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Bridge circuits [7, 11, 12, 13] are often used for strain rate
sensing and are effective in suppressing the vibration modes
but are not easy to balance for long-term measurements. In
[14] an antiparallel compensation for the feedthrough with an
integrator amplifier to enable a long-term measurement was
introduced. In these works, an electrical equivalent impedance
of a piezoelectric actuator was used in a bridge or in an
antiparallel schematic to compensate the electrical behavior
of the piezoelectric actuator. This compensation allowed the
measurement of the charges induced by the piezoelectric
actuator deformation.

The electrical characteristics of the piezoelectric ceramics is
essential in the design and analysis of the self-sensing circuit.
Several researches have been carried out on the design of
equivalent circuit models of piezoelectric materials. Goldfarb
et al [15] used a Maxwell resistive capacitance to represent
the electrical hysteresis between voltage and charges while
considering the energy dissipation. Park [16] found that the
circuit model with a capacitor and internal resistor in series
could represent the behavior of piezoelectric ceramics much
better than the model with capacitor and resistor in parallel
when considering the energy dissipation. Mingjie et al [17]
combined the behavior of the parallel model at low frequency
and that of the series model at high frequency and showed
that this representation well fitted with experimental tests.

However, due to the electromechanical coupling nature of
piezoelectric materials, the mechanical deformation of the
piezoelectric elements greatly affects the electrical impedance
and the circuit modeling. In other words, due to the converse
piezoelectric effect, the application of an electric field E
(resulting from the applied voltage Vin ) creates a mechan-
ical deformation in the piezoelectric actuator’s crystals and
with this deformation, the piezoelectric ceramics maintains
its volume but does not keep the same proportions due
to Poisson effect. Therefore, an equivalent electrical model
with static values would not accurately depict the electrical
characteristics of piezoelectric materials. Measurements using
an impedance analyzer (Keysight E4990A) proved that the
impedance of a piezoelectric material is dependent on the
input voltage Vin and on the mechanical structure to which
it is bonded (Figure 1). In the frequency response of Figure 1,
one can notice that the impedance of a capacitor (reactance)
dominates the electric impedance of the PZT actuator even
though its amplitude varies with the applied electric field.
Thus, it is accurate to presume that, for an equivalent electrical
model of a PZT actuator, the capacitor is the element that
has its value modified the most. Furthermore, the use of an
analog integrator, as suggested by [14], permits to maintain
the information about the charges that have been produced
during the actuator deformation and tackles the leaking current
problem. Therefore, an equivalent electrical model depicted by
just an electric field dependent capacitor is sufficient for the
design of a force and deformation measurement system using
self-sensing propriety of piezoelectric materials.

The dynamic behavior of the piezoelectric implies that
considering only a static equivalent model in a self-sensing
circuit will unquestionably produce errors in the measurements
of the charges generated by the piezoelement deformation Qδ

Fig. 1. Magnitude |Z| and phase F of a bilayer unimorph as function of Vin
and f (a) 200µm of PZT and 70µm of Ni (b) 200µm of PZT and 50µm of
Cu

and consequently, errors in the estimation of the displacement
(strain) and/or the applied force. Unfortunately, no analog elec-
trical component fits to the piezoelectric dynamic impedance.
Nevertheless, a numerical equivalent electrical circuit can
easily be shaped to tackle this issue. The benefit of a numerical
processing is that it allows the use of more complex electrical
impedance models of piezoelectric actuator.

We propose in this paper a way to reduce errors in the
estimation of the displacement by considering the dynamic
impedance of the piezoelectric actuator during the feedthrough
cancelation.

The subsequent parts of this paper are organized as follows.
Section II shows the electronic circuit and numerical treatment
used for the static impedance cancellation. Section III presents
the new observer that will include the dynamic characteristics
for a more accurate measurement of Qδ . Finally, section IV
and V will present the efficiency of the adopted approach and
list the perspectives for the upcoming works.
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Fig. 2. A Bilayer unimorph piezoelectric cantilever beam during extension
of the piezoelectric material.

II. THE PROPOSED SIGNAL CONDITIONING

Piezoelectric actuators or sensors are electromechanically
coupled systems. For sensor applications, the mechanical
effect on electrical parameters is described by the direct
piezoelectric effect. Simple passive sensors output charges de-
pending on the mechanical stress T (or strain S). In a coupled
system, however, the electric field E is an input parameter
enforced by the electrical driving unit. For a defined E in a
piezoelectric system, the output charges on the electrodes Q is
dependent on both the mechanical and electrical inputs. The
1987, IEEE [18] proposed the following constitutive equations
for the direct and converse effects of the piezoelectricity:{

Si = sE
i jTj +dkiEk

Dm = dm jTj + εT
mkEk

(1)

From those equations we can deduce the charges on the
electrodes as:

Q =
∫

AE

D3dAE (2)

where AE is the electrode area and D3 the electric displace-
ment in the poling direction (the index 3 indicates the axis of
polarization).

Since electric current is the rate of change of charges, mea-
suring the current flowing through the sensor is equivalent to
measuring the strain rate directly. However, the current passing
through the piezoceramics (IPZT ) results from the intermingled
sensor and actuator signals. It contains the information about
the structure’s deformation and the piezoelectric actuator’s
electrical impedance. Thus, it is mandatory to isolate the ap-
pearing charges that reflect the deformation of the piezoelectric
material Qδ from those due to the electrical impedance of the
piezoelectric actuator Qe. We propose a signal conditioning
electronics that accurately measures IPZT and, thanks to a
convenient observer retrieves the charges Qδ generated by
the sensor, which is equivalent to measuring its strain. The
effects of piezoelectric bending and bending due to external
loads are considered separately. The piezoelectric bending
results from the contraction or extension in the piezoelectric
material enforced by the applied electric field E. This is
the transduction principle of piezoelectric actuation. For the
bending due to external loads, the bender behaves as a passive
composite beam. For this paper, we consider the external loads
(Fext ) to be null.

For a one degree of freedom self-sensing implementation,
which is the case of this paper, we consider a bilayer unimorph
cantilevered beam consisting of an upper piezoelectric layer
with polarity P and a passive lower layer (Figure 2).

Fig. 3. Electrical schematic of the digital conversion of IPZT .

The current produced by the excitation of the piezoelectric
actuator is converted into voltage through a transimpedance
(Figure 3). Hence, the relationship between the produced
current and the voltage is given by:

Vout =−R f (IPZT + Ibias) (3)

where Ibias is the bias current of the used Op. Amp.
From the fundamental equations of the piezoelectric ma-

terials (1), the stress T results from the superposition of
the mechanical loads and the piezoelectric bending. The part
resulting from the piezoelectric extension or contraction is the
stress induced by resisting this action [18]. To retrieve the
charges that reflect the deformation of the piezoelectric actu-
ator

∫
AE

dT dAE we need to cancel the feedthrough originated
by the electrical impedance of the piezoelement

∫
AE

εT EdAE .
As mentioned before, a simple capacitor is sufficient to depict
the equivalent electrical impedance of a piezoelement for a
given electric field E. Hence, the feedthrough current is given
by:

Ie =Cr
dVin(t)

dt
(4)

From (3) and (4) we can deduce Qδ as:

Qδ (T ) =
∫ T

0

(
−Vout

R f
− Ibias−Cr

dVin(t)
dt

)
dt (5)

which is equivalent to:

Qδ =
∫

AE

(
dT + ε

T E− εr
Vin

t · (1+S3)

)
(6)

Where S3 is the piezoelement strain in the poling direction,
εr, Cr and t represent the piezoelement permittivity, capaci-
tance and thickness in the absence of mechanical deformation
and null electric field.

S3 = sE
13 · (T1 +T2)+ sE

33T3 +d33E3 (7)

III. THE NEW OBSERVER

The developed self-sensing system can be divided into three
main parts: the excitation of the piezoelectric actuator with an
electric field, the electronic circuit responsible for converting
IPZT into a signal (Vout ) to be used by the observer and, finally,
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Fig. 4. Principle of displacement and force observation/estimation using Self-
Sensing.

the observer that will estimate the displacement δ̂ and the
applied force F̂ext (Figure 4a). With some conditions, it is
even possible to use the observer to estimate the internal state
(velocity, acceleration) [19]. For this paper, we will focus on
estimating the displacement since the external force is null.

The observer is divided into two main parts (Figure 4b)
which are described below:

• The first part consists in reconstructing the force respon-
sible for the deformation of the structure. This transduced
force Ft , resulting from the applied electric field E, ex-
presses the normal force responsible for the piezoelement
extension or contraction in the absence of any external
mechanical stress.

• The second part lies in the application of Ft to an equiva-
lent mechanical system G(s) that reliably reproduces the
mechanical behavior of the piezoelectric actuator. G(s) is
supposed to produce the same displacement as the real
system when subjected to Vin.

IV. EXPERIMENTAL IMPLEMENTATION AND
RESULTS

A. Presentation of the experimental setup

Figure 5a shows a photo of the piezoactuator. The whole
setup, detailed in Figure 5b, is made up of :

• A bilayer unimorph piezoelectric cantilever with dimen-
sions of 20mm×2mm×0.27mm, where the thickness of
the piezolayer (lead zirconate titanate - PZT - PIC 151)
and the thickness of the passive layer (Nickel) are 0.2mm
and 0.7mm respectively,

• A dSPACE-board (DS1103) and a computer for the data
acquisition and observer implementation.

• A displacement optical sensor (LC-2420) to measure the
displacement at the tip of the actuator. It is set to have
some tens of nanometers of resolution and an accuracy
of 100nm,

• A transimpedance ”TI” (Figure 3). The used Op. Amp.
(OPA111BM) has very low bias currents and noise,

• And a high voltage ”HV” amplifier with differential
output. It amplifies the voltage Vin from dSPACE.

Fig. 5. (a) Photo of the piezoactuator. (b) Schematic block diagram of the
experiment.

B. Observer parameters identification

To compute the observer, two parameters need to be identi-
fied: Ft and G(s). Let us first determine Ft . In a piezoelectric
ceramics, there are different regions within the material that
have different polar axis and which are called Weiss domains.
When subjected to an electric field, each dipole of the piezo-
electric remains essentially in its original orientation until the
electric field is sufficiently strong to flip it into alignment
with the field. The strength of the field required to flip each
dipole depends upon its initial orientation. The Flipping of
these dipoles will result in the deformation of the piezoelectric
ceramics. Its extension or contraction depends on whether the
applied voltage Vin has the same polarity as the poling voltage
ceramics element. This transduced effect from the electrical to
the mechanical domain is described by Ft . The realignment of
the piezoelectric dipoles is responsible for the generation of
the deformation charges Qδ . Figure 6 shows the evolution of
the produced charges Qδ and the displacement δ for several
steps.

One can notice two things: after the application of the step,
a continuous drift “creep” of the piezoelectric actuator appears
both in the displacement and the produced charges. We witness
a “transduced direct effect”. The term transduced direct
effect is used because there is no external mechanical stress
applied to generate those charges. Indeed, in this particular
case the deformation is due to the continuous realignment
of the remaining dipoles that are not yet aligned with the
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Fig. 6. Several positives Step responses of the piezoelectric actuator:
displacement and produced charges.

Fig. 7. Close look at the application of the step from Figure 6.

electric field created by Vin. The direct effect has an electrical
origin and not a mechanical one. Therefore, Qδ can be used
to characterize the transduced force responsible for the creep.

Looking closely to the produced charges at the application
of the step (Figure 7), we notice that there is a sudden change
in both Qδ and δ . However, the ratio between the produced
charges and the displacement at the application of the step is
not equal to the same ratio during the creep:(

Qδ

δ

)
step
6=
(

Qδ

δ

)
creep

(8)

This makes impossible the use Qδ to estimate the entire
deformation. As a consequence, Qδ can be used to express
either the deformation during the step or the creep. Further-
more, the change in Qδ during the step remains proportional
to Vin (Table I). Indeed, due to the sudden application of the
electric field, the piezoelectric actuator is deformed and its
capacitance changed.

Up to now, we assumed that the charges due to the trans-
duced direct effect Qδ could be calculated with equation (5) or
(6). This assumption is applicable for low electric field only.
Indeed, piezoelectric coefficients (d33,ε) show a strong electric
field dependency [20, 21].

Fig. 8. Produced charges Qδ taking into account the dynamical variation of
the impedance of the piezoelectric actuator.

Instead of an analytical model to depict the piezoelectric co-
efficients electric field dependency for a thorough feedthrough
cancelation, we opted for an empirical parameter to represent
all the parameters changes during the piezoelectric actuator
deformation. We introduce the term γ that captures this change
in the piezoelectric capacitance and that is used to take into
account the variation of the piezoelectric actuator impedance.
Hence, γ is included in the determination of Ft to suppress
the impact of the sudden change of the piezoelectric actuator
impedance in the produced charges. γ updates the piezoele-
ment’s capacitance and eliminates the induced change at the
moment the step is applied in the produced charges (Figure
8).

Since Qδ cannot be used to depict both the creep and the
change at the step application, the produced charges corrected
from the piezoelement impedance change Qδ + γ ·Vin is used
o depict the force responsible for the creep and Vin is used
to determine the force causing the deformation at the step
application. As a result, the transduced force is defined as:

Ft = α ·Vin +β (Qδ + γ ·Vin) (9)

Where α and β are defined by :

α =
δss

(Vin)t→ ·G(0)
(10)

α =
eδ

eQδ
·G(0)

(11)

where δss is the displacement of the tip of the piezoelectric
actuator at the end of the transient part, eδ and eQδ

are
respectively the measured “creep” in the displacement and the
produced charges (Figure 9) and, G(0) is the steady state gain
of the system G(s).

To determine α and β , various positive steps are applied to
the PZT actuator. Then, data after the transient part are used
on equations (10) and (11). We identified α and β as:

α = 0.8971 (12)
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β = 6.9067×107 (13)

The missing part that will permit to completely define
the observer is the vibrational dynamics of the mechanical
structure of the piezoelectric actuator. In general, the vibration
modeling of the mechanical structure consists on the develop-
ment of a linear vibrational dynamics models for the piezo-
actuated stages without considering the hysteresis nonlinearity
[5, 22]. In this sense, the input and output data of the piezo
actuated stages can be directly used to obtain the linear
dynamics models or the transfer function using a commercial
dynamic signal analyzer or the system identification toolbox
in matlab. Figure 9 shows a step response of the used piezo-
electric actuator: the displacement and the produced charges
during and after the transient part. The identification of G(s)
is performed by applying a step voltage Vin to the actuator
without force at the tip and then by capturing the output
δ thanks to the optical sensor. Finally, the ARMAX (Auto
Regressive Model with eXternal input) method is applied to
the captured data of the transient part [23]. Through this
method, we identified a third order transfer function that fits
the measured data at 88.69%.

TABLE I
PRODUCED CHARGES AT THE APPLICATION OF THE STEP AND THE

CORRECTION TERM OF THE IMPEDANCE OF THE PZT ACTUATOR γ (FROM
FIGURE 8)

Vin[V ] Qδi [nC] Qδ f
[nC] γ =

(Qδi
−Qδ f

)

Vin
[nF ]

25 -2.67 -19.16 0.66

50 4.06 -28.89 0.66

100 8.32 -57.65 0.66

150 1.93 -97.07 0.66

C. Experimental verification of the efficiency of the self-
sensing

Figure 10 compares the measured displacement δmeas at the
tip of the piezoelectric actuator and the estimated displacement
δest through the suggested self-sensing with and without γ ,
the corrective term of the dynamical impedance of the PZT
actuator. Let us analyze Figure 10 and highlight the main
difference between self-sensing on previous approaches and
the contribution brought by this paper. On previous works [25,
26] the main assumption was that, for an input voltage Vin, the
piezoelectric cantilever actuator is bent with deflection δ . If
this bending is free, i.e. no external mechanical stress applied
to the actuator, the charges that appear on the electrode of
the actuator are expressed as Q = Cr ·Vin + Qδ . Moreover,
since the produced charges are quasi-proportional to free
displacement, it was assumed that Qδ = β2 ·δ [27], where β2
is the charge-displacment coefficient. Because Cr is constant,
Qδ is obtained thanks to a static feedthrough cancellation.
As the piezoactuator’s impedance variation is not accounted
for, this model is limited to few tens of volts, where the
change in the impedance is almost imperceptible due to small
electric fields. The creep, which is electric field dependent

Fig. 9. Step response (Vin = 200V ): δ and Qδ (overall, transient part and
Creep.

Fig. 10. Measured and estimated displacement with and without the correction
term γ for a constant step of Vin = 100V

(Figure 6), makes possible the determination of β2 for weak
electric field such that δest → δmeas. This is not possible for
hundreds of volts where the piezoactuator’s impedance change
is more pronounced (Figure 7) and principally because of the
consideration made in (8).

For Vin = 100V , we notice that the estimated displacement
using the proportional relationship between produced charges
and displacement δest is far from the measurement realized
with the optical sensor δmeas. However, using the transduced
force Ft as defined in (9), the observer was able to track the
output displacement of the actuator for both the transient and
the creep part (Figure 10). These results clearly show that the
used observer achieves very good precision when working with
a long-term constant condition with an excellent approxima-
tion of the dynamics of the actuator. One can see that, despite a
slight difference between the measured displacement and the
predicted behavior for the first 200 seconds, the estimation
error tends to zero and remains within an interval of ±1% of
the desired displacement.

Furthermore, the transient part of the estimated displace-
ment presents a minor difference compared to the real dis-
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placement. It is worth to remind that the accuracy of the
estimated signal from the self-sensing and its observer relative
to the real displacement is strongly dependent on the precision
of the identified model G(s). Since, the identified G(s) has
a fitting confidence parameter of 88.69% compared to the
experimental data, it is normal to notice this slight difference
between both.

This paper proposes a self-sensing measurement technique
devoted to estimate the free displacement of the tip of a
unimorph piezoelectric actuator with consideration of the
impact of its deformation to its electrical impedance. Relative
to existing self-sensing works that are limited to small dis-
placement and low electric field, the suggested self- sensing
approach is able to estimate large displacements in piezoac-
tuator. Furthermore, the use of a black box to describe the
dynamics of the piezoactuator permits a better approximation
of the behavior of the system. Indeed, with a black box we
were able to enlarge the working frequency range and thus
to capture all the antiresonances and resonances for a given
frequency range depending on the complexity/order of the
black box transfer function.

V. CONCLUSION AND PERSPECTIVES

We present a new self-sensing method and related observer
to estimate the displacement at the tip of cantilevered piezo-
electric based actuators. The novelty in the proposed approach
is the consideration of the impact of the mechanical deforma-
tion of the piezoelectric element on its electrical impedance.
A numerical cancellation of the feedthrough generated by the
piezoelectric actuator electrical impedance is realized for a
more accurate measurement of the charges that reflects its
deformation. Compensation of the dynamical behavior of the
electrical impedance of the piezoelement is performed through
an observer in order to improve the estimator’s performances.

The observer has been validated for a one degree of
freedom (1-DoF) unimorph cantilevered actuator displacement
estimation. The next steps are, in addition to displacement,
the estimation of external stresses and the development of
a self-sensing based observer for a 3-axis actuator of both
displacement and force of uni- and bimorph piezoelectric
based actuator.
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