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Abstract

A piezoelectric tube actuator has a number of segments or electrodes. The induced voltage
and the piezoelectric voltage, two easy-to-measure electrical signals in piezoelectric tubes,
have been used in position estimation of these actuators since 2006 and 1982. However,
since introduction, the induced voltage has never been compared with the piezoelectric
voltage for piezoelectric tubes’ position estimation. In addition, only linear models have
been used to present the relationship between the induced voltage and the position of
piezoelectric tubes. In other words, in the literature, it has been practically assumed that (1)
the relationship between the induced voltage and the position is linear, and (2) the induced
voltage can estimate the position more accurately compared to the piezoelectric voltage.
This article assesses and nullifies both these assumptions. In this research, with the use of
the experimental data, both aforementioned voltage signals were mapped into the position
through linear and nonlinear models. It was shown that the position can be estimated
less accurately with the induced voltage compared to the piezoelectric voltage, and the
relationship of the position with the induced voltage presents higher and non-negligible
nonlinearity compared to the one with the piezoelectric voltage.

1 | INTRODUCTION

Piezoelectric tubes are the foremost actuators in nanoposition-
ing, precise position control at nanometre scale, and they are
likely to be still widely used in the future [1]. The major source
of expense and practical limits in nanopositioning are precise
displacement/ position sensors. This has pushed researchers to
estimate the position using easy to measure electrical signals
[2—0].

A widely used and well-known signal to estimate the position
of piezoelectric tube actuators is ‘the piezoelectric voltage’, i.e.
the voltage across a combination of driver (excited) and inter-
nal segments of the actuator. This signal is used to estimate
the position of piezoelectric actuators since 1982, if not earlier
[7]. A driver segment is directly subject to an external voltage
[1, 5]. Other external electrodes or segments of a piezoelectric
actuator, not directly subject to an external voltage, are called
driven (non-excited) segments. The voltage across these seg-
ments, caused by their deflection, is called ‘the induced voltage’

[1, 8]. The induced voltage signal was proposed in 2006 as an
indicator of the position [9]. Some piezoelectric actuators, e.g;
stacks, have only one electrode or segment; hence, the induced
voltage is not available in such actuators [8].

Both piezoelectric and induced voltage signals have
been directly used instead of position signal in initial
micro/nanopositioning systems [9—12]. In more recent/
advanced research, both linear and nonlinear models were tried
to map the piezoelectric voltage to the position in different
piezoelectric actuators [6, 13—15]. However, the induced volt-
age signal has mapped to the position only through linear
models [16, 17] or analogue circuits [18] equivalent to linear
models, and its accuracy in position estimation has never been
compared with the one of the piezoelectric voltage. In other
words, in the existing literature, it has been practically assumed
that the relationship between the induced voltage and position
is linear and the induced voltage can estimate position more
accurately compared to the long-known piezoelectric voltage
signal.
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FIGURE 1 Samples of stack piezoelectric actuators with the shape of
cylinder [30] (left), ring (middle) [31], and rectangular prism [32] (right).

Considering the presented literature review, this research aims
to answer two following research questions for a piezoelectric
tube actuator:

1. How accurately the position can be estimated based on the
piezoelectric or the induced voltage?

2. How nonlinear is the relationship of the piezoelectric or the
induced voltage with the position?

2 | BACKGROUND- DIFFERENT TYPES
OF PIEZOELECTRIC ACTUATORS FOR
NANOPOSITIONING

Piezoelectricity, the interaction of mechanical and electrical
quantities in piezoelectric materials, was discovered by Cutie
brothers in the 1880s [19]. The reason of piezoelectricity is
the asymmetrical distribution of electrons within piezoelectric
materials [20]. In these materials, exerting electric voltage leads
to generation of deformation or force [21]; this phenomenon
is named inverse piezoelectricity [22]. Piezoelectric actuators
are devices, made with piezoelectric materials, purposely pro-
duced to use inverse piezoelectricity [23]. There are three types
of piezoelectric actuators in the market with potential use in
nanopositioning:

2.1 | Piezoelectric stacks
Layers of a piezoelectric material [24] are used to fabricate
a stack, which is normally coated with a polymer material
[25]. Stack piezoelectric actuators ate stiff and have different
shapes e.g. cylindrical [25], rectangular prism [26] or ring [27]
as depicted in Figure 1. Piezoelectric stacks are widely used in
precision positioning [28] and in piezoelectric motors [29].
Nonlinearity of the relationship between applied electric
voltage on a stack piezo actuator and its position has been
experimentally exhibited [20].

2.2 | Piezoelectric benders

Piezoelectric benders are fabricated with piezoelecttic plate(s),
occasionally together with thin layers of shim or metal [33] as

FIGURE 2 A piezoelectric bender [37].

FIGURE 3  Piezoelectric tubes [41].

depicted in Figure 2. Piezoelectric benders have been reported
to be used in energy harvesting [34], non-destructive tests [35],
force and position control [36] and other applications. The
most prevalent piezoelectric benders for nanopositioning have
one or two piezoelectric plate(s) and are called unimorph and
bimorph, respectively [23]. Benders exhibit relatively high max-
imum deflection (e.g 2 mm) and relatively low first natural
frequency (e.g. below 100 Hz), compared to other piezoelectric
actuators [25].

2.3 | Piezoelectric tubes

The core of a piezoelectric tube is a metal cylinder, internally
covered by a layer of piezoelectric material. The outer layer
of the metal cylinder is covered by a number of (e.g. 4 [6] or
12 [38]) piezoelectric layers, also known as segments or elec-
trodes. Piezoelectric tubes with 4 segments are depicted in
Figure 3. Tube piezoeclectric actuators are essentially different
from tube-shape piezoelectric stack actuators despite similarity
in appearance [25]. The first natural frequency of piezoelectric
tubes may vary from 200 Hz to 100s of kHz [39, 40]. These
actuators may produce displacements of up to 100 micrometres
[40).
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FIGURE 4  Experimental setup [43].
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FIGURE 5 A schematic of the piezoelectric tube actuator, top view and

measured voltages [43].

3 | EXPERIMENT AND DATA
COLLECTION

In this research, a PI -PT130.24 piezoelectric tube was utilised.
A PI-D-510 capacitive sensor together with an E-852.10 signal
conditioner were used to measure the cubical end-effecter posi-
tion [42]. During the experiment, the tube was placed inside an
Aluminium cylinder (Figure 4).

The tube has one inner segment which is grounded and four
equally distributed outer segments. Two opposite outer seg-
ments are grounded too to have a situation like scanning devices
[40]. Excitation voltage was applied on one of non-grounded
outer segments, i.e. the driver segment. The induced voltage
in the other non-grounded segment was recorded as shown in
Figure 5. The voltage across the driver and the internal seg-
ments is the piezoelectric voltage. In this research, as the internal
segment is grounded, the piezoelectric voltage is same as the
excitation voltage.

A DS1104 DSpace was used to connect the tube to a PC
with MATLAB/Simulink. In different tests, excitation voltage,
as different functions of time, was applied on the tube. Here are

the utilised functions: a white noise with a maximum magnitude
of 60 V and a series of triangular functions, with the magni-
tudes of 20 V, 40 and 60 V and the frequencies of 1 Hz, 10 Hz,
20 Hz, 30 Hz, 40 Hz, 50 and 60 Hz in the time period of 2s
each. The data collected through triangular excitation with the
amplitude of 40 V at 30 Hz were used for validation, the rest of
the collected data were utilised for modelling.

4 | STRUCTURE OF THE
MATHEMATICAL MODEL AND PROBLEM
STATEMENT

Nonlinear auto-regressive models with exogenous inputs
(NARX models), commonly used for system identification [44],
were utilised in this research. Equation (1) shows the NARX
structure, for a single input-single output (SISO) system [44],

w(t —19),u(t —1tq —15)s e, t(t — 1y — 1yty),
= , a
=7 <y(i — 1), = 28), ..., y(t — ryfs) ) M

where y is the system output, # is the system input, Z is the
delay time, Z is the sample (or sampling) time, and r, and 7, are
the input and output orders, respectively. fis a function. SISO
NARX modelling aims to identify #y, %, #,, Tys and f.

5 | DATA PREPARATION AND INITIAL
PARAMETER SELECTION

In this research, data preparation comprises of normalisation
and re-arrangement of the collected data.

5.1 | Normalisation

In input-output-data-based modelling, variables with larger
(absolute) values than others may affect the modelling process
more significantly [45]. Normalisation prevents this issue; the
data columns were multiplied by coefficients so that the mean
of squared values of all data columns are identical or very close
to each other.

5.2 | Rearrangement

The normalised data should be re-arranged before identifica-
tion of £ The collected data originally include two columns:
Equation (1) the input (#, either the piezoelecttic or the induced
voltage) and Equation (2) the output (y, the position). Equation
(3) shows a typical row of the prepared data (see Equation (1)).

input

output

w(t — 1), u(t — 13 — 1)y e, tt(t — Iy — 1pts), ——

S0
I = 1 = 200y )¢ = 1,8 J
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In discrete presentation, Equation (2) is converted to Equa-
tion (3), where 7y = #3/t, and k& = #/t,. The value of £ should
be higher than maximum of (r4 + r,) and r,. ry and £ are called
delay order and index, respectively. ‘

input

output

u(k—ry), n(k—r4—1), .., u(k—ry—n), 7;)\ 5
= Dy = 2y 3k = 1) e

As to Equation (3), for the SISO system of Equation (1),
the prepared modelling data is a matrix with 7,+7+1 input
columns and one output column. Evidently, 4, £, /’u, r, need
to be identified prior to arrangement. '

Abramovich et al. recommended that the sampling frequency
needs to be at least around 10 times greater than the first res-
onance frequency of the piezoelectric actuator [39]. The first
resonant frequency of the tested actuator is around 1 kHz, so
a sampling frequency of 10 kHz or a sample time (%) of 10™*s
was opted. To develop a discrete model of a physical system,
the delay time (%) should be equal to or greater than the sample
time [46]. No input delay is apparent in the system; therefore,
the delay time is set equal to the sample time or 10™*s, i.e. 7 = 1.

In this research, in order to have less complex and more
comparable results, it was considered that

g =7 4

and r, was considered as the order of the model. Then,
modelling for various orders was cartied out for comparison.

6 | SYSTEM IDENTIFICATION

In this research, a linear and a nonlinear model, or fin Equation
(1), were developed and compared.

6.1 | Linear model

Equation (5) presents the linear model:

_}’(f) = CC()%(Z‘ - fd) + CC1ﬂ(f — 19— fs) + -+ CCruZt(f —lq— rufs)

+ Bt —4)+ Byt = 26) + - + B,y — ryf) + A
©)
The least square of errors (LSE) method was employed
to identify the parameters of this model, presented by Greek
letters. LSE provides the optimal linear model with the best
possible fit to the modelling data [47].

6.2 | Nonlinear model

The employed nonlinear model is a semi-linear neural network
[6, 48] with both linear and nonlinear activation functions in
its hidden layer; this type of neural network particulatly suits

systems with slight nonlinearities. Selection of this type of model
is based on the fact that linear models have been widely used
to map both the piezoelectric and the induced voltages of tube
piezoelectric actuators to the position [0, 38, 49]. That is, tube
piezoelectric actuators are unlikely to be highly nonlinear.
Figure 6 depicts a semi-linear neural network with 7y =, =1

¥
and r, = 2 (see Equation (3)), where

2

N = T oo ~

1. ©)

x represents any input to /V function.

Other parameters shown in Figure 6 are the neural network
connection weights.

Equation (6) presents the general form of a semi-linear neural
network:

ratrg

(k) =R><<Z %iﬂ(/é—i)+27h}(/é—i)+b]_>+
i=rg =1

. , 7)
ratrg Ty (
SxN<Z WNiﬂ(k—i)+ZTNij(/é—i)+bN) + 0.

i=ry =1

This neural network can capture both linear and nonlinear
behaviour of the system [48]. Nguyen—Widrow algorithm
was employed for weight initialisation [50] and Levenberg—
Marquardt—Batch-error  back-propagation (as detailed in
Appendix B of [51]) was used to identify the connection
weights of the neural network.

7 | MODEL VALIDATION

The developed model should be cross-validated; that is, the
identified model should return an acceptably low estimation
error with the data never used in the process of model
identification [51], i.e. the validation data detailed in Section 3.

In addition, a correct validation approach should be opted
to calculate the estimation error. There are two different
approaches to find the estimation error for model validation: (i)
one-step prediction and (ii) simulation. One-step-prediction is
generally accepted for models of static (memory-less) systems;
the systems in which their output(s) at a time do not depend
on the previous value(s) of the output(s) [52]. As a fairly com-
mon mistake, this approach has been frequently used to assess
black box models of piezoelectric actuators, which are obviously
dynamic systems, e.g. [53, 54].

In one-step-prediction, all the inputs to the model, at any
time, are assumed to be available. Equation (8) shows the one-
step-prediction output for the dynamic model presented in
Equation (1):

ain Ut —19), u(t — g — 1)y e, t(t — 1y — 13ts),

TO=T Nyt = 2yt = 2, eyt = 1) ) > ©

where the variable(s) with a hat signify estimated values. As
shown in Equation (8), delayed (or previous values of the)
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FIGURE 7 The induced voltage and the position versus time for the validation data.

output(s), which are inputs to the model, are assumed to
be known in one step prediction, if used for dynamic mod-
els/systems. However, the models of dynamic systems are often
used to estimate the output(s) for several steps ahead, in other
words, for simulation. In this case, after the very first estimation,
the delayed outputs will be unavailable from the collected data,
and Equation (8) cannot be used.

Alternatively, in simulation approach to model validation,
previously estimated values of system output(s) are fed to the

rufs>,> o

Simulation approach is sensibly applicable for the validation
of dynamic models, e.g. Equation (1). In this approach, the
inevitable estimation error, associated with the estimated out-

model as inputs, as shown in Equation (9):

Wt = 1) t(t — 1q = 1)y ey t(t — 1g —

= §(t = 1), 5 = 28), 0 G = 1,)

puts, returns to the validation process and enlarges the resultant
error. This is called “error accumulation” [55].

8 | EXPERIMENTAL RESULTS AND
ANALYSIS

Figure 7 shows the validation data as introduced in Section 3,
the induced voltage and the position caused by a triangular exci-

tation voltage, respect to time, with the amplitude of 40 V and
the frequency of 30 Hz. The piezoelectric voltage is same as
the excitation voltage, as mentioned in Section 3. Interestingly,
in the validation data, the range of the induced voltage is 64.25
times smaller than the range of the piezoelectric voltage. Please
note that data recording started after having a stable sensor
output rather than at the beginning of the operation.

Using the modelling data, detailed in Section 3, and mod-
els (5) and (7) detailed in Section 7, models were developed
to map both the induced voltage and the piezoelectric voltage
to the position for comparison. Table 1 presents the outcome
of the compatison between the models. The result, for each
model, is the mean of absolute error of position estimation in
500 sequential instants of operation (50 ms) calculated through
simulation approach, detailed in Section 7. These results help
to answer the research question proposed in the introduction.
The results, presented in Table 1, clearly exhibit that ‘induced
voltage-position” models are less accurate than ‘piezoelectric
voltage-position’ models in estimating the piezoelectric tube
position.

In addition, in models mapping the induced voltage to the
position, the minimum estimation error, across different orders,
presented by non-optimal semi-linear (mathematically nonlin-
ear) models is 25% smaller than the minimum error presented
by optimal linear models. This cleatly shows that the nonlin-
earity of induced voltage-position relationship is evident and
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TABLE 1 The mean of absolute error (in nanometres) for the models

estimating the position with different input signals and different orders; the

range of the position is [=1500 1500] nanometres.

Input Induced voltage Piezoelectric voltage
Order Linear Semi-linear Linear Semi-linear
1 444.801 427.381 85.718 66.117

2 199.093 158.057 40.957 36.636

3 230.463 208.963 27.867 19.100

4 220.900 172.080 19.410 23.186

5 198.534 136.453 20.237 20.309

6 169.922 127.236 20.927 18.426

7 409.331 332.582 21.043 20.355

TABLE 2 Two widely trusted assumptions about piezoelectric tube

actuators in the literature and their assessment based on the results of this

research.
Assumption Verdict Reason
Linear relationship False In Table 1, the smallest mean

between the induced
voltage and the

of absolute error in an
optimal linear model is 25%

position greater than the same value
for a non-optimal
semi(non)-linear model

Higher position False In Table 1, the smallest mean

estimation accuracy
with the induced
voltage compared to
the piezoelectric
voltage

of absolute error with the
use of the induced voltage is
691% greater than the same
value for the piezoelectric
voltage

unignorable. This conclusion cannot be extended to models
mapping the piezoelectric voltage to the position, due to slight,
i.e. 5%, discrepancy between the minimum estimation error pre-
sented by linear and nonlinear models, across different orders.
This answers the second research question of the paper. As
a result of this comparison, the piezoelectric voltage signal
has less nonlinear relationship with the position and can esti-
mate the position through models more accurately; therefore,
it is more advantageous than the induced voltage in position
estimation and control.

Table 2 summarises the major findings of this research
through assessment of two assumptions, mentioned in Sec-
tion 1, which have been widely trusted in the literature [9, 11,
16-18].

9 | CONCLUSIONS

This paper investigated the applicability of the induced voltage
in driven segments of a piezoelectric tube actuator in estima-
tion of its position. Here are the conclusions drawn with the
use of semi-linear artificial neural networks, linear models and
experimental data and their brief justifications:

(i) Both the induced and the piezoelectric voltages of a piezo-
electric tube actuator were mapped to its position using
linear and semi-linear (mathematically nonlinear) models.
With the piezoelectric voltage as the input, linear and
nonlinear models presented almost same minimum error
in estimating position. However, the performance of the
linear was meaningfully lower, where the induced volt-
age was the input. Consequently, the relationship between
the induced voltage and the position, for the investigated
tube, is unignorably nonlinear; while, piezoelectric voltage-
position relationship was found to be much less nonlinear
or neatly linear.

(i) With use of the piezoelectric voltage of the investigated
actuator, the mean of absolute error of position estima-
tion was as low as low 18.426 nm in the test described in
the paper. However, with use of the induced voltage, the
lowest mean of absolute error of position estimation was
127.236 nm. That is, in comparison with the piezoelectric
voltage, the induced voltage can estimate the position less
accurately.

These conclusions suggest that the piezoelectric voltage is a
better choice than the induced voltage for estimation of piezo-
electric tube position. However, the use of the induced voltage,
rather than the piezoelectric voltage, as an indicator of the posi-
tion has been reported in several works in the literature. These
works have not compared the suitability of the piezoelectric
voltage and the induced voltage to estimate the position. More-
over, most of these reports are based on the assumption of a
linear relationship between the induced voltage and the position
which was proved false in this paper.
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