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ABSTRACT

Impedance-based structural health monitoring (SHM) is
recognized as a non-intrusive, highly sensitive, and model-
independent SHM solution that is readily applicable to complex
structures. This SHM method relies on analyzing the
electromechanical impedance (EMI) signature of the structure
under test over the time span of its operation. Changes in the
EMI signature, compared to a baseline measured at the healthy
state of the structure, often indicate damage. This method has
successfully been applied to assess the integrity of numerous
civil, aerospace, and mechanical components and structures.
However, EMI sensitivity to environmental conditions, the
temperature, in particular, has been an ongoing challenge
facing the wide adoption of this method. Temperature-induced
variation in EMI signatures can be misinterpreted as damage,
leading to false positives, or may overshadow the effects of
incipient damage in the structure.

In this paper, a new method for temperature compensation
of EMI signature is presented. Data-driven dynamic models are
first developed by fitting EMI signatures measured at various
temperatures using the Vector Fitting algorithm. Once these
models are developed, the dependence of model parameters on
temperature is established. A parametric data-driven model is
then derived with temperature as a parameter. This allows for
EMI signatures to be calculated at any desired temperature.
The capadbilities of this new temperature compensation method
are demonstrated on aluminum samples, where EMI signatures
are measured at various temperatures. The developed method
is found to be capable of temperature compensation of EMI
signatures at a broad frequency range.
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1. INTRODUCTION

Structural health monitoring (SHM) is central for the early
detection and identification of damage and degradation of
mechanical, aerospace, and civil structures. The
implementation of SHM systems enhances safety and reliability
by enabling condition-based maintenance instead of schedule-
based practices. Among the different methods and techniques
that have been developed for this purpose over the last few
decades, Impedance-based SHM is recognized as a non-
intrusive, highly sensitive solution that is readily applicable to
complex structures [1,2]. Impedance-based SHM has
successfully been applied to detect damage in numerous civil,
aerospace, and mechanical components and structures, both in
the lab and under real operating conditions. This included
composite structures, reinforced concrete, bridges, wind turbine
blades, space structures, and railroad track components [3-5].
Electromechanical impedance (EMI) measurements have also
been used for nondestructive evaluation of manufactured parts
[6], for in situ monitoring of additively manufactured
components [7], and as a solution for creating a unique identity
of manufactured parts and components in distributed supply
chains [8].

Despite the successful implementation of impedance-based
SHM, variations in operating and environmental conditions
experienced by the structure under test remain a major
challenge. In particular, temperature variations have been found
to have a drastic impact on the measured EMI signature.
Temperature-induced variation in EMI signatures can be
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misinterpreted as damage, leading to false positives, or may
overshadow the effects of incipient damage in the structure.

To address this challenge, several researchers have
investigated and devised temperature compensation techniques.
Park et al., proposed a modified root mean square deviation
(RMSD) to compensate for the temperature variation that
brings about a vertical and horizontal shift of electrical
impedance [9]. Baptista et al. studied the frequency and
amplitude changes in EMI signatures of aluminum specimens
at temperatures ranging from 25°C to 102°C [10]. They found
that temperature changes lead to a vertical shift in the EMI
signatures in addition to changes in the frequency of the
resonance peaks. Tekalmaz et al. applied the effective
frequency shift technique as a temperature compensation
solution for AISI-1080 steel EMI signatures measured at low
temperatures, ranging from -45°C and -10°C [11]. Similar
results were reported by Huynh and Kim, where effective
frequency shift to mitigate the effect of temperature the EMI
signature of a tendon anchorage measured at different pre-stress
levels [12].

In this paper, a new method for temperature compensation
of EMI signature utilizing data-driven modeling is presented.
Data-driven dynamic models are first developed by fitting EMI
signatures measured at various temperatures using the Vector
Fitting algorithm. Once these models are developed, the
dependence of model parameters on temperature is established.
This allows for a temperature-dependent parametric data-driven
model to be developed for the structure under test. With this
model, the EMI can be calculated at any desired temperature to
generate the temperature-compensated EMI signature.

The paper briefly discusses the fundamentals of
impedance-based SHM in Sections 2. Section 3 discusses the
experimental aspect of this work. The proposed data-driven
modeling temperature compensation technique is then
discussed in Section 4, where its capabilities are demonstrated.
Concluding remarks and future research directions are finally
presented in Section 5.

2. ELECTROMECHANICAL IMPEDANCE

Impedance-based SHM is an active, vibration-based,
damage-identification technique. As an active technique,
impedance-based SHM excites the structure under test at the
desired frequency range using piezoelectric transducers. Due to
the coupled electromechanical characteristics of piezoelectric
materials, changes in the dynamic response of the structure
under test are reflected on the easily measured electrical
impedance of the piezoelectric transducer attached to the
structure. The fundamental basis of impedance-based SHM is
that the presence of damage will alter the mass, stiffness, and
damping characteristics of the structure under test, which in
turn alters its dynamic response as well as the measured EMI
signature. Thus, changes in the host structure can be detected.
Figure shows a schematic of a piezoelectric transducer attached
to the joint bar of an insulated rail joint. At the frequency range
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of interest, the structure under test can be approximated as a
single-degree-of-freedom system, as shown in the figure, with
modal mass, stiffness, and damping denoted by my, ki, and &,
respectively. Assuming linear piezoelectricity, the constitutive
equations of the piezoelectric materials operating in 1-3 mode
can be expressed as [13]

€11 = 5{1011 + dy3E; (1)
D; = (d")3101; + €35,

where &4 is the strain tensor component in the 1-direction, g;,
is the corresponding component of the work-conjugate stress
tensor, Dy is the electric displacement in the 3-direction, E5 is
the electric field in the 3-direction, d;5 is the piezoelectric
coupling coefficient, s.5 is the complex mechanical compliance
of the material measured at zero electric field. €53 is the
complex permittivity measured at zero stress.

The electrical impedance of the piezoelectric
transducer, Z(w), is directly related to the mechanical
impedance of the structure to which the transducer is
attached, Z,,. Following Liang and Rogers [2], this dependence
can be expressed as follows:

Z(w) =

bl (d2, (tan(kl VA -
A ) ) )
h \si1 kl Zpat + Zst (2)

where Z,,; = —iblh(sfjw tan(kl)/k1)™" is the short circuit

impedance of the piezoelectric transducer, k = w+/p5y is the
wavenumber corresponding to the first symmetric mode with w
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Figure 1. A single-degree-of-freedom representation of
electromechanical impedance measurements.

being the angular frequency and p being the density of the
piezoelectric material. Zg = 2¢,.(k,m,)*? + i(m,w? — k,)/
w is the mechanical impedance of the single-degree-of-freedom
approximate model of the structure under test. b, 4 and 2/ are
the piezoelectric patch width, thickness, and length,
respectively.

As suggested by equation 2, the EMI signature depends on
the material properties of the piezoelectric transducer, its
capacitance/permittivity in particular. Such properties are
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known to be impacted by temperature variations, thus such
variations will lead to changes, mostly vertical shifts, in the
EMI signature. Furthermore, temperature variations are also
known to affect the mechanical properties of the piezoelectric
transducer and the structure under test, as well as the bonding
layer between them, which further impacts the measured EMI
signature.

3. EXPERIMENTAL SETUP

To investigate the effects of temperature on EMI
measurements, a simple experiment was conducted on an
aluminum beam with the dimensions 76.2mm x 12.7mm x
6.35mm. An epoxy adhesive was used to bond the monolithic
piezoelectric patch of dimensions 12.6mm % 12.6mm to one end
of the specimen, as shown in Figure 2. The piezoelectric
transducer was affixed to the structure with a gap of Imm from
the end of the structure. A Ney Centurion Qex laboratory
furnace is used to provide a controlled heating enclosure for
EMI measurement at the different temperatures considered in
the study. The EMI signatures of the specimens are measured
using a Zurich Instruments MFIA impedance analyzer
connected to the LabOne computer interface. Figure 3 shows
the schematic of the experimental setup used in this study.

Laboratory Furnace

Figure 2. Instrumented Aluminum specimen.

The EMI signatures are measured over the frequency range
of 1kHz to 100kHz with a 20Hz resolution. Experiments are
conducted to assess the influence of temperature on EMI
signatures and afterward to propose a temperature
compensation method. It is worthy to highlight that
measurements are acquired after a duration of 20 minutes, at
least, after the laboratory furnace has attained the set
temperature. This is to allow for all specimens inside the
furnace chamber to reach steady-state temperature. EMI
signatures are measured at 5 different temperatures ranging
from 25°C to 45°C with 5°C increments.

MFIA

o

-~ Impedance
Analyser

LabOne Software

Figure 3. Electromechanical impedance measurement setup with controlled temperature.

For all temperatures considered in this study, the EMI
signatures are measured three times to verify the repeatability
of measurement. The set temperature was adjusted on the
laboratory furnace from the control panel; however, the
temperature was monitored using a thermocouple probe with a
multimeter to eliminate any form of calibration error. Both the
laboratory furnace and thermocouple multimeter showed
excellent consistency in terms of temperature measurement
within the furnace chamber.
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4. RESULT AND DISCUSSION
4.1. Temperature Effects on EMI Signatures

The real part of the EMI signature of the specimen
measured at different temperatures from 25°C to 45°C is shown
in Figure 4. It is observed that there exists a vertical shift in the
impedance signature along with a horizontal frequency shift.
The frequency shift is predominantly observed at the resonance
peaks. The measured EMI signatures also show a decrease in
the magnitude of the real part of the impedance as the
temperature increases. These trends are found to be consistent
across the entire frequency range considered in the study. The
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close-up plots in Figure 4 clearly show these trends. The EMI
signatures measured at a given temperature showed excellent
repeatability, confirming the consistency and accuracy of the
approach followed when changing environmental conditions.

4.2. Data-driven Rational

Temperature Compensation
Let Z(jw) € C denote the complex EMI signature of a

dynamical system sampled at the frequencies w;, W, ..., Wy

which is measured at a given temperature T,,. Given these
samples, a rational function, Z(s) = %, of degree-r is

constructed such that least-squares error is minimized

Approximation for

N
min )" |2Gan) ~ 2G| 3)

To achieve this, the Vector Fitting method of Gustavsen et
al. is used [14, 15]. Since the unknowns appear both in n(s) and
d(s), the minimization problem is a nonlinear least-squares
problem that is solved iteratively by solving a sequence of
linear problems until convergence is achieved. The Vector
Fitting method used in this study uses the barycentric form for
a rational function. Upon convergence, the final rational
approximation is given by

Z(s) = Z . f’z =C(sI-A)'B
m=1 m

4
, Om A € C )

200

In this work, a set of data-driven models are obtained for
the part under test, one corresponding to each measurement
temperature. The dependence of the models' poles and residues,
Am and ¢, on temperature is then established. Once this
is done, i.e. the functions A,, (T) and ¢,,,(T) are obtained,
the EMI signature at any temperature of interest can be
calculated. When this is done for the healthy signature of
the structure, known as the baseline signature, a
temperature-compensated (corrected) baseline can be
obtained. Temperature-corrected baseline is then used to
guide damage detection and identification efforts.

Using the Vector Fitting algorithm, data-driven models
were developed to fit the EMI signatures measured at three of
the five temperatures considered in the study, these are 25°C,
35°C, and 45°C. These models are then used to establish the
dependence of poles and residues on temperature. The
remaining two EMI signatures, measured at 30°C and 40°C, are
used for validation. This analysis is applied to the EMI
signature measured over the frequency range of 58 kHz to 62
kHz, focusing on a single impedance peak. The analysis can be
extended to the entire frequency range at the cost of increasing
model order. Figure 5 shows the EMI signature, measured at
45°C, along with the fit obtained with the Vector Fitting method
for the frequency range specified earlier. The data-driven model
output is in good agreement with the measured data. Similar
models are obtained using the measurements conducted at 25°C
and 35°C.

150

100

Resistance (Q2)

50

Figure 4. Variation in EMI signatures with temperature.

VO001T05A009-4

Copyright © 2022 by ASME

€20z Aenigad gz uo sesn AysioAun N @ v sexa L Aq Jpd- |G| L 6-220ZsISews-600e50H 00AYSEYY69/600VSO0L L00A/YL298/220ZSISVINS/IPd-sBulpaecoid/SISYINGS/BI0 awse uonos|j0oje}bipawse//:djy wol papeojumoq



460

Measured EMI
== =\/ector Fitting

N

N

o
L

B
N
o

pedance Magnitude (2)

Im
N
o
o

380

585 59 595 60 605 61 615
Frequency (kHz)

Figure 5. Experimentally measured EMI signature at 45°C
along with the Vector Fitting results.

Once data-driven models are developed for the
temperatures 25°C, 35°C, and 45°C EMI signatures, model
poles and residues are stored. The poles and residues are
complex-valued in form of complex conjugate pairs. These are
then used to calculate the poles and residues at intermediate
temperatures using linear interpolation. This is done for both
the real and imaginary components of the poles/residues. To
demonstrate the capabilities of this approach, the 25°C and
35°C EMI signatures are used to predict the EMI signature at
30°C. The results are shown in Figure 6.a. The predicted EMI
signature, labeled as DDM in the figure, is compared to the
measured response at that temperature, and both are found to be
in good agreement. A similar exercise is done using the 35°C
and 45°C EMI signatures are to predict the EMI signature at
40°C, the results are shown in Figure 6.b.

The results show that the developed temperature
compensation technique is capable of compensating for the
temperature effects on EMI signatures accurately, using a very
limited number of measurements. The temperature-
compensated signature can be used as the baseline to which new
measurements taken at a given temperature are compared for
damage detection or part identification purposes.

Although the pole/residue-temperature relationship is not
perfectly described by a first-order polynomial, the results of
the linear interpolation are found to be satisfactory. Higher-
order interpolation functions will be investigated in future
studies to improve the accuracy of the temperature
compensated EMI signatures.
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Figure 6. DDM temperature compensation at (a) 30°C and (b)
40°C

5. CONCLUSIONS

This paper presents a new temperature compensation
method for EMI signatures. This method utilizes data-driven
modeling, namely the Vector Fitting method, to generate
models capable of describing the EMI signatures measured at
various temperatures. Once these models are developed, the
dependence of model poles and residues on temperature is
established. This allows for a temperature-dependent
parametric data-driven model to be developed for the structure
under test. Linear interpolation is conducted to predict the poles
and residues at any temperature in the range defined by the
measured data.
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The developed temperature compensation technique is
found to be capable of compensating for the temperature effects
on EMI signatures accurately, using a very limited number of
measurements. The temperature-compensated signature can be
used as the baseline to which new measurements taken at a
given temperature are compared for damage detection or part
identification purposes.

Future studies will investigate higher-order interpolation
functions to improve the accuracy of the temperature
compensated EMI signatures. The technique will also be used
with various materials and geometries to better identify its
capabilities and limitations.
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