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ABSTRACT

Fault parameters in a structure can be identified by matching measurements with model predictions in the parametric
space. As high frequency measurements are preferred to uncover small-size damage, piezoelectric impedance/admittance
active interrogation has shown promising aspects. Nevertheless, the amount of useful measurement information is
generally insufficient to pinpoint damage, and the inverse identification is underdetermined. In this research, we develop
a combinatorial enhancement to tackle these challenges. A tunable piezoelectric impedance sensing procedure is
developed in which an adaptive inductance element is integrated with the piezoelectric transducer, which will lead to
enriched measurement data for the same damage. Subsequently, an intelligent multi-objective particle swarm
optimization approach is synthesized to inversely identify the damage location and severity. Case studies are conducted
to highlight the accuracy of the damage identification.
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INTRODUCTION

Detecting small-size structural damage at an early stage is crucial in preventing catastrophic failure, reducing
maintenance costs, and minimizing structural service interruption. One promising technique is to use piezoelectric
transducer that works in high-frequency range to yield the impedance/admittance information through active
interrogation [1-3]. These methods are based on the two-way electro-mechanical coupling effect of piezoelectric
transducer. Specifically, the piezoelectric transducer that is integrated with the structure can excite the host structure by
applying frequency-sweeping harmonic voltage; at the same time, the piezoelectric transducer can collect response
measurements. As such, the change of the piezoelectric impedance/admittance signature due to damage can be used as
the damage indicator. In a typical sensitivity-based inverse analysis, impedance/admittance changes are used as inputs,
and a linearized sensitivity matrix relates the measurement change to the change of local structural property in each
segment. The change of local structural property forms a so-called damage index vector, the dimension of which is the
total number of segments of the structure divided to facilitate damage localization and identification [4-6].

As admittance changes are most noticeable only around structural resonant peaks, the measurement information is
generally limited. This is commonly the case in structural health monitoring. Thus, direct inversion using a linearized
sensitivity matrix generally results in an under-determined problem which may not be easily solved. To mitigate the
limited measurement information issue, we can introduce a tunable inductance element into the measurement circuit.
Measuring piezoelectric admittance while tuning the inductance to different values will lead to enriched measurement
information even for the same damage location and severity [7-9].

Structural damage identification requires solving both the location and severity of damage. Since direct inversion is
subject to the under-determinedness challenge, optimization-based inverse analysis has been investigated [6, 10], the
objective of which is to minimize the difference between experimental measurement and model prediction in the damage
parametric space. Both deterministic optimization [6] and stochastic optimization [10-12] have been used. These
algorithms have achieved good results in some damage identification cases. However, as the complexity of the problem
increases, these algorithms based on the single search pattern may fall into local optima and miss the true damage
scenario. Subsequently, the particle swarm optimization (PSO) algorithm [13] has been adopted and enhanced to
improve the performance on damage identification. PSO is used here due to its inherent advantages, such as its ease of
implementation, quick convergence, and robustness. However, the algorithm still has the potential issue of premature
convergence, thus leading to limited diversity in solutions obtained. To address these limitations, we intend to improve it



by incorporating search strategies aiming at adaptive coefficient selection and local search. Specifically, we develop a
mechanism for the PSO to adapt its search dynamically in response to the environment and explore a wider range of the
search space. In this new approach, we control the selection of the best position for each particle in the swarm, using a
set of probabilistic decision-making rules. The rewards obtained from executing the rules are used to update the
probabilities, and the PSO algorithm updates the particle positions accordingly.

The rest of the paper is organized as follows. In Section 2, the measurement enrichment technique using inductive shunt
circuit is outlined, and the optimization model is formulated for damage identification. Section 3 elaborates the enhanced
optimization method by combining PSO with adaptive local search. In Section 4, case studies are presented where the
proposed algorithm is applied to simulation data. Concluding remarks are given in Section 5.

SYSTEM CONFIGURATION AND MEASUREMENT ENRICHMENT

Modeling of piezoelectric transducer integrated system

A piezoelectric transducer is bonded to the host structure, as shown in Figure 1. The external circuit includes a tunable
inductor and a resistor. When harmonic voltage is applied, the piezoelectric transducer can actuate the structure and then
the electrical response is measured through the electro-mechanical coupling.
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Figure 1. Host structure integrated with piezoelectric transducer and external circuit.

The equations of motion of the host structure integrated with piezoelectric transducer can be derived as [6, 10]
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where q is the displacement vector, k_is the inverse of the capacitance of the piezoelectric transducer; K, is the

electromechanical coupling vector, K, C, and M are the stiffness, damping and mass matrices, respectively, Q is the
electrical charge in the piezoelectric circuit, L is inductance, and R is the resistance.. The harmonic voltage excitation
Jot

can be denoted as ¥, =V,e’” . The displacement of structure can be represented as q = q,e’” and the electrical charge is

0=Q,e’” . Here V,, q, and Q, are the respective amplitudes, and @ is the excitation frequency. In this research, we

divide the structure into n segments to facilitate damage localization and severity identification. We define damage as
percentage change of stiffness in one or multiple segments. The stiffness matrix with damage occurrence, K, , can be

expressed as K, =ZK’,; (l—ai). K, indicates the stiffness matrix of the ith segment under the healthy state.
i=1

a, € [0,1] (i=1,---,n) is the damage index indicating the stiffness loss of the ith segment, which is to be identified. The
piezoelectric admittance of the integrated system with structural damage can then be expressed as
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where j is the imaginary unit. Under the assumption of small size damage, we can use Taylor series expansion to express
the relation between the damage index and the damage-induced admittance,
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where S is the sensitivity matrix, the vector of admittance change can be obtained at the corresponding excitation

. . . . T
frequencies @ = {a)l, @, oy, O } , and the damage index vector is written as a = {a,, 0y ey an} .

m

It is worth emphasizing that, since the admittance is a function of the inductance, by tuning the inductance in the
piezoelectric circuit to a series of values, we can obtain a series of admittance change information for the same damage
scenario. This can enrich the measurement information.

2.2 Damage identification formulation

In this section we formulate the optimization objectives for the damage identification problem. As the physics-based
damage identification is conducted through the usage of the finite element model where a dense mesh is necessary to
guarantee a small wavelength under high frequency working conditions, the number of unknowns in damage
identification can be large. While tuning the inductance to different values can enrich the measurement, the inverse
identification can still be under-determined. Hereafter, we cast the inverse identification problem into an optimization
framework and its model is established as below:

min [Sa.— Ay, [, and min |, 6)
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where Ay,... represents the measurement of change of admittance, and ||||p denotes the /, norm. Certainly, we need to

minimize the difference between the physical measurements and model prediction in damage parametric space. In
addition, a true damage scenario in practical situation usually affects only a small number of segments. Here we
introduce the sparse regularization by enforcing a sparse constraint. Thus, the second objective function is built to copy
with the sparsity of damage index vector. In particular, we select the /, norm of a aiming at dealing with the sparsity of

index vector. This is a multi-objective optimization that naturally leads to multiple solutions. It is however a challenging
problem which requires careful design of algorithmic metaheuristics to achieve a solution set that includes the true
damage scenario.

ALGORITHM ENHANCEMENT

3.1 Particle swarm optimization overview

Particle swarm optimization (PSO) is a population based meta-heuristic algorithm that starts with a randomly generated
initial population that represents the candidate solutions called particles [13]. During an iteration each particle considers
the distance to its personal best position pbest, the distance to the global best position gbest, and its current velocity and
position to update the position, i.e.,

v, (t+1) =zv, (t)-i—clrl (pbem. (t)—xi (t))+czr2 (gbm (t)—xl. (t)) (6a)
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where x(f) represents the position of the ith particle in ¢th iteration, v(t) is the velocity of the ith particle in the tth
iteration, w is the inertia weight which reflects the tendency of the particles to maintain their previous speed, and ¢; and
¢ are acceleration coefficients. ¢ regulates how much the particle trusts its own experience, and ¢, represents the trend
of particles approaching the best position of the entire swarm. r; and r, are two random numbers from uniform
distribution over the range (0, 1).

3.2 Rationale for improvement

The rationale of improvement comes from Learning Automata which can be considered an abstract decision-making
entity situated in a stochastic environment that determines the optimal action through a set of actions and by frequent
interactions with the environment [14]. An automaton selects an action from a probability distribution, applies it to the
environment, and receives reinforcement. The learning algorithm updates the action probabilities based on the feedback.
By repeating this process, the automaton increases the probability of selecting better actions that elicit favorable
responses from the environment. It involves the quadruple (& , £, p, T). The linear reward-penalty algorithm (L) is one

of the various learning algorithms [14]. Here £ ranges from 0 to 1. The learning model T for L., scheme to update the
state probability vector p after receiving the reinforcement signal f§ is given by Equation (7a) when [ =0 (favorable



response), and Equation (7b) when B =1 (unfavorable response). Let ¢; be the action chosen at time ¢ as using the
distribution p(?).
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where parameters a and b represent reward and penalty parameters, respectively. Here a=6=0.01.
3.3 An enhanced MOPSO

To help the algorithm jump out of potential local minima, we combine multi-objective particle swarm optimization with
the abovementioned rationale. The parameters in PSO algorithm play key role in balancing the exploration and
exploitation. The expected goal is to achieve an adaptive coefficient selection. Therefore, we can develop several
coefficient variation strategies to form an action repository. Then the adaptation process will be realized. First, Time
varying inertia weight proposed in [15] is utilized here, which is conducive to early exploration and later exploitation:

a)t = a)max - (a)max - a)min )t/tmax (8)

where fmax is the maximum number of iterations, # is the current iteration. @, ,, and @, are the initial and final values of

the inertia weight. This inertia weight strategy can lead to a fast convergence speed, but it also tends to make the
algorithm fall into a local optimum, especially for complex multimodal problems. Thus, time varying acceleration
coefficients [16] are used to enhance the global search ability during early stages and the convergence toward the global
optima during the later stages. This development is achieved by modifying two acceleration coefficients ci, c».
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where ™", ¢, are the initial values of ¢ and c2, ¢ and ¢, are the final values of the ¢ and c2, respectively. ¢ is
the current iteration number, and #yax 1S the maximum number of allowable iterations.

However, in the optimization process, time varying acceleration coefficients still run risk of inappropriate adjustment
between social and cognitive experiences. To tackle this, a mutation strategy is adopted to perform perturbation on the
personal best of the particle and provide extra diversity for it to jump out from local optima [17]. Here we refine the
strategy by defining a variable count to repeat the strategy count times. In the mutation strategy, a randomly selected
dimension in the personal best of the particle is perturbed using the expression as follows:

(10)
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Here P, , refers to the d-th dimension of personal best of the i-th population, 7, is a random number obtained from the

normal distribution. R, =land R, =0.1, suggested in [17], are the maximum and minimum perturbation ranges,

respectively. if is the current number of iterations and maxl/ter is the maximum iteration of the algorithm. The personal
best will be replaced by the temporary personal best if the latter dominates the former and a positive response will be
given; otherwise, the personal best remains unchanged. The probability for the corresponding action will be updated
accordingly. Similarly, attention is paid to the global best to help the global best take a walk around itself and see if it
can jump out of its current position and find a better one. A random perturbation is generated based on the same norm
distribution in previous mutation for personal best. At this time, if the temporary global best is dominating the global
best, then it will replace the old one. The feedback from the environment will help to update the probability distribution.

tempLy,, ; = Ly, 4+ normrnd(,u,Rz) (11)



CASE STUDY

In this section, we present case studies to demonstrate and verify the performance of the proposed damage identification
framework using piezoelectric admittance. The host structure is a plate, as shown in Figure 2. The piezoelectric
transducer is attached to the plate at the intersection of the center lines. The dimensions for the host plate and the
piezoelectric transducer are labelled in the figure. The thickness of the piezoelectric transducer is 3.5 mm, and that of the
plate is 3.875 mm. The plate is made of aluminum with Young’s modulus 73 GPa, density 2769.84 kg/m>. The
piezoelectric transducer is the type SM411 from Steiner & Martins, Inc. The material constants of the piezoelectric
transducer are £ = 74 GPa, E3;= 54 GPa, g31=-10.4 (107 Vm/N), g33 = 24.2 (10 Vm/N) and d5; = -210 (102 m/V).
The sweeping frequency is from 3,870 Hz to 4,200 Hz with 200 frequency points. To enrich the measurements, here the
adjustable inductor is tuned to 0.181, 0.185 and 0.189 H, respectively. The admittance curves obtained are plotted in
Figure 3. All analyses are implemented using an in-house MATLAB code. Based on the finite element model, we can
obtain the corresponding sensitivity matrices as shown in Equation (4).
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Figure 2. Schematic of structure to be monitored (left), and admittance curves with different inductors (right).
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Figure 3. Identified results for Case 1 and Case 2.

The plate structure is divided into 120 segments, each of which is susceptible to damage occurrence. Two cases are
analyzed. In the first scenario, the damage is assumed to be located at the 75" segment with 11.0% equivalent stiffness
reduction. In the second scenario, the damage is located at the 116™ segment with a smaller damage severity of 9.4%. By
solving the optimization model using the enhanced algorithm, the identified results are plotted in Figure 3. The results of
Case 1 indicate that the proposed algorithm produces four solutions, all of which accurately identify the true damage
location. In contrast, although the original MOPSO leads to three solutions, none of them identifies the true damage
scenario. This demonstrates the accuracy of the proposed algorithm in damage identification. The results of Case 2 show
that both the proposed algorithm and the original MOPSO can identify the true damage location. However, in terms of
solution diversity, the proposed algorithm outperforms the original MOPSO.

In this research, we introduce tunable inductor to enrich the measurements. The hypothesis is that with more information
for the same damage condition, the identification result will be more accurate, and the number of solutions obtained will
gradually decrease. To examine this point, we use different numbers of inductance tuning, and observe the number of



solutions, as shown in Figure 4. The horizontal axis indicates the number of inductance tunings used in the monitoring
process, and the vertical axis indicates the average number of solutions obtained. S represents a single measurement. It
can be observed that as the number of tunings used increases, the number of obtained solutions decreases. In addition,
when only one inductance is used to obtain admittance information as input, the accuracy of the solutions obtained is 0,
indicating that no solution can identify the true damage location. When admittance information obtained from two
inductors is used as input, the accuracy begins to increase. With the increase of the number of tunings, accuracy shows
an increasing trend.
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Figure 4. Number of solutions with different number of measurements used, (S1: inductance = 0.181 H, S2: inductance = 0.185 H, S3:
inductance = 0.189 H).

CONCLUSION

In this research, we explore the advancement of piezoelectric admittance based active interrogation by enriching the
measurement and enhancing the inverse identification. A tunable inductor is introduced into the measurement circuit.
This can not only provide an additional peak around resonant frequency, but also generate a series of admittance curves
by adjusting the value of the inductor. Moreover, we aim to improve the inverse analysis by incorporating strategies that
adaptively select coefficients to improve local search into multi-objective particle swarm optimization. Two case studies
demonstrate performance enhancement.
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