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A B S T R A C T   

Herein, we propose a structural system identification method that uses semi-active inputs 
generated from piezoelectric transducers. Previous onsite structure identification methods 
consumed significant amounts of energy to generate input signals and thus could not be actively 
implemented. The proposed method consumes less energy to generate input signals during 
identification. Two problems limit the use of semi-active inputs for identification purposes: (1) a 
control strategy to generate semi-active inputs suitable for identification does not exist, and (2) 
the polarity of the semi-active input cannot be freely controlled. To solve the first issue, we 
constructed a semi-active input generation strategy that matches the polarities of semi-active 
inputs with target signals appropriate for identification. To address the second problem, the 
mechanism by which polarity control is possible and impossible is clarified based on an analytical 
solution of a semi-active input generation circuit. A data calibration method focusing on sign 
similarity was proposed to improve the identification accuracy when polarity control cannot be 
implemented. The proposed semi-active identification method successfully identified the fre-
quency response of a structure using 98% lesser energy than that used by conventional active 
methods. The proposed method was validated through simulations and experiments. The pro-
posed method achieved accurate identification and can be used for onsite structural health 
monitoring.   

1. Introduction 

System identification [1] is utilized for constructing a mathematical model of structures [2] and for structural health monitoring 
[3,4]. It has been applied to several ground structures [5,6]. Fig. 1 shows a conceptual diagram of conventional system identification 
methods and the method proposed herein, which can be categorized as passive, active, and semi-active (Fig. 1(a)–(c), respectively). 
The passive or output-only method [7,8] is utilized when unmeasurable disturbances occur. The disturbance is treated as an input. 
Therefore, the passive method does not consume energy for identification. However, the identification performance is limited because 
an arbitrary input cannot be applied. In the active method, an arbitrary active input is applied to the target structure through an 
actuator [9]. High identification performance can be achieved because the input is freely generated according to the target signal. 

Abbreviations: DROP, disturbance response orthogonal projection; HiSiDs, high sign similarity data sort; MLS, maximum length sequence; MLSII, 
maximum length sequence switch identification on inductor. 
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Nomenclature 

A system matrix 
B input matrix 
bp, Bp piezoelectric coefficient 
C output matrix 
Cp constant-strain capacitance 
d disturbance vector 
dH Hamming distance 
E disturbance coefficient matrix 
fp piezoelectric force 
F location of sensors matrix 
Gactive gain of controller 
i, j, k, s, α integer variables 
kp constant-charge stiffness 
K, N integer constant value 
L inductance 
M, m maximum length sequence 
Qp, qp piezoelectric charge 
Qt, qt target signal 
R resistance 
S state of switch element 
t, T time and constant time 
u input vector 
vp piezoelectric voltage 
W consumption energy 
x displacement of mass 
y output vector 
z state vector 
β, β MLS generator coefficient 
γ inversion ratio 
δp elongation of piezoelectric transducer 
η modal displacement vector 
μsign sign similarity 
ξ, Ξ modal damping ratio 
Π⊥ orthogonal projection matrix 
Φ transfer matrix 
ω, Ω angular frequency 
D block Hankel matrix constructed from disturbance 
O extended observability matrix 
T Toeplitz matrix constructed from Markov parameters 
U block Hankel matrix constructed from input 
Y block Hankel matrix constructed from output 
Z state value data matrix 

Subscript 
active value related to active method 
after value related to after one switching action 
before value related to before one switching action 
c continuous time parameter 
d discrete time parameter 
D value related to disturbance 
e electrical system parameter 
exact exact values 
ident identified values 
m mechanical system parameter 
MLS value related to maximum length sequence 
s value at switching start time 
semi value related to semi-active method 
U value related to input  
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However, active input generation has limitations because of its large energy requirements. Herein, we propose a semi-active method 
that uses a semi-active input [10]. This method is an intermediate to both passive and active methods for system identification. 

The semi-active input is generated by switching multiple passive systems with different parameters [11,12]. Semi-active inputs are 
advantageous because they consume less energy. The energy source of the semi-active input acting on a structure is the mechanical 
energy of the structure itself. When a piezoelectric transducer is connected to a structure as a transducer, a portion of the mechanical 
energy of the vibrating structure is converted into electrical energy by its energy-transforming functions [13]; the semi-active input 
achieves structure control by retransferring this energy from the electrical to the mechanical system in appropriate instants. A semi- 
active input generation circuit instantaneously switches the polarities of the piezoelectric charge and the corresponding piezoelectric 
voltage [14,15]. The semi-active input generation circuit has been utilized in the field of vibration control [16–18] as an alternative to 
active control. The polarity of the semi-active input can be controlled; based on this, strategies matching the polarity of the target 
signal calculated from a linear quadratic regulator [10] and model predictive control [19] with that of the semi-active input have been 
previously proposed. The target signal generation strategy determines the properties of the semi-active input. The proposed method is 
related to a previously proposed semi-active method [10] because both methods use a target signal, Qt, to generate semi-active inputs. 
The semi-active input generation circuit performs switching and generates a semi-active input such that the polarities of the semi- 

Fig. 1. Conceptual schematics explaining the three structure system identification methods, using (a) passive, (b) active, and (c) semi-active inputs.  
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active input and the target signal are synchronized. Meanwhile, the proposed method uses a different strategy to generate the target 
signal compared to the strategy of the existing semi-active method [10], in which the generated target signal is synchronized with 
mechanical vibrations. In this study, the generated target signal is not synchronized with mechanical vibrations. 

The semi-active method proposed in this paper is implemented by matching the polarity of the target signal used in the conven-
tional active identification methods with that of the semi-active input. A schematic of the semi-active input generated is shown in 
Fig. 2. The waveform of the semi-active input is similar to a square wave with an undefined amplitude and period. We believe that this 
is similar to the maximum length sequence (MLS) signal [20,21] that is a pseudo-random binary signal. The conventional active 
identification method uses the MLS signal as a target signal. If a semi-active input similar to the MLS signal is generated, it can be 
appropriately utilized for system identification same as the conventional active method. 

The polarity control of the piezoelectric charge by the semi-active input generation circuit has not been clarified. This circuit cannot 
control the polarity of the piezoelectric charge under certain conditions. We advocate a new issue called switching failure. A con-
ceptual diagram of switching failure is shown in Fig. 2. Switching failure is a problem wherein the semi-active input generation circuit, 
even when activated, cannot control the polarity of the semi-active input. As a result, the MLS signal and semi-active input are not 
similar, and the system identification accuracy is degraded. Therefore, the clarification of the switching failure mechanism is crucial. 

The three problems of the semi-active system identification method are summarized below.  

(1) There is no strategy to generate a semi-active input suitable for system identification.  
(2) The semi-active input generation circuit cannot control the polarity of the semi-active input because of switching failure.  
(3) There are no guidelines for selecting a semi-active input suitable for system identification. The semi-active input generation 

circuit may not generate a signal suitable for identification because of switching failure. 

This study aimed to establish a structural system identification method using semi-active inputs generated from piezoelectric 
transducers connected to the target structure. The proposed method realizes energy-saving system identification. This study has the 
following three objectives that could solve the above three problems.  

(1) To propose a generation strategy for semi-active inputs with properties suitable for system identification. The semi-active input 
exhibits properties suitable for system identification by matching the polarities of the semi-active input and the MLS signal.  

(2) To clarify the mechanism of the switching failure. Switching failure occurs when the elongation of the piezoelectric transducer 
has the same polarity as that of the piezoelectric charge and the elongation is small.  

(3) To propose a data calibration method using the sign similarity of the semi-active input and the target signal as an index. If the 
input data have switching failure, the identification accuracy degrades because the polarities of the target signal and semi-active 
input deviate. Therefore, the time domains with many switching failures must be excluded from the identification process. 

This paper is organized as follows. Section 2 explains the modeling of a target electromechanical system with piezoelectric 
transducers and semi-active input generation mechanisms. Section 3 presents the proposed semi-active input generation strategy for 
system identification referred to as a maximum length sequence switch identification on inductor (MLSII) strategy, mechanism of 
switching failures, and data calibration method. Sections 4 and 5 present the validation of the proposed strategy using numerical 
simulations and experiments, respectively. Finally, the conclusions are presented in Section 6. 

2. Problem statement 

2.1. Modeling the target structure and semi-active input generator 

The q-degree-of-freedom (q-DOF) vibration structure targeted for system identification is shown in Fig. 3(a). The structure houses 
m-pieces of piezoelectric transducers and semi-active input generation circuits connected to the transducers, where m ≤ q. All 

Fig. 2. Conceptual diagrams of switching according to the proposed maximum length sequence switch identification on inductor (MLSII) strategy 
and switching failure. 
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coefficients are linear [22]. The tensile force fp,j and generated voltage vp,j of the j-th piezoelectric transducer are expressed as [23–25] 

fp,j = kp,jδp,j − bp,jQp,j, (1)  

vp,j = − bp,jδp,j +Qp,j/Cp,j, (2)  

where δp,j, Qp,j, kp,j, bp,j, and Cp,j represent the elongation of the piezoelectric transducer, piezoelectric charge, constant-charge stiff-
ness, piezoelectric coefficient, and constant-strain capacitance, respectively. The subscript j indicates the j-th element. The elongation 
of the transducer satisfies δp,j = xj − xj− 1, where xj is the j-th mass displacement. It can be deduced that x0 is zero, as it represents the 
fixed end of the structure. The equation of motion of the target structure in the modal coordinates is [18,19,24,25]. 

η̈ + 2ΞmΩmη̇ + Ω2
mη = ΦT Bpqp + ΦT d, (3)  

where η, qp, and d represent the modal displacement, piezoelectric charge, and disturbance vectors, respectively [25]. Ξm, Ωm, Bp, and 
Φ represent the modal damping ratio diagonal, modal angular frequency diagonal, the piezoelectric coefficient matrices, and the 
transformation matrix from physical to modal coordinates, respectively. The angular frequencies are measured under the open-circuit 
condition. The structure houses l-pieces of displacement sensors, where l ≤ q. Eq. (3) can be rewritten in a state-space model as. 

{
ż(t) = Acz(t) + Bcu(t) + Ecd(t),
y(t) = Ccz(t),

(4)  

z(t) ≡ [ηT(t) η̇T
(t) ]T , u(t) ≡ qp(t), y(t) ≡ [ x1(t) ⋯ xl(t) ]T , (5)  

Ac ≡

[
0 I

− Ω2
ｍ − 2ΞmΩｍ

]

, Bc ≡

[
0

ΦT Bp

]

, Cc ≡ [FΦ 0 ], Ec ≡

[
0

ΦT

]

, (6)  

where F is the matrix that describes the location of sensors. The state-space equation (Eq. (4)) is transformed to the discrete-time 
equation using a zero-order hold with sampling period Ts: 

{
z(i + 1) = Adz(i) + Bdu(i) + Edd(i),
y(i) = Cdz(i). (7)  

Using Eq. (7), the j-step-ahead output is described as 

Fig. 3. Conceptual models: (a) q-DOF vibrating structure with m-piece piezoelectric transducers and (b) circuits for semi-active input generation.  
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⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

y(i) = Cdz(i)

y(i + 1) = CdAdz(i) + CdBdu(i) + CdEdd(i)

y(i + j − 1) = CdAj− 1
d z(i) +

∑j− 2

k=0
CdAj− k− 2

d {Bdu(i + k) + Edd(i + k) }

(when j = 1),
(when j = 2),
(when j ≥ 3).

(8) 

Let us define the following block Hankel matrix that collects the j-step-ahead output: 

Yi,s,N ≡

⎡

⎢
⎢
⎣

y(i) y(i + 1) ⋯ y(i + N − 1)
y(i + 1) y(i + 2) ⋯ y(i + N)

⋮ ⋮ ⋮
y(i + s − 1) y(i + s) ⋯ y(i + s + N − 2)

⎤

⎥
⎥
⎦. (9)  

The subscripts i, s, and N indicate the start time of the time-series data stored in the matrix, number of vectors arranged in the row 
direction of the matrix, and number of vectors arranged in the column direction of the matrix, respectively. This block Hankel matrix 
constructed from the output is described using the arranged state, input, and disturbance vectors as 

Yi,s,N = OsZi,N + TsUi,s,N + Ts,DDi,s,N , (10)  

where Os, Ts, and Ts,D are the extended observability matrix, Toeplitz matrix comprising Markov parameters, and the coefficient of the 
block Hankel matrix constructed from disturbance, respectively: 

Os ≡

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

Cd

CdAd

⋮
CdAs− 2

d

CdAs− 1
d

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

, Ts ≡

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0 0
CdBd 0

⋮ ⋱
CdAs− 3

d Bd CdAs− 4
d Bd ⋯ 0

CdAs− 2
d Bd CdAs− 3

d Bd ⋯ CdBd 0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

. (11) 

Eq. (10) is called the matrix input–output equation [26]. The block Hankel matrices constructed from input and disturbance, Ui,s,N 
and Di,s,N, in Eq. (10) have the same construction as that in Eq. (9). The matrix comprising state values is defined as 

Zi,N ≡ [ z(i) z(i + 1) ⋯ z(i + N − 1) ]. (12)  

The third term on the right-hand side of the matrix input–output equation (Eq. (10)) is associated with the unmeasurable disturbance. 
The disturbance term should be removed to perform accurate identification. 

Piezoelectric transducers are connected to independently controllable semi-active input generation circuits. Fig. 3(b) shows the 
construction of a semi-active input generation circuit. A switch element, a diode, an inductor, and a parasite resistance in the circuit are 
connected to the transducer in series. The current does not flow in the circuit when the switch elements are open. The piezoelectric 
charge oscillates through the LCR series circuit when the switch element is closed. According to the switch state, the circuit equation of 
the semi-active input generation circuit connected to the j-th transducer can be described using the following two equations: 

⎧
⎪⎪⎨

⎪⎪⎩

Q̇p,j = 0

Q̈p,j + 2ξe,jωe,jQ̇p,j + ω2
e,jQp,j = L− 1

j bp,jδp,j

(
when S1,j and S2,j are open

)
,

(
when S1,j or S2,j is closed

)
,

(13)  

ξe,j ≡
Rj

2

̅̅̅̅̅̅̅
Cp,j

Lj

√

, ωe,j ≡

̅̅̅̅̅̅̅̅̅̅̅
1

LjCp,j

√

, (14)  

where ξe,j and ωe,j are the damping ratio and angular frequency of the j-th LCR series circuit, respectively. The governing equation of 
the q-DOF vibration structure and the m-pieces of the piezoelectric transducers and connected semi-active input generators is the 
simultaneous equation of Eqs. (3) and (13). In this study, the piezoelectric charge was considered as an input for the mechanical 
system. 

2.2. Semi-active input generation mechanism 

The semi-active input generation circuit switches the polarity of the piezoelectric charge by controlling the switch element. Fig. 2 
shows a schematic of the time histories of switching actions. The left side of Fig. 2 shows the enlarged time history of the piezoelectric 
charge. The piezoelectric charge initiates an LCR oscillation by closing the switch element. The retainment time of the closed-circuit 
state is a half cycle of the LCR oscillation period, π/ωe,j. When the switch element is opened again, the polarity of the piezoelectric 
charge is inverted. This series of processes is called switching. The mechanical oscillation can be considered constant during switching 
because the LCR oscillation period is extremely short compared with the mechanical oscillation period. When ξe,j ≪ 1 is satisfied, the 
analytical solution of the circuit Eq. (13) given by Qp,j(0) = Qbefore,j and Q̇p,j(0) = 0 as initial values is 
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Qp,j(t) =
{

Qbefore,j − bp,jCp,jδp,s,j
}

cos
(
ωe,jt

)
exp
(
− ωe,jξe,jt

)
+ bp,jCp,jδp,s,j, (15)  

where δp,s,j is the elongation of the j-th piezoelectric transducer at the starting instant of switching. The relationship of the piezoelectric 
charge before and after the switching action is 

Qafter,j ≡ Qp,j
(
π/ωe,j

)
= − γjQbefore,j +

(
1 + γj

)
bp,jCp,jδp,s,j, (16)  

where γj is the inversion coefficient defined as γj ≡ exp
(
− πξe,j

)
. Switching can control the polarity of the piezoelectric charge because 

the polarities of Qafter,j and Qbefore,j are opposite. The elongation of the piezoelectric transducer δp,s,j shown in the second term on the 
right-hand side of Eq. (16) corresponds to the mechanical vibration excited by an uncontrollable disturbance. 

3. Proposed semi-active system identification 

3.1. Switching strategy for system identification 

A strategy for semi-active input generation for system identification is presented in this section. The proposed strategy is inspired by 
the similarity of signal shapes between the MLS signal used for conventional active identification method and the semi-active input. 
The proposed strategy implements switching such that the polarity of the semi-active input can match that of the MLS signal. The MLS 
signal is generated as digital signals comprising 0 and 1. The period of the MLS signal, an integer value, is determined by NMLS, where 
NMLS ≡ 2k − 1. In this study, we used the NMLS = 63 period MLS signal when k = 6. The MLS signal comprising 0 and 1 is generated by 
solving the linear recurrent equation [21] as 

M(i) =
∑6

α=1
βαM(i − α), (17)  

β ≡ [ β1 ⋯ β6 ] = [ 1 0 0 0 0 1 ], (18)  

where M(i) is the MLS signal at discrete time i, and β is a binary vector in an MLS signal generator. βα indicates the α-th element of the β 
vector. All variables consist of 0 and 1. The operator Σ is the exclusive disjunction. The exclusive disjunction outputs 1 when one of the 
two values is 1; otherwise, the exclusive disjunction outputs 0. The MLS signal is converted into a signal comprising − 1 and 1 such that 
the average of the MLS signal is close to zero, as follows: 

Qt,j(i) =
{

1
− 1

(when M(i) = 1 ),
(when M(i) = 0 ). (19) 

The analytic solution in Eq. (16) shows that the semi-active input generation circuit can invert the polarity of the semi-active input 
between Qbefore,j and Qafter,j. Therefore, the semi-active input can reproduce the change in the polarity of the target signal Qt,j. 
Switching is performed when Qt,j at discrete time i satisfies the following relation: 

when Qt,j changes from 1 to − 1, switch S1,j is turned on during π/ωe,j; and 
when Qt,j changes from − 1 to 1, switch S2,j is turned on during π/ωe,j. 
This is called the maximum length sequence switch identification on inductor (MLSII) strategy. Fig. 2 illustrates the MLSII strategy. 

The MLSII strategy generates a semi-active input suitable for system identification because the polarity of the semi-active input co-
incides with that of the MLS signal with a persistently exciting property. If the semi-active input can accurately follow the polarity of 
the MLS signal using the MLSII strategy, the semi-active input can be utilized for system identification as an input signal substitute for 
the MLS signal in which amplitude is not constant. 

As the semi-active input generation circuit employed in this study cannot control the amplitude of the semi-active input, the 
amplitudes of the target signal and semi-active input cannot be matched. The semi-active input after switching is described by Eq. (16). 
The amplitude of the semi-active input after the switching depends on the semi-active input before the switching and the elongation of 
the piezoelectric transducer at the starting instant of switching. The elongation depends on the structural vibrations excited by un-
controllable disturbances. Therefore, the amplitude of the semi-active input is also uncontrollable. Despite this limitation, the 
amplitude of the semi-active input does not affect system identification under the following conditions: (1) when the amplitude of the 
input is sufficiently large and (2) when the identification target is a linear system. When both conditions are established, the amplitude 
of the semi-active input does not affect the system identification performance. Both conditions specify the lower and upper limitations 
of the amplitude of the semi-active input performing appropriate identification. When the signal intensities of the semi-active input 
and its response (output) are smaller than that of the observation noise, the input and output are extremely difficult to measure. The 
first condition is established to prevent the degradation of the identification performance by the semi-active input. This degradation is 
because of the semi-active input and its response, in which amplitudes are excessively small, being buried in the observation noise. In 
contrast, when the amplitudes of the semi-active input and its response are excessively large, the vibration of the target structure is also 
large. This structure cannot be dealt with as a linear system because the assumption of the infinitesimal deformation of the structure 
does not hold. An input in which amplitude is not controllable is not suitable for the identification of the nonlinear structure having 
amplitude dependence. The second condition is also established to avoid the degradation of the identification performance by the 
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semi-active input. This degradation is attributed to the nonnegligible nonlinearity of the structure excited by the semi-active input in 
which amplitude is excessively large. When the amplitude of the semi-active input is within a moderate range, it does not degrade the 
identification performance because it does not conflict with the two conditions. The moderate range depends on the performance of the 
sensor hardware and the design of the structure. 

3.2. Switching failure of the semi-active input 

The generated semi-active input following the MLSII strategy may not be inverted by switching actions and cannot follow the target 
signal (see Fig. 2). This is called switching failure. Switching failure is caused not by technical issues, such as signal-transmission errors 
and saturation of actuators, but by the mechanism of the semi-active input generation circuit itself. Switching failures do not lead to 
instability of the structure. Switching actions do not provide energy to the mechanical system, irrespective of their success or failure. 
The problem with switching failure is the degradation of the identification performance of the proposed semi-active identification 
method. When elongation δp,s,j and piezoelectric charge Qbefore,j at the moment of switching are given the initial values of the LCR 
oscillation, the behaviors of the LCR oscillations are different. Note the j-th piezoelectric transducer and the j-th semi-active input 
generation circuit. Switching failure arises when the polarities of the two charges are equal: 

Qafter,j ⋅ Qbefore,j > 0. (20)  

Qafter,j is determined by Qbefore,j and the elongation at the moment of switching δp,s,j, as shown in Eq. (16). Substituting Eq. (16) into Eq. 
(20) yields 

Qbefore,j

(

Qbefore,j −
γj

bp,jCp,j
(
1 + γj

)δp,s,j

)

< 0. (21)  

From Eq. (13) and Fig. 3(b), the semi-active input generation circuit responsible for the switching action comprises an under-damped 
LCR circuit connecting an apparent bias voltage source, bp,jδp,s,j, proportional to the constant elongation of the piezoelectric trans-
ducer, δp,s,j. This LCR circuit is established when S1,j or S2,j is closed. When the initial electric charge, Qbefore,j, and bias voltage source, 
bp,jδp,s,j, are positive and negative, respectively, the electric charge after half cycle of the free vibration, Qafter,j, is always negative. This 
successful switching scenario is illustrated in Fig. 4(a). However, when the bias voltage source acts in the positive direction, the 
polarity of electrical charge after the half cycle of free vibration depends on the magnitude of the bias voltage source. When the bias 
voltage source is positive and small, the polarity of electrical charge changes from positive to negative. When the bias voltage source is 
positive and large, the polarity of electrical charge remains positive. This switching failure scenario is shown in Fig. 4(b). Fig. 4(c) 
shows the switch state. The criterion of the magnitude of the bias voltage source depends on the coefficient in Eq. (21) composed of the 
parameters of the piezoelectric transducer, bp,j and Cp,j, and the inversion coefficient γj. 

Switching failure is a general phenomenon occurring in a semi-active input generation circuit. All semi-active inputs are generated 
by energy transfers between the primary and subsystems (corresponding to the vibrating structure and LCR circuit, respectively, in this 
study). Switching failure occurs when the direction of the power acting from the LCR circuit to the vibrating structure is negative at 
switching activation. 

The elongation of the piezoelectric transducer depends on the uncontrollable disturbance. The MLSII strategy does not consider the 
elongation feedback because the strategy uses the MLS signal prepared beforehand. Therefore, the MLSII strategy-based switching 
causes switching failures. Even though the target signal has properties suitable for system identification, accurate system identification 
cannot be performed if the semi-active input does not follow the target signal. 

Fig. 4. Enlarged time history of the semi-active input during one switching action: (a) switching success scenario, (b) switching failure scenario, and 
(c) switch element state during switching. 
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3.3. Input data sort and merge with sign similarity 

The MLSII strategy does not prevent switching failure beforehand. We propose a method called the high sign similarity data sort 
(HiSiDs) method for preferentially utilizing inputs that have a high degree of coincidence between the polarity (sign) of the target 
signal and the semi-active input. Fig. 5 shows a conceptual diagram of the HiSiDs method. 

Consider the j-th piezoelectric transducer. Firstly, the negative and positive values of the target signal and the semi-active input 
transform to 0 and 1, respectively: 

Qt,j(i) =
{

1
0

(
when Qt,j(i) ≥ 0

)
,(

when Qt,j(i) < 0
)
,

and Qp,j(i) =
{

1
0

(
when Qp,j(i) ≥ 0

)
,(

when Qp,j(i) < 0
)
.

(22) 

Secondly, the time-series data of the modified target signal and the modified semi-active input are divided into K-pieces. The length 
of each segment corresponds to the MLS signal period NMLS. The k-th segment of the input time-series data, where 1 ≤ k ≤ K, is defined 
as 

qt,j,k ≡
[

Qt,j(i + (k − 1)NMLS ) Qt,j(i + (k − 1)NMLS + 1 ) ⋯ Qt,j(i + kNMLS − 1)
]
, (23)  

qp,j,k ≡
[

Qp,j(i + (k − 1)NMLS ) Qp,j(i + (k − 1)NMLS + 1 ) ⋯ Qp,j(i + kNMLS − 1)
]
. (24) 

Thirdly, the similarities of both k-th segments are derived using the Hamming distance, dH [27], between them. The Hamming 
distance, which indicates the degree of differences between two binary vectors, is defined as 

dH,j,k
(
qt,j,k,qp,j,k

)
≡
∑NMLS − 1

α=0
δ
(
Qt,j(i + (k − 1)NMLS + α ),Qp,j(i + (k − 1)NMLS + α )

)
, (25)  

δ(x, y) ≡
{

1
0

(when x ∕= y),
(when x = y), (26)  

where x and y are arbitrary variables. When all elements in the vectors qt,j,k and qp,j,k are the same, the Hamming distance is zero. 

dH,j,k

(
qt,j,k,qp,j,k

)
= 0 indicates that there are no switching failures in the k-th segment. The Hamming distance satisfies 

0 ≤ dH,j,k

(
qt,j,k,qp,j,k

)
≤ NMLS. The sign similarity of the k-th segment of the input time-series data is derived using the resulting 

Hamming distance: 

μsign,j,k ≡ 1 −
dH,j,k

(
qt,j,k,qp,j,k

)

NMLS
,
(
0 ≤ μsign,j,k ≤ 1

)
. (27) 

Finally, using the resulting sign similarities, the data is rearranged in the order of segments with high similarity. The segments are 
sorted according to the magnitude of sign similarity. The system identification process preferentially uses segments with high sign 
similarity. The output data are also sorted and merged according to the input data calibration. The remerged input/output data are 
utilized in the system identification. The identification accuracy can be improved by using only segments with high sign similarity. 

3.4. Disturbance response filtering with orthogonal projection 

A method for excluding disturbance responses from the system identification process is presented. Fig. 6 shows a schematic of the 
method using a disturbance response orthogonal projection (DROP) filter. 

The discrete time at which the semi-active input begins to generate the output is i. The state values and the output are linear 
combinations of the semi-active input response and disturbance response: 

Fig. 5. High sign similarity data sort (HiSiDs) method.  
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y(i) = yU(i) + yD(i),
z(i) = zU(i) + zD(i).

(28)  

It is assumed that semi-active inputs are generated to be uncorrelated with disturbances. The subspaces spanned by the input and 
disturbance do not have common bases. The subspace spanned by the output and state values can be expressed as the sum space of the 
two responses Y = YU + YD and Z = ZU + ZD. The dynamics of the disturbance are assumed to be time-invariant. We assume that the 
semi-active input generation is started from discrete time, i. The matrix input–output equation is derived from iREF to iREF + s + N − 2 in 
the same manner as Eq. (10), where iREF + s + N − 2 < i: 

YiREF ,s,N = OsZiREF ,N + Ts,DDiREF ,s,N . (29)  

Given that the disturbance response is dependent on the disturbance, the following relationship is satisfied: 

span
(
YiREF ,s,N

)
= span

(
ZiREF ,N

)
= span

(
DiREF ,s,N

)
. (30)  

Only the disturbance response is reflected in the output data because the semi-active input is not excited: 

YiREF ,s,N ≡

⎡

⎢
⎢
⎢
⎢
⎢
⎣

y(iREF) y(iREF + 1) ⋯ y(iREF + N − 1)

y(iREF + 1) y(iREF + 2) ⋯ y(iREF + N)

⋮ ⋮ ⋮

y(iREF + s − 1) y(iREF + s) ⋯ y(iREF + s + N − 2)

⎤

⎥
⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎢
⎣

yD(iREF) yD(iREF + 1) ⋯ yD(iREF + N − 1)

yD(iREF + 1) yD(iREF + 2) ⋯ yD(iREF + N)

⋮ ⋮ ⋮

yD(iREF + s − 1) yD(iREF + s) ⋯ yD(iREF + s + N − 2)

⎤

⎥
⎥
⎥
⎥
⎥
⎦

(31) 

The orthogonal projection matrix [28,29] of the reference output data block Hankel matrix was constructed. We call this matrix the 
DROP filter: 

Π⊥
YD

≡ I − YT
iREF ,s,N

(
YiREF ,s,NYT

iREF ,s,N

)− 1
YiREF ,s,N (32)  

This orthogonal projection matrix can eliminate the disturbance-dependent element from the block Hankel matrix constructed from 
output in Eq. (9). After the semi-active input generator begins to generate the semi-active input according to the MLSII strategy, the 
block Hankel matrix constructed from output is obtained. At this time, the output signal is a linear combination of the disturbance and 
semi-active input responses. The DROP filter acts from the right as 

Yi,s,N Π⊥
YD

= YU,i,s,N . (33)  

This DROP filtered block Hankel matrix comprises only the semi-active input responses. The identification process uses not the block 
Hankel matrix in Eq. (9) but the matrix in Eq. (33). 

The proposed DROP filter has two assumptions. (1) The disturbance and semi-active input are uncorrelated. (2) The disturbance has 
time-invariant dynamics during the identification process. The rationale for these assumptions is further explained.  

(1) Semi-active input is generated to reproduce the MLS, which is a pseudo-random signal. The MLS exhibits a low correlation with 
various signals. The semi-active input reproducing the MLS possesses similar characteristics to the MLS. Therefore, the 
disturbance and the semi-active input are uncorrelated. 

Fig. 6. Disturbance response orthogonal projection (DROP) filter and the multivariable output-error state-space (MOESP) method.  
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(2) Most disturbances exhibit time-varying dynamics. However, if disturbances with time-varying dynamics are clipped in a short 
time window, they can be treated as disturbances with time-invariant dynamics. Therefore, as the data acquisition times of the 
input and output are short in this study, the disturbances can be considered as time-invariant. 

4. Numerical simulation 

4.1. Simulation setting 

Simulations were performed to investigate the proposed semi-active identification method. The simulation platform was MATLAB 
(The MathWorks, Inc., USA). We used identification programs developed in-house and did not use MATLAB Toolbox. The simulation 
was performed by simulating the experimental equipment used in the validation experiment in Section 5. Fig. 7 shows the experi-
mental apparatus. The physical parameters are listed in Table 1. This system is a 2-DOF structure and single-input/single-output 
system. One piezoelectric transducer was inserted between mass 1 and the base of the structure (see Fig. 7(b)). The elongation of 
the transducer corresponds to the mass 1 displacement. A semi-active input generation circuit (see Fig. 7(c)) was connected to the 
transducer and controlled according to the MLSII strategy. A 10 Hz sinusoidal disturbance was applied to mass 1. The 40 s simulation 
was performed. The DROP filter was made from displacement data recorded between 0 and 20 s. Between 20 and 40 s, a semi-active 
input was generated. The block Hankel matrices were constructed from the input and output using the piezoelectric charge and 
displacement data acquired between 20 and 40 s. The sampling period was 1 ms. If the sampling period is shorter than 1 ms, the semi- 
active input would measure not only the constants Qbefore and Qafter in Eq. (16) but also the oscillation process from Qbefore to Qafter in 
Eq. (15). This measured oscillation process impedes the HiSiDs method because the HiSiDs method evaluates sign similarities between 
the target signal and semi-active input with a constant value. The sizes of the data block Hankel matrices were s = 200 and N = 4197. 
These values were determined by trial and error. 

The identification result was evaluated using the gain response function. The transfer function Hident of the vibration structure was 
calculated from identified matrices using the multivariable output-error state-space (MOESP) method [1]. The transfer function is 
calculated as 

Hident(ω) ≡ Cc,ident
(
jωI − Ac,ident

)− 1Bc,ident. (34)  

The identified gain response was compared with the exact gain. The MOESP method requires the order of system matrix Ad. We 
provided four as an order of Ad. 

4.2. Signal properties of the semi-active input generated using the MLSII strategy 

In this section, the properties of the proposed semi-active input and conventional active input are compared. The active input is 

Fig. 7. Experimental apparatus: (a) 2DOF vibrating structure, (b) pantograph and piezoelectric transducer, and (c) semi-active input genera-
tion circuits. 
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determined using the following equation: 

Qp(i) = Gactive ⋅ Qt(i), (35)  

where Gactive is the gain that determines the amplitude of the active input. Fig. 8(a) shows the time histories of the target signal that is 
equivalent to the active input under Gactive = 1 and the semi-active input generated according to the MLSII strategy. The target signal 
amplitudes remained at − 1 and 1. In contrast, the semi-active input amplitude did not take a constant value because the semi-active 
input generation circuit could not control the amplitude of the semi-active input. Additionally, the polarities of the two signals were 
generally consistent. The polarities of the two signals in several time domains did not coincide due to switching failure. The power 
spectral densities (PSDs) of the two signals are shown in Fig. 8(b). The PSD of the target signal was flat in the broadband frequency 
range. When the PSD of the input signal is flat, the variation in the PSD of the output signal excited by the input signal coincides with 
the dynamics of the vibration structure to be identified. Therefore, the system identification accuracy using an active input is high. The 
PSD of the semi-active input was not flat compared to that of the target signal. The PSD of the semi-active input in the high-frequency 
region was low. This was because the semi-active input could not follow the steep change in the target signal because of switching 
failure. As the PSD of the semi-active input at high frequency was low, it could not excite the output. Therefore, the identification 
accuracy of the semi-active method is lower than that of the active method. From the aforementioned analysis, it was confirmed that 
the semi-active input was a signal with a property similar to that of the MLS signal. It was also confirmed that the differences in the 
properties of the target signal and the semi-active input were caused by switching failure. 

4.3. Evaluation of energy consumption 

We describe how the proposed semi-active method can realize system identification with lower energy consumption than that of 
the conventional active method. Fig. 9 shows the system designs for producing both active and semi-active inputs. We assumed that 
these devices do not contain dissipation energy. The controllers in the system include components such as a signal generator, digital-to- 
analog signal converter, and an amplifier. The two differences between these constructions are present on the right side of the dotted 
line: the device to which each controller supplies energy and the transmitted signal generated by the controller. In the active method, 
the controller constantly provides external energy to a piezoelectric transducer to identify the structure. On the other hand, in the semi- 
active method, the switch elements housed in the semi-active input generation circuit (refer to S1,j and S2,j in Fig. 3(b)) receive external 
energy to identify the structure. The intermittent supply of energy to the switches from the controller is implemented only when the 
polarity of the semi-active input is inverted. In the active method, the total energy supplied from the controller to any device is derived 
as 

Table 1 
Physical parameters and variables for identification.  

Parameter Symbol Value Unit 

First modal frequency f1 1.83 × 101 Hz 
Second modal frequency f2 3.40 × 101 Hz 
First modal damping ratio ξ1 6.04 × 10− 3 – 
Second modal damping ratio ξ2 1.06 × 10− 2 – 
Piezoelectric coefficient bp 4.91 × 105 V/m 
Constant-strain capacitance Cp 2.25 × 10− 7 F 
Inductance of the semi-active input generation circuit L 2.00 × 10− 2 H 
Inversion ratio γ 6.56 × 10− 1 –  

Fig. 8. Simulation results of the target signal and semi-active input: (a) time histories and (b) power spectrum densities.  

Y. Hara et al.                                                                                                                                                                                                           



Mechanical Systems and Signal Processing 187 (2023) 109914

13

Wactive ≡

∫ Tend

Tstart

vactiveiactivedt, (36)  

where vactive and iactive denote the voltage generated by the controller and the electric current flowing out from the controller to any 
device, respectively; the integral range corresponds to the input generation time; and Tstart and Tend denote the start and end times of 
structural excitation by the active input. In this study, Tstart and Tend were set to 20 and 40 s, respectively, which corresponded to the 
experimental condition. The active input was obtained as Eq. (35). The controller controls the piezoelectric voltage as 

vactive = − bpx1 +
GactiveQt

Cp
. (37) 

The supplied current is defined as iactive ≡ − Q̇p. The total energy provided to the piezoelectric transducer is described by substituting 
Eq. (37) into Eq. (36) as 

Fig. 9. System constructions: (a) active method and (b) semi-active method.  

Fig. 10. Performances of the semi-active and active methods: (a) energy consumption, (b) RMSs of generated vibration, and (c) efficiencies.  
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Wactive =

∫ Tend

Tstart

(

bpGactivex1Q̇t −
G2

active

Cp
QtQ̇t

)

dt. (38)  

On the other hand, in the semi-active method, the switch element is driven by a pulse signal. The magnitude of the pulse signal, vsemi, is 
1.8 V. The pulse width Tsemi is 2 ms. As the resistance of the switch element, Rsemi, is 100 Ω, the current flowing from the amplifier to 
the switch can be computed from Ohm’s law to be 18 mA. The number of rises of the pulse signal corresponds to the number of polarity 
inversions of the MLS, Nsemi, used in the MLSII strategy. The total energy supplied from the amplifier to the switches is described as 

Wsemi ≡
∑Nsemi

j=1

∫ Tswitch,j+Tsemi

Tswitch,j

vsemi ⋅
vsemi

Rsemi
dt = NsemiTsemi

v2
semi

Rsemi
,
(
Tstart ≤ Tswitch,j ≤ Tend

)
, (39)  

where Tswitch,j denotes the j-th switching start time. The number of polarity inversions occurring in the MLS from 20 to 40 s, Nsemi =

1015. As both calculation methods of the energy required were derived from the same equation, they are fairness comparison. 
System identification in a real environment needs to consider observation noise. The input should generate a response with a large 

amplitude that is not buried in the observation noise. In the active method, the input response is increased when the gain is increased. 
However, the active method consumes more energy when the gain is increased. The amount of energy consumed by the semi-active 
and active methods is derived using Eqs. (39) and (38), respectively. The input response was obtained from the output signal applied to 
the DROP filter. The consumed energy of the semi-active method was 6.58 × 10− 2 J. The root-mean-square (RMS) of the input response 
of the semi-active input was 1.76 × 10− 7 m. The focus was on the two gain cases: case (I) Gactive = 7.84 × 10− 8 and case (II) Gactive =

8.50 × 10− 9. The gain in case (I) matched the RMS of the active input response with that of the semi-active input response. The gain in 
case (II) matched the consumed energy of the active method with that of the semi-active method. Fig. 10 shows the RMSs of generated 
vibration for each input and energy consumptions of each input. First, it was confirmed that the semi-active method required 98.8 % 
less energy than the active method to excite the same vibration response. Second, it was also confirmed that the semi-active method 
could excite an input response amplitude that was 9.34 times larger than that excited by the active input from the same energy. The 
ratio between the RMS of the consumed energy and the input response was defined as the efficiency. The higher the efficiency be-
comes, the greater the input response that can be produced with the same energy. Fig. 10(c) shows the efficiencies of the two methods. 
It was confirmed that the efficiency of the semi-active method exceeded that of the active method over a wide range. The displacement 
was measured experimentally using a laser displacement sensor (LK-H055, Keyence Co., Japan). The RMS of the observation noise of 
the device was 4.78 × 10− 8 m. The vertical dashed line in the figure shows that the signal-to-noise ratio between the displacement and 
observation noise was 10 dB. In the left region, the input response was buried in the observation noise, and system identification was 
unpractical. The efficiency of the semi-active method was higher than that of the active method in the practical region. 

The limitations of the proposed method are discussed. The semi-active input generation uses the transferred energy from the 
mechanical to the electrical system (see Fig. 1(c)). Therefore, this method cannot be applied to a static structure. The identification 
target structure needs to be exposed to disturbances. To measure a sufficiently large input response to perform practical identification, 
the mechanical energy of the target structure must be sufficiently large. 

4.4. Performance of the proposed semi-active identification method 

The feasibility of the proposed system identification method using a semi-active input was confirmed. First, the difference in 
identification with and without the DROP filter was confirmed. The HiSiDs method was not applied in the identification shown in 
Fig. 11(a). The blue line in Fig. 11(a) shows the results of system identification without applying the DROP filter. A peak that matched 
the disturbance frequency of 10 Hz occurred. Although the first-mode frequency was properly identified, the second-mode frequency 
was not identified. The dynamics of the disturbance response were preferentially reflected in the identification results because the 

Fig. 11. Comparison of the simulation results of identified gain using the semi-active method under 10-Hz single-mode disturbance with: (a) DROP 
filter and (b) HiSiDs method. 
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disturbance response was more strongly excited than the semi-active input response. The red line in Fig. 11(a) is the result of the system 
identification through the application of the DROP filter. The disturbance responses were removed from the identification results. It 
was confirmed that system identification using semi-active input is feasible. It was also confirmed that the disturbance response should 
be eliminated using the DROP filter. 

The HiSiDs method, which extracted segments with high sign similarity, was adapted to the semi-active method in Fig. 11(b). The 
HiSiDs method extracted seven segments with high sign similarities. The identification result utilizing the segment with intentionally 
low sign similarities was extracted as a comparison. Case (i), which is the comparison case, used the segments with low sign similarities 
(5.59× 10− 1 ≤ μsign ≤ 6.29× 10− 1). Case (ii) used the segments with high sign similarities (7.77× 10− 1 ≤ μsign ≤ 8.46× 10− 1). The 
DROP filter was applied in both cases. The identification accuracy deteriorated in case (i). In segments with low sign similarity, the 
semi-active inputs could not sufficiently excite high-frequency vibration responses because of switching failure. As a result, the 
identification accuracy in the high-frequency region deteriorated. Using the HiSiDs method, the identification accuracy in the high- 
frequency region did not deteriorate. 

Switching failure was not eliminated by the proposed MLSII strategy because the strategy did not consider the conditional 
expression for switching failure (Eq. (21)). In contrast, the proposed HiSiDs method alleviated switching failure because it extracted 
segments with few switching failures to be used for identification. Fig. 11(b) shows the effectiveness of the alleviation of switching 
failure. When a certain frequency component of the semi-active input was small because of switching failure, the measurement of the 
frequency component corresponding to the structural response was difficult, resulting in the degradation of the identification accu-
racy. The HiSiDs method, which extracted segments with few switching failures, alleviated switching failures and did not degrade the 
identification accuracy. 

There are two reasons for the inaccuracy of the identification caused by the switching failure: (1) The frequency components of the 
input, especially the high-frequency components, cannot be obtained because of switching failure. (2) The response of some frequency 
components cannot be obtained because the frequency components of the input varied owing to switching failure. The semi-active 
input was generated from the vibrating structure shaken at 40 Hz according to the MLSII strategy. Fig. 12 shows the PSDs of the 
semi-active input. Fig. 12(a) and (b) show the PSDs obtained from the segments exhibiting the highest and lowest sign similarities, 
respectively. The lines with circle markers denote the linear approximations of the PSDs. As the vertical axes are logarithmic, the lines 
are curved. The PSD of the semi-active input in the segment with the highest sign similarity (Fig. 12(a)), that is, with low switching 
failures, was flat. However, the PSD of the semi-active input in the segment with the lowest sign similarity exhibited small high- 
frequency components, resulting in difficulty in measuring the corresponding output. Therefore, switching failure caused the inac-
curacy of the identification corresponding to high frequencies. The PSD of the segment with the highest sign similarity can sufficiently 
excite all the frequencies of the structural response because they are within the range of 10− 14 to 10− 16 C2/Hz. However, the PSD of the 
segment with the lowest sign similarity is different; namely, it is in the range of 10− 14 to 10− 18 C2/Hz. It is difficult to identify a 
structural response at a certain frequency with a small PSD. Therefore, switching failure causes the inaccuracy of identification at 
certain frequencies. 

5. Validation experiments 

5.1. Experiment setting 

The validation experiments of the proposed semi-active identification method were conducted using a 2-DOF vibration structure. 
The identification target structure is shown in Fig. 7. A cylindrically stacked piezoelectric transducer, PI-212.40 (Physik Instrumente 
GmbH & Co.), was used. The semi-active input generation circuit shown in Fig. 7(c) was connected to the transducer. The switch 
control device housed on the experimental PC was connected to the circuit. 

The experiments were conducted as follows. Four different disturbance signals were applied: (1) 10 Hz, (2) 40 Hz, (3) mixed-mode 

Fig. 12. Simulation results of the semi-active inputs obtained from the segments with (a) the highest sign similarity and (b) the lowest 
sign similarity. 

Y. Hara et al.                                                                                                                                                                                                           



Mechanical Systems and Signal Processing 187 (2023) 109914

16

disturbances comprising 10 and 40 Hz, and (4) broadband disturbance. The shaker vibrated mass 1, and its displacement was measured 
using a laser displacement sensor. After 20 s from the start of excitation, the semi-active input generation circuit started to generate 
semi-active input according to the MLSII strategy. The semi-active input was estimated by Eq. (2) [25]. The target structure was 
identified using the estimated semi-active input and the DROP filtered output from 20 to 40 s. The MOESP method was used. 

5.2. Experimental results 

Fig. 13 shows the spectrum of the output signal obtained before and after the DROP filter application under (1) 10 Hz disturbance 
condition. The spectrum had a peak near 10 Hz, corresponding to the disturbance frequency component. It was observed that this 
frequency component was significantly reduced by the DROP filter. It was confirmed that the output signal with the DROP filter had 
two gently convex parts near the resonant frequencies of the experimental apparatus and a concave part between the two resonant 
frequencies. The spectrum of the output signal had a similar trend to the spectrum of the target to be identified because the semi-active 
input generated according to the MLSII strategy had an approximately flat spectrum. 

We confirmed that the proposed MLSII strategy is more suitable for system identification compared with the conventional semi- 
active strategy. For comparison, a synchronized switch damping on inductor (SSDI) strategy [14] was adopted. The SSDI strategy 
generates a square-wave-shaped semi-active input that is synchronized with the structural vibration [19]. The spectrum of the square 
wave function has odd multiple components of the structural vibration frequency. The Fourier series expansion of a square wave 
function vibrating at ω is given as 

f (t) =
4
π sin(ω t) +

4
3π sin(3ω t)+

4
5π sin(5ω t) +⋯. (40)  

As this experiment was conducted under (1) 10 Hz single-mode disturbance condition, the semi-active input generated by the SSDI 
strategy strongly excited responses with frequency components that were odd multiples of 10 Hz. These frequency components lead to 
undesirable identification. Fig. 14 shows two experimental identification results using both strategies. The comparison experiment was 
established under the 10 Hz disturbance condition. The dominant 10 Hz response corresponding to the disturbance frequency was 
eliminated by the DROP filter. However, the 30 Hz response excited by the square-wave-shaped input was undesirably identified using 
the SSDI strategy. In contrast, the proposed MLSII strategy accurately identified two resonance frequencies because the generated 
semi-active input had a flat spectrum due to the MLS signal tracking. 

The identified gain results of the proposed semi-active identification method are shown in Fig. 15. Appropriate resonance fre-
quencies were successfully identified for all the disturbance conditions. Furthermore, it was confirmed that the gain plots of the 
structure could be properly identified in the frequency range of 0 to 50 Hz. The feasibility of the proposed method was experimentally 
confirmed. We focused on narrow-band disturbance experiments ((1) 10 Hz, (2) 40 Hz, and (3) mixed-mode disturbances comprising 
10 and 40 Hz). For all the identified results, the gain plots showed two resonance points and one anti-resonance point in the same order 
as the exact gain plot. The results under the narrow-band condition identified an anti-resonance point. The resonance points are easy to 
identify in the system identification of structures because they do not depend on the positional information of the mass displacement 
measurement. However, the anti-resonance point is a unique value that depends on the positional information of the mass 
displacement measurement. As the anti-resonance point could be properly identified, it was confirmed that the proposed system 
identification method appropriately identified the observation matrix Cident indicating the measurement position. Next, we focused at 
0 Hz on the identified gain plot. This value corresponds to the ratio of the piezoelectric coefficient to the spring stiffness 1. The 
identified value was 6.31 × 10− 1 times smaller than the exact value. As the coefficients of the piezoelectric transducer were assumed to 

Fig. 13. Comparison of the experimental results of the output signal frequency spectrum under (1) 10 Hz disturbance condition with and without 
the DROP filter. 
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be known in this study, it was confirmed that the proposed method can identify the order of spring stiffness 1. The results of spring 
stiffness identification can be used for structural health monitoring. 

When broadband disturbance (condition (4) in Fig. 15) acts on the structure, the proposed method properly identifies the two 
resonance frequencies. The identification accuracy under broadband disturbances was lower than that under narrow-band distur-
bances. This is related to the performance of the DROP filter that uses orthogonal projection. The orthogonal projection filter is not 
suitable for filtering broadband and stochastic disturbance responses because it is difficult to construct a filter that is orthogonal to all 
the frequency components of the disturbance. Therefore, the identification accuracy may be improved by using a disturbance removal 
method other than the DROP filter, such as the Kalman filtering-based method [30]. 

We confirmed whether the semi-active input used in this study satisfied the two conditions mentioned in Subsection 3.1. First, we 
confirmed whether the amplitude of the semi-active input was sufficiently large to not be buried in the observation noise. Fig. 16 shows 
the identification results when the RMS values of the semi-active input are 4.50 × 10− 6 and 1.20 × 10− 6 C. The identification per-
formance under the large-amplitude condition was better than that under the small-amplitude condition. The results obtained under 
the small-amplitude condition exhibited large identification errors in terms of the two modal frequencies and damping ratios. Unlike 
under the large-amplitude condition, under the small-amplitude condition, the identification performance degraded because the 
observation noise dominated the input/output signal in terms of intensity. All experiments, excluding only the small-amplitude 
condition in Fig. 16, were conducted such that the RMS of the semi-active input would be adjusted to around 4.50 × 10− 6 C. 
Therefore, the system identification in this study satisfied the first condition mentioned in Subsection 3.1. Subsequently, we confirmed 

Fig. 14. Comparison of identified gain from experimental data using the semi-active method with semi-active inputs generated using conventional 
and proposed strategies under (1) 10 Hz disturbance condition. 

Fig. 15. Comparison of identified gain from experimental data using the semi-active method: (a) under (1) 10 Hz and (2) 40 Hz single-mode 
disturbance conditions and (b) under (3) 10 and 40 Hz mixed-mode and (4) broadband disturbance conditions. 
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whether the structure excited by the semi-active input could be dealt with in the linear system when the RMS of the semi-active input 
was 4.50 × 10− 6 C. Through a pre-identification process using the frequency response analyzer (FRA5022, NF Corporation, Japan), we 
confirmed that the frequency response of the target structure did not vary, although the RMS of input was changed to around 4.50 ×
10− 6 C. This result proved that the nonlinearity, depending on the amplitude of the structure, was negligible within the range of the 
magnitude of the semi-active input used in the experiment. Therefore, the system identification in this study satisfied the second 
condition mentioned in Subsection 3.1. 

6. Conclusions 

In this study, a structural system identification method using a semi-active input generated from a piezoelectric transducer was 
proposed. This semi-active method can identify the target structure with marginally small quantities of energy because the semi-active 
input is generated from the instantaneous control of the switch elements. This advantage allows the proposed method to be utilized for 
onsite system identification. 

Three novel aspects were presented herein. First, we proposed an MLSII strategy that generates a semi-active input according to the 
MLS signal suitable for system identification. The MLSII strategy implemented control that focuses on the polarity of the semi-active 
input because the semi-active input generation circuit cannot freely control the amplitude of the semi-active input. The semi-active 
input generated according to the MLSII strategy had a wide frequency property as well as the MLS signal. Second, we revealed a 
condition under which a semi-active input causes a switching failure that cannot control the polarity of the semi-active input following 
the mechanism of the semi-active input generation circuit. The switching failure was analytically proved according to the polarity and 
amplitude of the piezoelectric charge and the elongation of the transducer at the switching action. Third, we proposed a HiSiDs method 
that selects the time domain with less switching failure for system identification. As the active input can be freely controlled, the 
measured active input and output induced by the active input are suitable for system identification, regardless of which time domain is 
extracted. In contrast, the semi-active input has time domains that are unsuitable for system identification because of switching failure. 
The HiSiDs method extracts the appropriate time domain using the sign similarity of the semi-active input and target signal as an 
evaluation index. 

The results of the numerical analysis and validation experiments demonstrated the feasibility of the proposed semi-active method. 
The semi-active approach was confirmed to perform adequate system identification because the proposed method identified the 
resonance frequencies, anti-resonance frequency, and static response. Furthermore, we confirmed that the proposed semi-active 
method can excite the output signal with 98.8 % lesser energy than that required by the active method. Validation experiments 
were conducted in various disturbance environments. It was confirmed that the semi-active method captured the modal frequencies of 
the vibrating structure. 

The proposed method is disadvantageous when applied to nonlinear systems, owing to the MLSII strategy and the HiSiDs method. 
First, the identification of nonlinear systems depending on input amplitudes was considered. The MLSII strategy cannot control the 
amplitude of the semi-active input. As the amplitude is crucial for nonlinear identification, the proposed method may not cope with 
such nonlinear systems effectively. Subsequently, the identification of nonlinear systems with time-varying parameters was consid-
ered. The HiSiDs method uses sign similarities as an evaluation index to select the input/output data to perform system identification. 
As the sign similarity was derived independently of the parameter changes through time, the input/output data before and after the 
parameter changes may be used in the same system identification trial. As the proposed method does not consider the effect of 
parameter changes on the identification results, for strongly nonlinear identifications, the feasibility of the proposed method may be 
lower than expected. 

Fig. 16. Identification results when the RMSs of the semi-active input were 4.50 × 10− 6 and 1.20 × 10− 6 C.  

Y. Hara et al.                                                                                                                                                                                                           



Mechanical Systems and Signal Processing 187 (2023) 109914

19

Declaration of Competing Interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgment 

The authors are grateful to Mr. Kensuke Saito for his collaboration during the early stages of this work. The authors would like to 
disclose receipt of the following financial support for the research, authorship, and/or publication of this article: Grant-in-Aid for JSPS 
Fellows (KAKENHI) (grant number 20J11339), Grant-in-Aid for Scientific Research (B) (KAKENHI) (grant numbers JP18H01619, 
JP22H01675), and JSPS Core-to-Core Program, A. Advanced Research Networks (JPJSCCA20200005) from the Japan Society for the 
Promotion of Science. 

References 

[1] M. Verhaegen, P. Dewilde, Subspace model identification Part 1. the output-error state-space model identification class of algorithms, Int. J. Control. 56 (5) 
(1992) 1187–1210, https://doi.org/10.1080/00207179208934363. 

[2] R. Zhu, Q. Fei, D. Jiang, S. Marchesiello, D. Anastasio, Identification of nonlinear stiffness and damping parameters using a hybrid approach, AIAA J. 59 (11) 
(2021) 4686–4695, https://doi.org/10.2514/1.J060461. 

[3] V. Ganesan, T. Das, N. Rahnavard, J.L. Kauffman, Vibration-based monitoring and diagnostics using compressive sensing, J. Sound Vib. 394 (28) (2017) 
612–630, https://doi.org/10.1016/j.jsv.2017.02.002. 
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