noise will be approximately 10 nm.

dx.doi.org/10.1016/j.sna.2010.04.008
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
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Fig. 2. A piezoelectric actuator with integrated strain and force sensors. The strain
sensors are bonded to the front and back surface while the force sensor is a small

fier. With the 330 nF actuator capacitance, the PDL200 provides a
bandwidth of approximately 22 kHz. The amplifier gain and other
system sensitivities are summarized in Fig. 3.
ig. 1. High-speed nanopositioning platform with strain and force sensors fitted to
he y-axis actuator.

Feedforward control [20,21] can be used independently [22,23]
r to improve the response of a feedback system without increasing
he positioning noise [12,24]. However, feedforward control may
ot be feasible if variations in resonance frequency are expected
25]. Additionally, feedforward compensation of creep and hys-
eresis requires an accurate model, one that may be complex and
omputationally demanding to procure and invert. If the reference
ignal is periodic, iterative feedforward [26,27], adaptive [28], and
epetitive control [29] can be applied. These techniques can provide
xcellent tracking performance but require a periodic reference and
ignificant digital signal processing capabilities.

In this work, a new technique is presented for control of hys-
eresis, creep and vibration in piezoelectric actuated systems. The
roposed technique utilizes a resistive strain gage and piezoelec-
ric force sensor to estimate displacement. The piezoelectric force
ensor exhibits extremely low noise at frequencies above 1 Hz
ut cannot measure static displacement and is prone to drift. To
liminate these low-frequency errors, the strain gage signal is
ubstituted at low frequencies. In contrast to standard capacitive,
nductive and optical displacement sensors, the proposed scheme
an be integrated into the actuator which minimizes parts count
nd overall system cost. The total cost of parts and components for
he proposed scheme is less than $100, which is considerably less
han the typical cost of a capacitive sensor, which is approximately
2000.

In Section 2, a nanopositioning system is described for demon-
tration of the proposed technique. This is followed by an
ntroduction to strain and piezoelectric force sensors in Sections

and 4. Section 4 also contains the derivation of an electrome-
hanical model and a review of the recently introduced technique
f force feedback position control [14]. This technique is extended
n Section 5 for use with complementary strain and force sensors.
ue to the system properties, a simple integral controller can pro-
ide excellent tracking and damping performance with guaranteed
tability. This technique is demonstrated in Section 6. Conclusions
re drawn in Section 7.

. Experimental system

Although the technique of strain and force feedback is applicable
o a wide range of mechatronic systems, in this work, the proposed

ontroller is applied to the nanopositioning platform pictured in
ig. 1. This platform is designed for high-bandwidth applications
uch as video-speed scanning probe microscopy [30–33]. The plat-
orm develops approximately 10 �m of travel in the lateral scan
xes and 4 �m travel in the vertical direction. As the vertical and
piezoelectric stack placed between the actuator and load ball. The load half-ball is
used to eliminate the transmission of torsion and bending moments to the force
sensor and moving platform.

x-axes are physically small with low mass, the resonance frequen-
cies are greater than 10 kHz. However, due to the large y-axis
mass, the resonance frequency in this direction is only 2.4 kHz. As
this axis is required to follow triangular trajectories up to 100 Hz,
compensation is required to eliminate oscillation and reduce non-
linearity. The technique of strain and force feedback will be applied
to achieve high-performance tracking with simplicity, low-cost and
high robustness.

The actuator used to drive the y-axis is pictured in Fig. 2. It
comprises of a 10 mm Noliac SCMAP07 actuator connected serially
to a 2 mm Noliac CMAP06 stack force sensor. The ceramic spacers
provide a robust bonding surface between the two stacks and min-
imize the measurement error due to Poisson coupling. This error
is caused by contraction of the stack body during elongation. If the
sensor is bonded directly to the actuator, this contraction is erro-
neously measured and produces an effect opposite in polarity to the
applied force. A further discussion of Poisson coupling and meth-
ods to eliminate it can be found in reference [14]. In addition to the
force sensor, there are also two resistive strain sensors attached to
the top and bottom surface of the actuator. Full descriptions of the
strain gages, instrumentation, and force sensor are provided in Sec-
tions 3 and 4. A Kaman inductive position sensor (SMU9000-15N)
was also used to measure the frequency and time domain dis-
placement of the system. These open-loop responses are plotted in
Section 6.

The actuator was driven with a Piezodrive PDL200 linear ampli-
Fig. 3. System gains and sensitivities.
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ig. 4. Strain gage bridge circuit. The two strain gages are the varying elements of
he bridge, likewise the dummy resistors are fixed. All of the resistors have a nominal
esistance of 350 �.

. Resistive strain feedback

Resistive strain gages are the most common types of position
ensor used for control of piezoelectric actuators. They are often
ntegrated into the actuator for position feedback. Strain sensors
an also be retrofitted to other actuators simply by bonding the sen-
or to the actuator surface. Two example applications that utilize
esistive strain feedback are [34] and [35].

Resistive strain gages are constructed from a thin layer of
onducting foil laminated between two insulating layers. With a
ig-zag conductor pattern, strain gages can be designed for high
ensitivity in only one direction, e.g. elongation. As a strain gage is
longated, the resistance increases proportionally. The change in
esistance per unit strain is known as the gage factor GF defined by

F = �R/RG

�
, (3)

here �R is the change in resistance from the nominal value RG

or a strain �. As the gage factor is typically in the order of 1 or
, the change is resistance is similar in magnitude to the percent-
ge of strain. For a piezoelectric transducer with a maximum strain
f approximately 0.1%, the change in resistance will also be around
.1%. This small variation requires a bridge circuit for accurate mea-
urement.

.1. Practical application of strain gages

In Fig. 2, the piezoelectric actuator described in Section 2 is
ictured with a strain gage bonded to each of the two non-
lectrode sides. The strain gages are Omega SGD-3/350-LY13 gages,
ith a nominal resistance of 350 � and package dimensions of
mm × 4 mm.

The electrical wiring of the strain gages is illustrated in Fig. 4.
he full bridge circuit is completed by two dummy 350 � wire
ound resistors and excited by a 5 V DC source. The differential

ridge voltage (V+ − V−) is acquired and amplified by a Vishay
icro-Measurements 2120B strain gage amplifier. As the circuit

s a two-varying-element full-bridge, the measured voltage is

s = AvVb
(

�R
)

, (4)

2 RG + �R/2

here Av = 2000 is the differential gain and Vb = 5 V is the excita-
ion voltage. By substituting (3) into (4) and neglecting the small
ridge non-linearity,1 the measured voltage is proportional to the

1 In a two-varying-element bridge circuit, the non-linearity due to �R/2 in Eq.
4) is 0.5% non-linearity per percent of strain [36]. Since the maximum strain of a
iezoelectric actuator is 0.1%, the maximum non-linearity is only 0.05% and can be
eglected. If this magnitude of non-linearity is not tolerable, compensating circuits
re available [36].
Fig. 5. The noise density of the inductive, resistive strain, and piezoelectric force
sensor, all scaled to nm/

√
Hz. The simulated noise of the piezoelectric force sensor

is also plotted as a dashed line.

strain � and displacement d by

Vs = GF
1
2

AvVb� (5)

Vs = GF
1
2L

AvVbd, (6)

where L is the actuator length. With a gage factor of 1, the position
sensitivity of the strain sensor will be 0.5 V/�m which implies a full
scale voltage of 5 V for the maximum strain of 10 �m.

By calibrating the strain gage output with the inductive sensor,
the experimental sensitivity was found to be 0.3633 V/�m.

3.2. Strain gage characteristics and noise

Compared to other position sensors, strain gages are compact,
low-cost, precise, and highly stable—particularly in the four-
varying-element configuration that requires two actuators in a
push–pull arrangement [34]. However, a major disadvantage is
the significant measurement noise. This is due to the high instru-
mentation gain, the thermal noise of the sensor, and the voltage
and current noise of the amplifier. As a result, strain gages usually
exhibit an order of magnitude greater noise density than capacitive
or inductive sensors.

The noise density of the strain signal (scaled to nm) is plotted in
Fig. 5. The sensor exhibits a constant noise density of approximately
20 pm/

√
Hz and a 1/f noise corner frequency of around 10 Hz. This

is comparable to the inductive sensor which has a range of 200 �m.
However, for an inductive or capacitive sensor with a range of
10 �m, the expected noise density would be only 1 pm/

√
Hz, which

is an order of magnitude less than the resistive strain gage. Hence,
strain gages are rarely used in systems designed for high resolu-
tion. If they are utilized in such systems, the closed-loop bandwidth
must be severely restrained. For example, with a noise density of
20 pm/

√
Hz, the closed-loop bandwidth must be less than 22 Hz to

achieve a peak-to-peak noise of 1 nm (assuming a Gaussian distri-
bution and first-order response). To overcome this difficultly, a low
noise force sensor is described in the following section.

4. Force feedback
Force feedback was recently proposed as a new technique for
vibration control and linearization of nanopositioning systems [14].
Rather than using a direct position sensor, this technique uses a
measurement of the actuator load force as shown in Fig. 6(a).
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ig. 6. A piezoelectric actuator driving a load system (a). The mechanical equivalent
iagram with a single-degree-of-freedom load system (b).

Although the load force Fs can be measured in a number of
ays, in this application it is desirable to minimize the additional
ass and compliance associated with the sensor. In such scenarios,

iezoelectric transducers are an excellent choice. They provide high
ensitivity and bandwidth with low noise at high frequencies. In
ig. 2, a small Noliac CMAP06 stack actuator is glued to the end of the
ain actuator for use as a force sensor. Other types of piezoelectric

orce sensor include discrete plate sensors and integrated stack sen-
ors [14]. The sensitivity and characteristics of piezoelectric force
ensors are discussed in the following two subsections.

In Section 4.3, a simple model of the experimental system is
erived. This is shown diagrammatically in Fig. 6. Although force
eedback can be applied to a wide class of systems, the load system
s modeled as a simple spring-mass system. Although this model is
imple, it adequately represents the dominant dynamics exhibited
y the experimental system and many other positioning systems.
he extension to higher order systems is trivial and will be dis-
ussed in Section 5.1.

.1. Piezoelectric actuator and sensor modeling

It has been shown previously that a piezoelectric actuator can
e modeled as a force generator Fa and stiffness ka [14]. This repre-
entation is shown in Fig. 6(b). The generated force and associated
pring constant are

a = d33nkaVa, ka = cEA

L
, (7)

here d33 is the piezoelectric charge constant [11], n is the num-
er of layers, Va is the applied voltage, cE is Young’s modulus of
lasticity, A is the cross-sectional area, and L is the actuator length.
he ratio of developed force to applied voltage is d33nka (N/V, New-
ons per Volt). In the following, this constant will be denoted as ga,
here

a = gaVa, and ga = d33nka.

Piezoelectric actuators can also be used as force sensors. If
he transducer electrodes are left open-circuit or connected to

high-impedance buffer, the generated charge is deposited on

he transducers internal capacitance. The open-circuit voltage of
piezoelectric force sensor is

s = nd33

C
Fs, (8)
Fig. 7. The electrical model of a piezoelectric force sensor. The open-circuit voltage
Vp is high-pass filtered by the transducer capacitance C and leakage resistance R.
The current source in represents the current noise of a high-impedance buffer.

where C is the transducer capacitance defined by C = n�T A/h and
A, h and �T are the area, layer thickness and dielectric permittivity
under constant stress. The scaling factor between force and mea-
sured voltage is nd33/C (V/N). In the following, this sensor constant
will be denoted as gs, where

Vs = gsFs, and gs = nd33

C
. (9)

4.2. Force sensor characteristics and noise

Due to the high mechanical stiffness of piezoelectric force sen-
sors, thermal or Boltzmann noise is negligible compared to the
electrical noise arising from interface electronics. As piezoelec-
tric sensors have a capacitive source impedance, the noise density
NVs (ω) of the sensor voltage Vs is due primarily to the current noise
in generated by the interface electronics. The equivalent electri-
cal circuit of a piezoelectric sensor and high-impedance buffer is
shown in Fig. 7. Neglecting the leakage resistance R, the noise den-
sity of the sensor voltage is

NVs (ω) = in
1

Cω
, (10)

where NVs and in are the noise densities of the sensor voltage and
current noise, measured in Volts and A/

√
Hz respectively.

The experimentally measured noise density of the piezoelectric
force sensor is plotted in Fig. 5. The predicted noise density is also
plotted. The sensor has a capacitance is 30 nF, and the voltage buffer
(OPA606) has a noise density of 2 fA/

√
Hz.

In Fig. 5 the superior noise performance of the piezoelectric sen-
sor is evident. The noise density is more than 2 orders of magnitude
lesser than the strain and inductive sensors at 100 Hz. The noise
density also continues to reduce at higher frequencies. However,
at low-frequencies the noise of the piezoelectric force sensor will
eventually surpass the other sensors. As the noise density is equiv-
alent to an integrator excited by white noise, the measured voltage
will drift around at low-frequencies. A time record that illustrates
this behavior is plotted in Fig. 8. The large drift amplitude is clearly
evident. Thus, although the piezoelectric force sensor generates less
noise than the strain and inductive sensors at frequencies in the Hz
range and above, it is inferior at frequencies below approximately
0.1 Hz.

In addition to noise, piezoelectric force sensors are also
limited by dielectric leakage and finite buffer impedance at low-
frequencies. The induced voltage Vp shown in Fig. 7 is high-pass

filtered by the internal transducer capacitance C and the leakage
resistance R. The cut-off frequency is

fhp = 1
2�RC

Hz. (11)
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4.5. Integral Force Feedback (IFF)

The feedback diagram of an integral force feedback controller is
shown in Fig. 10. The loop consists of the plant GVsVa and an integral
ig. 8. Low-frequency noise of a piezoelectric force sensor scaled to nanometers.
he peak-to-peak noise over 220 s is 38 nm or 26 mV.

he buffer circuit used in this work has an input impedance of
00 M�, this results in a low-frequency cut-off of 0.05 Hz. To avoid
phase lead of more than 6◦, the piezoelectric force sensor cannot
e used to measure frequencies less than 0.5 Hz.

.3. Mechanical dynamics

The simplified model of a single-degree-of-freedom positioning
ystem is shown in Fig. 6(b). The model contains two components:
he actuator, modeled as a force generator Fa and stiffness ka; and
he load system, modeled as a mass M and stiffness kl with damping
. The actuator mass is assumed to be negligible. The displacement
f the load system d can be found by applying Newton’s second law,

d̈ = Fa − kad − kld − cḋ, (12)

s the stiffness of the actuator and load act in parallel, the total
tiffness k experienced by the load mass is k = ka + kl . The equation
f motion is then

d̈ + kd + cḋ = Fa, (13)

nd the transfer function from actuator force Fa to platform dis-
lacement d is

d

Fa
= 1

Ms2 + cs + k
. (14)

ncluding the actuator gain, the transfer function from applied volt-
ge to displacement can be written

dVa = d

Va
= ga

Ms2 + cs + k
(15)

The load force Fs is also of interest, this can be related to the
ctuator force Fa by summing the forces acting on the force sensor,

a = kad − Fs. (16)

his results in the following transfer function between the applied
orce Fa and measured force Fs,

Fs

Fa
= 1 − ka

d

Fa
(17)

Fs

Fa
= Ms2 + cs + kl

Ms2 + cs + k
. (18)

y including the actuator and sensor gains ga and gs, the system

ransfer function from the applied voltage to measured voltage can
e found,

VsVa = Vs

Va
= gags

Ms2 + cs + kl

Ms2 + cs + k
. (19)
Fig. 9. Magnitude and phase response of Fs/Fa (17).

The relationship between the measured force and displacement can
also be found by applying Newton’s second law to the platform
mass or by multiplying (18) and the inverse of (14). By includ-
ing the force sensor gain, the measured voltage Vs is related to
displacement by

Vs

d
= gs(Ms2 + cs + kl). (20)

Thus, the displacement is proportional to force up until the fre-
quency ωz =

√
kl/M. The sensitivity is gskl (V/m). At frequencies

above ωz , the measured force is proportional to platform accelera-
tion [14].

4.4. System poles and zeros

This transfer function GVsVa (19) consists of a pair of resonant
poles and zeros at frequencies ωz and ωp,

ωz =
√

kl

M
, ωp =

√
k

M
=

√
ka + kl

M
. (21)

The frequency of the system zeros will always be lower than the
poles. This characteristic is shown in the frequency response of
Fs/Fa in Fig. 9. For systems with multiple degrees-of-freedom, it
can be shown that the zero-pole pattern repeats for each resonance
mode. This is discussed in more detail in Section 5.1.
Fig. 10. The system GVsVa controlled by an Integral Force Feedback (IFF) controller
C(s) = ˛

s .
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Ĝdr = GdVa C

1 + CGVsVa

. (27)

As this control loop is unconditionally stable, there is no
restriction on the controller gain. However, ˛ was chosen in the
ig. 11. Dual sensor feedback loop that utilizes a strain gage measurement below
0 Hz and the piezoelectric force measurement above 10 Hz.

ontroller

(s) = ˛

s
. (22)

A key property of the system GVsVa is that the phase response lies
etween 0◦ and 180◦. This is a general feature of flexible structures
ith a collocated actuator and force measurement [37]. Another
nique property of such systems is that integral control can be
pplied directly. This is due to the phase characteristics of the loop-
ain. As the integral controller has a constant phase lag of 90◦, the
otal loop-gain phase (∠C(jω)GVsVa (jω)) lies between −90◦ and 90◦.
his implies that the closed-loop system has an infinite gain-margin
nd phase-margin of 90◦. The robustness and simplicity are two
utstanding properties of systems with integral force feedback.

A solution for the optimal feedback gain ˛ for maximum damp-
ng has already been derived in reference [37]. These results were
dapted for the system considered here in reference [14]. Assuming
he system damping is small, the optimal feedback gain ˛	 is [14]

	 = ωp

√
ωp/ωz

gsga
. (23)

dditional expressions for the maximum closed-loop damping and
ole locations can be found in reference [14]. In practice, where only
n identified model may be available, the optimal gain ˛	 can be
ound numerically from the root-locus [14]. This approach is taken
n Section 6.

The closed-loop transfer functions from the reference voltage to
he displacement and measured force, Ĝdr and ĜVsr , are

d̂r = CGdVa

1 + CGVsVa

. (24)

V̂sr = CGVsVa

1 + CGVsVa

. (25)

With integral force feedback the position is regulated indirectly
y controlling the load force Fs. The closed-loop position sensitivity
an be determined from (24) to be 1/gskl (m/V).

. Strain and force feedback

In Section 3 resistive strain gages were discussed as a method
or position control of piezoelectric actuators. It was concluded that
train gages are too noisy for high-bandwidth positioning applica-
ions. In contrast, piezoelectric force sensors have excellent noise
erformance at frequencies in the Hz range and above. In addi-
ion, the use of a force sensor results in a system that can be easily
ontrolled with excellent bandwidth and stability margins.

To overcome the low-frequency noise and phase-lead exhib-
ted by the piezoelectric sensor, the strain gage can be utilized

s a complementary sensor. Such an arrangement is illustrated in
ig. 11. This control loop is similar to Fig. 10 except for the additional
omplementary filters FH and FL . These complementary filters sub-
titute the displacement measurement d for Vs at frequencies below
he crossover frequency fc . As the force measurement contains a
ctuators A 161 (2010) 256–265 261

parasitic high-pass filter at 0.05 Hz, fc is chosen to be 10 Hz. At this
frequency the phase error of the force sensor is less than 0.5◦. The
simplest choice of complementary filters are

FH = gH
s

s + 2�fc
and FL = gL

2�fc
s + 2�fc

. (26)

where gH and gL are the gains used to equate the sensitivity of d
and Vs. In practice, it is convenient to choose gH and gL so that the
sensitivity from Va to each sensor signal is unity. This approach is
taken in the experimental results.

If the gains gH and gL are included in GVsVa and GdVa , respectively,

the closed-loop response Ĝdr is
Fig. 12. The experimental open- and closed-loop frequency responses (dashed and
solid line). The open-loop responses are measured from the amplifier input to the
inductive sensor output and force sensor voltage. The closed-loop responses are
measured from the reference voltage to the same outputs. The simulated closed-loop
response is also plotted (dotted line).
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The zero-pole ordering of an experimental system with multiple
modes, and its successful control using integral force feedback was
reported in reference [14].
ig. 13. Root-locus of the closed-loop poles. The optimal gain of ˛ = 7700 corre-
ponds to a damping ratio of 0.557.

revious section to provide optimal damping performance, this
alue should be retained. Further increases in ˛ are not produc-
ive as the disturbance rejection at the resonance frequency will
egrade.

As the piezoelectric sensor noise is negligible compared to the
train gage, and the crossover frequency fc is significantly less than
he closed-loop bandwidth, the closed-loop position noise density
f the dual sensor controller can be approximated by

d̂(ω) =
∣∣FL(jω)

∣∣Nd(ω), (28)

here N̂d is the closed-loop noise density and Nd(ω) is the noise
ensity of the strain gage scaled to meters. Advantageously, the
train signal is filtered by FL which has a much lower bandwidth
han the complimentary sensitivity function, hence a large saving
n position noise is realized.

If we assume that Nd(ω) is a constant Nd, the standard deviation
(RMS value) of the positioning noise is

= Nd

√
3.14fc, (29)

here the factor 3.14 is the effective noise bandwidth for a first
rder system. For the strain gages discussed in Section 3.2, the
oise density is approximately 20 pm/

√
Hz, this implies a posi-

ioning noise of 0.11 nm RMS for a bandwidth of 10 Hz, and a
� peak-to-peak noise of approximately 0.67 nm. It is important
o note that this calculation only considers sensor-induced noise
nd also assumes a Gaussian distribution. Hence the calculation is
pproximate but useful as an indication of closed-loop noise under
ontrolled conditions.

.1. Higher order modes

So far, only a single-degree-of-freedom system has been consid-
red. Although this is appropriate for modeling the first resonance
ode, it does not capture the higher order modes that occur in dis-

ributed mechanical systems. However, such higher order modes
re not problematic as they do not disturb the zero-pole ordering of
he transfer function from applied actuator voltage to the measured
orce.

In reference [38] it is shown that the transfer function of a

eneralized mechanical system with a discrete piezoelectric trans-
ucer and collocated force sensor is guaranteed to exhibit zero-pole
rdering. That is, the transfer function GVsVa will always exhibit
ero-pole ordering. As the zero-pole ordering of the system is
uaranteed, it follows that the controller discussed in Section 4.5
Fig. 14. A two channel controller board containing high-impedance buffers, com-
plementary filters, and two force feedback controllers.

will also guarantee the stability of systems with multiple modes.
Fig. 15. The open- and closed-loop response to a 600 nm peak-to-peak 130 Hz tri-
angle wave. The RMS deviation-from-linear over a half period was 10 nm RMS in
open-loop and 1.9 nm RMS in closed-loop. The maximum peak-to-peak error over
90% of a half period was 45 nm in open-loop (a) and 6.7 nm in closed-loop (b).



A.J. Fleming, K.K. Leang / Sensors and Actuators A 161 (2010) 256–265 263

F ped from 0 to 150 V peak-to-peak. The maximum error due to hysteresis is reduced from
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Fig. 17. The creep behavior exhibited by the actuator in open-loop (dashed line)
and closed-loop (solid line). The input was a 196 V square with a period of 100 s. In
ig. 16. The open- and closed-loop response of the system to a 10 Hz sine-wave ram
60 nm (8.5%) in open-loop (a) to 25 nm (0.46%) in closed-loop (b).

. Experimental results

As the integral force feedback controller has only one parameter,
n approximately optimal gain can be found from only frequency
esponse data. However, to plot the closed-loop pole locations and
nd a numerically optimal gain, a model is required. For this pur-
ose, a second-order single-input two-output model was procured
sing the frequency domain subspace technique2[39]. The open-

oop data used to procure the model is plotted in Fig. 12.
The root-locus of the closed-loop system is plotted in Fig. 13.

he optimal gain was found numerically to be ˛ = 7700. With
his gain, the controller was implemented on an electronics board
esigned to implement all of the functions required by a force
eedback system.3 This includes a high-impedance buffer for the
orce sensor, the complementary filters, and the controller transfer
unction (Fig. 14).

The experimental closed-loop frequency responses are plotted
n Fig. 12. The closed-loop responses exhibit excellent damping
erformance (−33 dB) and a closed-loop positioning bandwidth
f 1.8 kHz. This is exceptional considering that the open-loop
esonance frequency is 2.4 kHz. Also plotted are the simulated
losed-loop frequency responses which closely agree with
xperimental results.

In Fig. 15 the time domain performance of the force feedback
ontroller is demonstrated by comparing the open- and closed-
oop responses to a 130 Hz triangle wave. The controller effectively
liminates oscillation and reduces the deviation-from-linear from
5 nm in open-loop to 6.7 nm in closed-loop. The tracking-lag was
ot included in the error calculation as this is eliminated in practical
pplications by a phase-lead in either the applied reference, or the
ecorded data. If real-time elimination of tracking-lag is required,
n additional feedforward controller is required [20,21].

Due to the integral tracking action and wide feedback band-
idth, the controller is also effective at reducing dynamic
ysteresis. In Fig. 16, the 8.5% error due to hysteresis in open-

oop is reduced to 0.46% in closed-loop. It is also of interest to
xamine the closed-loop response to creep non-linearity. As the
ontrol-loop-gain at frequencies where creep occurs is extremely

arge, the open-loop error of 9.7% after 50 s is no longer mea-
urable in closed-loop. If the piezoelectric force sensor was used
lone without a strain gage, as in [14], there would be no feedback
t low-frequencies and the performance in respect to creep and

2 A Matlab implementation of this algorithm is freely available by contacting the
uthor.
3 Circuit diagrams can be obtained by contacting the author.
open-loop, the error due to creep was 560 nm peak-to-peak or 9.7% of the peak-to-
peak displacement. Due to the high control gain at low-frequencies, creep was not
detectable in closed-loop.

low-frequency hysteresis would resemble the open-loop response
(Fig. 17).

7. Conclusions

This paper presents a new low-cost sensing and feedback
scheme for reduction of creep, hysteresis and vibration in piezo-
electric actuated systems. The technique of strain and force
feedback utilizes a resistive strain gage and piezoelectric force sen-
sor to measure displacement. A benefit of piezoelectric sensors
is that they exhibit extremely low noise at frequencies in the Hz
range and above. However, below 1 Hz, dielectric leakage intro-
duces phase-lead, and current noise results in slow random drift. To
eliminate these low-frequency errors, the strain gage signal is sub-
stituted at low frequencies. The strain gage and piezoelectric sensor
signals are combined into a displacement estimate with a pair of
first-order complementary filters. The resulting signal exhibits the
low noise of a piezoelectric sensor and the stability of a resistive
strain gage.

In addition to low noise, another benefit of the piezoelectric

force sensor is the zero-pole ordering of the transfer function from
applied actuator voltage to measured force. This allows a simple
integral controller to provide excellent tracking and damping per-
formance with guaranteed stability.
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The proposed technique of strain and force feedback was
emonstrated on a high-speed nanopositioning platform. Due to
implicity, the controller was easily implemented with an analog
ircuit. The closed-loop frequency response demonstrated a 33 dB
amping of the resonance peak and a closed-loop bandwidth of
.8 kHz which is close to the open-loop resonance frequency of
.4 kHz. In the time domain, excellent tracking of a 130 Hz trian-
le wave was achieved and hysteresis was reduced from 8.5% to
.46% at 10 Hz. Although the strain gage contributes the major-

ty of closed-loop positioning noise, the bandwidth of this signal
s only 10 Hz. This resulted in a closed-loop noise of approx-
mately 0.67 nm peak-to-peak which is 0.0067% of the 10 �m
ange.

Due to the low-cost of strain gages and piezoelectric sensors,
nd the simplicity of implementation, these results were achieved
t a fractional cost of a traditional inductive or capacitive displace-
ent sensor. Future work involves the inclusion of a feedforward

ontroller to extend the bandwidth beyond the first resonance
requency.
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