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ABSTRACT

This paper presents a novel approach to achieving sys-
tem identification of a structure while minimizing energy
consumption. The identified structural model can be used
for structural health monitoring. In the aerospace envi-
ronment, energy consumption is strictly regulated. To ad-
dress this issue, we propose an energy-saving identifica-
tion method that utilizes piezoelectric semi-active control
as an input generation technique. This approach gener-
ates control force through electric switch activation, re-
sulting in a smaller amount of energy consumption for
input generation than conventional active control. We
achieved semi-active input generation suitable for iden-
tification by incorporating a novel control strategy. The
semi-active control has the disadvantage of limiting the
free control of inputs. The identification performance
may degrade if the properties of the semi-active input de-
viate from the desired ones. To address this issue, we also
propose a data processing method that extracts a certain
input with appropriate properties for identification from
the acquired input. We validated the proposed method
through numerical simulations and experiments. The re-
sults confirmed the feasibility of the semi-active identi-
fication method for structural health monitoring. Addi-
tionally, we found that the total energy consumption dur-
ing the 20-second experiment was only 68 md to identify
the 50 kg structure.

1. INTRODUCTION

Structural health monitoring (SHM) is critical in pre-
venting severe operational issues that may arise from
structural damage. Given the complexities involved in
repairing aerospace structures during operation, mon-
itoring techniques are essential (Tipaldi and Bruenjes,
2014). In this study, we discuss SHM using system iden-
tification. System identification provides an equivalent
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mathematical model of the target structure through in-
put/output sequences. In a structural identification sce-
nario, excitation forces and their responses correspond
to I/O data. The structural damages are reflected in
identified model variations (Deraemaeker, Reynders, De
Roeck, and Kullaa, 2008). Achieving accurate identifi-
cation is imperative to prevent any changes from being
overlooked. Compared to SHM of on-ground structures,
the SHM of aerospace structures faces constraints on en-
ergy consumption due to difficulties in securing electric-
ity (Le et al., 2015). The objective of this study is to
attain outstanding identification performance under en-
ergy constraints.

An energy-saving excitation force generator contributes
to resolving concerns about energy consumption. Piezo-
electric semi-active control is proposed as an energy-
saving input generation method in the research field
of vibration control (Richard, Guyomar, Audigier, and
Ching, 1999). Unlike conventional piezoelectric active
control that uses a signal amplifier and a function gener-
ator connected to a piezoelectric transducer, semi-active
control does not require them. This method connects an
electric circuit and an electric switch to the piezoelectric
transducer as an input generator. Input is generated by
actively controlling the connection and disconnection be-
tween the piezoelectric transducer and the additional cir-
cuit and passively inducing electrical resonance oscilla-
tion of electric charge, which drastically changes the po-
larity of an electric charge flowing into the transducer. As
the switch control consumes little electricity, semi-active
input generation is energy-saving.

However, piezoelectric semi-active control has two issues
when adopted for identification (Hara, Otsuka, and Mak-
ihara, 2023a). First, it lacks a control strategy for the
switch element because the piezoelectric semi-active con-
trol is proposed for vibration suppression rather than
identification. Second, the semi-active input generation
does not permit free control of inputs, which may result
in degraded identification performance if the semi-active
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input deviates from the ideal trajectory. We propose
an input generation strategy and a post-data-processing
method that make the semi-active input an ideal trajec-
tory for system identification as much as possible.

This paper validates the accuracy of the semi-active iden-
tification method using the proposed strategy and data
processing method. We confirm the proposed method
achieves accurate identification while consuming only 65
pd. The target structure in this study is a 2-degree-of-
freedom structure.

2. PROBLEM SETTING
2.1. Modeling

Fig. 1 shows an entire model. This study does not con-
sider the nonlinearities of these components. The piezo-
electric transducer is assumed to be deformed and polar-
ized in one direction. The constitutive equations of the
piezoelectric transducer (Hara, Tang, Otsuka, and Maki-
hara, 2022) are described as

fp =Fkpdp —bp@p, 1
vp = —bpdp + c;lQp, )

where f,, vp, 8p, and @, denote the tensile force, volt-
age, deformation, and inflow charge of the piezoelec-
tric transducer, respectively. The kp, Cp, and b, de-
note the constant-charge stiffness, constant-strain ca-
pacitance, and piezoelectric coefficient of the piezoelec-
tric transducer, respectively. The subscript p indicates a
value related to the piezoelectric transducer.
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Figure 1. 2-DOF structure with 1-piece piezoelectric
transducers and circuits.

The state space representation of the equation of motion
of the 2-DOF structure in the modal coordinate is

Zm =AmZm +Bnqp + Ed, 3)
where
— [T .1 T _ 0 I
Zm =m0 AT, Am= [_91211 _2Emﬂm] ’ (4)
0 0
Bm= (I)T@Bp , and E= (I)T .

The n, qp, and d denote the modal displacement, piezo-
electric charge, and displacement vectors, respectively.
The E,, Qn, and B, denote the modal damping ratio,
modal angular frequency, input coefficient matrices:

wq],

O, =diag|w;
[ 5)

bpm] -

The ® is the transfer matrix between physical and nor-
mal mode coordinates. The O is the position matrix indi-
cating the mass on which the force acts:

1 -1 0

Em=diaglds - &,
and By =diag[bp1

0 .' 1 -1

Finally, the circuit equation is derived. An inductor-
resistor circuit and switch element connect to the piezo-
electric transducer. Since the piezoelectric transducer
model has the capacitance component (see Eq. 2), the en-
tire circuit construction is the inductor-capacitor-resister
(LCR) circuit having a deformation-dependent voltage
source while the switch element is closing. There are two
circuit equations depending on the switch states:

Qp =0
LQp +RQp+C;1QP =bydy (when switch is closed), (8)

where L and R denote the inductance and resistance in
the additional circuit, respectively.

(when switch is open), 7

The switch element is typically in an open state. The du-
ration in the closed state corresponds to the half-period of
the LCR oscillation. The act of closing the switch element
for the designated time period is referred to as "switch-
ing". During this process, the piezoelectric charge oscil-
lates. Adjusting the additional inductance so that the
electrical resonance frequency will be significantly higher
than the frequencies of mechanical vibrations causes the
deformation-dependent voltage to be regarded as a con-
stant value. The piezoelectric charge before and after the
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Figure 2. Enlarged time trajectory of semi-active input
during switching.

single-switching activation can be expressed as:

b/
Qafter = Qp (aT) = _YQbefore + (1 + ')’) prp5switching’ 9
e
where
1 R /C
Y =exp(—Eem), we= T and o= fp (10)

Here, Qpefore and @ afier represent the piezoelectric charge
before and after the switching, respectively. The Gswitching
denotes the constant deformation value obtained at the
start of the switching process. The piezoelectric charge
oscillation results in a drastic change in the piezoelectric
charge. Fig. 2 illustrates the time history of the piezo-
electric charge. Moreover, the switching duration is very
short, lasting only a few milliseconds. In this study, a
photo-MOSFET, PS7205B-1A, was used as the switching
element, which consumes 65 jJ during each switching
action.

The amplitude of the piezoelectric charge after the
switching depends on the magnitude of the deformation
Oswitching- The deformation depends on the mechanical
vibration of the structure. The mechanical vibration is
excited by the uncontrollable disturbance. The ampli-
tude of the piezoelectric charge cannot be freely adjusted
by the switching, whereas the polarity of the piezoelec-
tric charge can be arbitrarily adjusted when the follow-
ing inequality holds (Hara, Tang, Otsuka, and Makihara,
2023b):

bpCp (1+7)

Qbefore Qbefore - <0. (11)

Table 1 summarizes the performance of the abilities of
both conventional active and proposed semi-active in-
put generation methods. The semi-active identification

method must be performed in accordance with the short-
comings of the semi-active input generation method.

2.2. Maximum-Length Sequence

A maximum-length sequence (MLS) that is a pseudoran-
dom periodic sequence has broadband frequency compo-
nents. Because the MLS can excite broadband structural
responses, the MLS has been widely used in conventional
identification. This study used two-level MLS. The two-
level MLS takes two sets of values representing two lev-
els of the signal. The signal shape of the MLS is similar to
the square wave having a constant amplitude and a non-
constant period. The MLS generation uses the following
discrete-time state-space equations

zyvis (L +1) = Amrszmes (2), (12)
y01(Z) = CymrszMLs (7)), (13)
where
. . T
zymLs (0) = [zmrs 1 (0) zMLs, (0)]
ay a2 Ap-1 Qp
1 o - 0 0
Ays=|0 1 - 0 0f, (14)

0O 0 o 1 0

and CMLsf[O o - 0 1]
The feedback coefficients a, determine the period of the
MLS. When the appropriate coefficients are used, the pe-
riod of the two-level MLS is 2" — 1. Notably, the operation
of Eq. 12 is modulo-2 arithmetic. The two-level MLS com-

posed of 0 and 1 maps to —1 and +1 to bring the average
value of the MLS close to zero:

Y-+ (@) =2y01 (1) - 1. (15)

In this paper, the 2-level MLS composed of the six feed-
back coefficients (n = 6) is applied. The definition of feed-
back coefficients are

[a1 as -+ as ag]z[l 0 0 0 O 1]. (16)

Figs. 3 and 4 show the time trajectory, power spectral
density, and autocorrelation of the 2-level MLS generated
using Eq. 12. The MLS is similar to the band-limited
white noise because its power spectral density is flat.

3. PROPOSED METHODS

3.1. Maximum-Length Sequence Switch Identifica-
tion on Inductor

The semi-active identification method is inspired by the
shape similarity between the MLS and semi-active input.
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Table 1. Abilities of active and semi-active input generation

Method | Input amplitude control | Input polarity control | Energy consumption
Active Possible Possible Large
Semi-active Impossible Possible while Eq.(11) is hold Small
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Figure 3. Time trajectory of MLS.
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Figure 4. PSD and autocorrelation of MLS.

To generate semi-active input imitating the MLS, we in-
troduce target signal @ as

Qi) =y-+ (). ()]

The semi-active input @, traces the target signal @y to
perform the same identification performance as the con-
ventional cases using the MLS directly. Eq. 9 indicates
that the polarities of the semi-active input before and af-
ter switching are opposite. The following switching strat-
egy is presented:

Strategy When @ (i —1)-Q¢ (i) <0, the switch element is
turned on during 7/we.

This strategy is referred to as a maximum-length se-
quence switch identification on inductor (MLSII).

3.2. Extraction of Appropriate Input Using Sign
Similarity

The semi-active input, owing to its generation mecha-
nism, cannot fully replicate the MLS. It is imperative to
select time intervals that are most suitable for identifi-
cation from the entire semi-active input sequence. The
MLS is a pseudo-random periodic sequence, and the re-
sponse of the structure is also periodic when the MLS is
applied directly to the structure. A segment is a data re-
gion that is divided by the MLS period. Ideally, the iden-
tification results should not differ regardless of which
segment is used. If the semi-active input adequately em-
ulates the MLS, the semi-active input and its responses
may also be periodic. We segment the semi-active input
and response sequences based on the MLS period and se-
lect the segments that exhibit higher similarity for use in
identification. The similarity in sign (polarity) is deter-
mined using the Hamming distance between the polari-
ties of the MLS and the semi-active input.

1. The positive and negative semi-active input, @, is
mapped to 1 and 0, respectively. The @o1 indicates
the mapped input.

2. The acquired input/output sequences are divided into
several segments. The length of one segment corre-
sponds to the period of the MLS, Tyis.

3. The Hamming distance of k-th segment is

TwmLs
dHammingk = fo 5 (y01 (1), Qo1 (D) dt,  (18)

where

8 (y01(8), Q01,71 (1))

{1 yo1(t) # Qo1 (2), (19)

0 y01(¥)=Qo1x(?).

4. 'The sign similarity of the k-th segment is calculated
from the Hamming distance:

dHamming,k

Hsign,k = 1- (20)

TmLs

5. The input/output sequences are rearranged using the
obtained sign similarities in the order of segments
with a high degree of similarity. The output data are
also sorted in line with the input sorting.
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Figure 5. Enlarged time trajectories of semi-active input
and target signal generated by MLSII strategy.

4. NUMERICAL SIMULATION
4.1. Simulation Setup

A simulation was conducted. The identification target
was the 2-DOF structure, which was equipped with a
single piezoelectric transducer and a single laser dis-
placement sensor. A 10 Hz periodic disturbance was ap-
plied to the structure. To obtain a structure model, the
multivariable output-error state space (MOESP) method
(Verhaegen and Dewilde, 1992) was employed.

4.2. Generated Semi-Active Input

The time histories of the target signal and the semi-active
input produced by the MLSII strategy are presented in
an enlarged format in Fig. 5. The amplitudes of the
target signal remained constant at —1 and 1. However,
due to limitations in the semi-active input generation cir-
cuit, the amplitude of the semi-active input could not be
controlled and thus, did not remain constant. Addition-
ally, the polarities of the two signals often coincided but
were not always synchronized due to the limitations of
the piezoelectric semi-active control.

4.3. Identification Performance

The semi-active identification result illustrated in Fig. 6
utilized the data extraction method, which retrieved seg-
ments with high sign similarity. Seven segments exhibit-
ing high sign similarity were extracted, while the sec-
tions with low sign similarities were utilized to derive the
identification result for comparison. The segments with
high sign similarities were employed in case (ii), while
the segments with low sign similarities were employed in
case (i). From this numerical simulation, two important
aspects were confirmed. Firstly, the feasibility of sys-
tem identification with a semi-active input was demon-
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Figure 6. Numerical identification result using MLSII
strategy and data extraction method.
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Figure 7. 190 experimental identification results of semi-
active identification method using MLSII strategy.

strated. Additionally, it was confirmed that the identifi-
cation result can be improved by preferentially utilizing
the region where the polarities of the semi-active input
and the MLS coincide, as demonstrated through the com-
parison of the two results.

5. EXPERIMENT

The performance of identification was assessed through
experimentation, where the experimental conditions cor-
responded to the simulation. A 10 Hz disturbance was
applied to the 2-DOF structure, and a total of 190 iden-
tification experiments were conducted. The means and
variances of these experiments are illustrated in Fig. 7,
where the translucent region represents a region three
times the standard deviation (30) of the 190 identifica-
tion trials. It is noteworthy that the exact model was in-
cluded within the 190 trials, and the average of the iden-
tification results was found to be in close proximity to the
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exact model. Therefore, the feasibility of the semi-active
identification method using the MLSII strategy was con-
firmed, and the consumption of energy was a mere 68 md.

6. CONCLUSION

This study introduces a groundbreaking method for
structural identification using a semi-active input gen-
erated from a piezoelectric transducer. The semi-active
input possesses suitable properties for identification. A
simple LCR circuit is employed to generate the semi-
active input, which consumes very little energy, making
the semi-active identification method accessible for in-
situ structural identification and SHM.

A novel switching strategy is proposed, referred to as the
MLSII strategy, which performs switching to match the
polarity of the semi-active input to that of the MLS. The
MLS is widely used in conventional identification. How-
ever, there may be mismatches of polarities resulting in
the inability of the semi-active input to imitate the po-
larity of the MLS. To address this issue, a data calibra-
tion method is proposed, considering the sign similarity
between the semi-active input and the MLS. The similar-
ity is indicated by the Hamming distance, and segments
with higher sign similarity are used for identification.

The performance of the semi-active identification method
is evaluated through numerical simulation and experi-
ment. It appropriately identified the 2-DOF structure
model. This theory has the potential to identify a higher
DOF than the 2-DOF model when the target structure
satisfies the observability and controllability. The con-
sumption energy of the semi-active input generation is
smaller than that of the conventional active input gener-
ation, making the semi-active identification method both
applicable and feasible.
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