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1. Introduction

The availability of high-performance computing at different scales makes nowadays the implementation of digital twins
of complex structural systems a not so far objective. Reproducing the behaviour of such systems requires high-fidelity mod-
els which need to be trained with the sensor data from the structure itself to increase the accuracy. In principle, a digital twin
can represent the system in an accurate way throughout its operational life with the desired time and spatial resolution, pro-
vided that environmental and loading conditions as well as ageing factors, are correctly described. For certain purposes, like
structural health monitoring, the full-field description of continuous systems can be also achieved with a virtual sensing
approach which brings the sensor data at the centre of the reconstruction technique. Indeed, virtual sensing aims at provid-
ing a reliable estimation of a physical variable that is not possible to measure directly. As there is no limitation in the number
of virtual sensors, virtual sensing seeks to reconstruct the entire field of the selected variables for continuous systems.
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Post-processing of data can be also embedded in the numerical process to get quantities that are unmeasurable by definition,
extending the capability of virtual sensors.

Typically, the problem of virtual sensing of structures has been addressed in different ways. In structural engineering, fol-
lowing the pioneer work carried out by Maniatty et al. [1], a more systematic approach to the problem of determining in real-
time the applied loads, stresses, and displacements motivated the development of the inverse finite element method (iFEM)
at NASA Langley [2], successively consolidated by Tessler et al. [3]. The use of sub-structuring techniques (see [4,5]) has been
also successively employed to obtain the reconstruction of the displacement field. More general approaches not necessarily
limited to identify structural variables, have been typically considered in control theory applications, for instance through
modal filters as in [6-8]. Restricting to recent years, Hwang et al. [9] proposed the use of Kalman filter to estimate the modal
elastic deflections. The unknown state-space vector was made up by modal coordinates and velocities relative to a numerical
model of a building; once estimated on the basis of virtual measurements, the modal coordinates allowed for providing the
correspondent wind loads. Similarly, Papadimitriou et al. [10] successfully predicted the fatigue-life reduction of metallic
structures by using the stress field obtained by means of Kalman filter. Lourens et al. [11] introduced the so-called aug-
mented Kalman filter, which adds the unknown external forces to the state-space vector to be estimated. From the dynamic
modelling point of view, these external forces, though unknown, were provided as the result of a random walk dynamics
with an associated process noise. Continuing the work of Gillins and De Moor [12], Lourens et al. [ 13] proposed a new tech-
nique to obtain a joint estimation of the state-space variables (made up by modal coordinates and velocities) as well as of the
input. The joint input-response estimation exploits an algorithm similar to Kalman filter that, besides the usual tasks of mea-
surement update and time update, considers a further step concerning the input estimation, recursively estimated by means
of an unbiased minimum-variance process. More recently, Naets et al. [14] proposed to exploit the augmented Kalman filter
to get an estimation of variation of system parameters along with system response and unknown external forces.

Despite of their ability to track unmeasured time-histories, all the methods that exploit Kalman filtering are not natural
for second-order structural systems as highlighted by Balas [15]; the time derivative of the estimated modal coordinate (e.g.,
relative to displacements) is not equal to the estimated velocity. This limit is magnified when unknown external forces are
dominant with respect to the process and measurement noises, and consequently Balas [15] proposed a first-order observer
aimed to reduce the gap, following previous attempts to adapt the Kalman filter formulation to second-order systems by
Hashemipour and Laub [16] and Belvin [17]. More recently, Demetriou [ 18] presented a natural second-order observer that
utilizes a parameter-dependent Lyapunov function to ensure the asymptotic convergence of the error on the state-space
variables. Demetriou [19] also adapted the observer formulation for second-order systems with an unknown input to detect
faults of mechanical systems. Among approaches based on second order observers, Hernandez [21-23] addressed the prob-
lem of finding the optimal observer gain by minimizing the estimation error in the frequency domain, although the obser-
vation process is naturally defined in time domain. The statistics of the noise and external loads are expressed by means of
power spectral densities instead of the covariance matrices typically used in Kalman filter. This enhances the capability of
observing linear (structural) systems that are intrinsically featured by their frequency domain behavior.

In this paper, in the perspective to introduce improvements in observer-based virtual sensing techniques for structural
problems, an observer exploiting a linear, frequency independent, relation between the estimated state-space vector and
the measurement vector is introduced, named in the following as Proportional Observer (PO). This approach is then gener-
alized to the definition of a sequence of proportional observers, each one acting on a signal decomposition provided by wave-
let multi-resolution analysis, named as Multi-Resolution Proportional Observer (MR-PO). The PO shares the same form with
modal filters, but unlike the latter it takes into account the model structural features as well as excitation and noise statistics
in building the error function; the availability of such analytical expression speeds up the error computation, and is a key
point for employing error minimization procedures when dealing with large systems.

As a second point, to increase the level of confidence in using these numerical tools before real-life applications (e.g., see
Ref. [24]), the reconstruction of the elastic deflection field is carried out on a simple and analytically modelled case study, i.e.,
a straight beam on spring foundations. The uniform beam is provided with a small stepwise variation of the cross section,
namely a notch, which introduces a modelling uncertainty in the mass and stiffness distributions. Virtual sensors are pro-
vided by strain gages applied on the beam from which the entire displacement field is reconstructed. Then, in order to keep
the number of state variables low, the modal coordinates associated to a limited number of beam modes have been consid-
ered, as typical in many virtual sensing approaches related to structural variables.

To compare the performance of these techniques against existing methods, the Modal Based Observer (MBO) proposed by
Hernandez [21] is also applied to the present case. Even if the PO, and consequently the MR-PO, can be developed apart from
MBO, in this paper we will show that, if modal displacements are the target of the reconstruction process and certain con-
ditions are satisfied, the MBO takes the form of the proposed observer. This feature, as well as other similarities in the ana-
lytical and numerical development, suggests denoting the proposed approaches as 'observers’.

The observer synthesis, in all the considered methods, is then based on selecting the coefficients of a gain matrix via an
optimization procedure, which aims to minimize the power spectral density (or the covariance) of the estimation error,
defined as the difference between the estimated and the true state-space vector. The optimization process does not require
to compare, at each iteration, the new predicted time-histories with the true solution to evaluate the error function.
Throughout the paper, analytical expressions of the error function are derived and minimized by a proper choice of the
observer gain. These analytical expressions include the different noise sources affecting the system response and the mea-
surements, whose statistical modelling is required to fully characterize the error. In this way, the estimation sensitivity on
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the measurement and process noise is efficiently carried out, and the effectiveness of the optimization process can be easily
assessed under different conditions.

The paper is organized as follows. The dynamical model of the considered mechanical system is presented in Section 2
along with a generalized formulation of the MBO which allows for introducing the basic elements of the observation process.
Section 3 introduces the Proportional Observer and the Multi-Resolution Proportional Observer as well as the correspondent
analytical formulations of the estimation error. The simple structure to which the considered methods are applied is
described in Section 4 and the optimization procedure to calculate the observer gain is explained in Section 5. The numerical
results accounting for the capability of the methods to approximate the true solution based on virtual strain measurements
are finally discussed in Section 6.

2. Mechanical system modelling and its model-based observer

In the present paper, we shall limit our attention to linear mechanical systems which can be represented in time domain,
including suitable initial conditions as:

Mg +Dg+Kg=Ff+w (1)

where g € RN is a vector of generalized coordinates (nodal displacements and rotations in finite element discretization or
modal amplitudes), M, D and K denote the mass, damping and stiffness N x N matrices, respectively, f € R" is the external
force vector and the vector w € RN accounts for modelling errors in terms of process noise. The system observations are
assumed to be of the form:

y=Sq+v (2)

where the M x N matrix S relates linearly and instantaneously the measurement vector y € R to the vector of generalized
coordinates q and v € RM is the measurement noise vector. More general forms of Eq. (2) have been proposed but we limit
ourselves to measurements expressed in terms of displacements like strain measurements. For linear systems, it is common
to consider the Fourier transform of Egs. (1) and (2), i.e.,

— W?M§ +i0wD§ + K§ = f(w) + w(w) 3)
§=5§ + () (4)

where ~ indicates the transformed variables and the dependence on frequency w is highlighted only in the case of external
input and noise. The frequency response function matrix H(w) for the mechanical system alone is given by:

H(®) = [-0*M +iwD + K] (5)
relating the state-space vector to the inputs, i.e., § = H() (f(®) + W(w)).
2.1. Model-based observer

For the mechanical system defined by Eq. (1), suitable natural observers have been proposed in the past literature (see
Refs. [17-23]). Here, we specifically consider the Model-Based Observer introduced by Hernandez [21] as it is the starting
point for the proposed theoretical developments. Thus, the MBO theory is recalled and generalized in this paper which
allows us to introduce several definitions later included in the development of the proposed methods as well. The equations
of linear second-order observer concerning the system modelled by Eq. (1) can be generally expressed as follows:

Mq + Dg + Kg = L(y — Sq) (6)

where the symbol " indicates the estimated variable (in this case, the estimated state-space vector §) and L is the observer
M x N gain matrix. Eq. (6) represents the mathematical model of the feedback control system. By defining the estimation
error e € RV,

e=q—4q (7)
and making use of Egs. (1) and (6), one obtains the error dynamics as:
Mé + Dé + Ke + LSe = f +w — Lv (8)

The Fourier transform of Eq. (8) yields:
[~@?M +iwD + K + LS]&(®) = f(®) + W(w) — Li(w) 9)

It is possible to introduce a transfer function H, which expresses the dependence of the estimation error e on the inputs:

He() = [~@?M + ioD + K +LS] (10)
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and consequently Eq. (9) provides its frequency response as:
& = He(w) (f+w — LV). (11)

In the frequency domain, the closed-loop frequency response function H, of the observer, relating the estimated state g to
the reference y, can be generally expressed:

Ho(w) = (H'+1S) 'L (12)
such that:
G =Ho(w)y. (13)
Moreover, recalling Eq. (4), one obtains:
q = HoSq + Hov. (14)

If the statistical features of the forcing terms in Eq. (11) as well as of the process and measurement noises are stochastic
and uncorrelated to each other, the stable error response to the stochastic inputs is obtained as follows:

Q. (; L) = HZ(; L) (Dgr (@) + e () + LDy, ()L )HT (3 L) (15)

where @ (w;L), @g(w), D, (w) and @, (w) indicate the power spectral density matrices. For the sake of clarity, the depen-
dence on the gain L of the different terms is highlighted in the equation. Finally, Eq. (15) yields the covariances of the state
error e as:

[02] :/+Oo D (; L)dow. (16)

It is worth noting that the covariance matrix depends on the gain matrix L through Eq. (15). Thus, the aim is to minimize
the trace of covariance in Eq. (16) by searching for the optimal matrix L once the noise and force statistics are established.
This optimal gain can be analytically determined only for simple problems as done by Hernandez (Ref. [22]). In general cases,
we need to rely on numerical approaches like the optimization procedure introduced later in Section 5.

3. Proposed estimators based on Proportional Observer concept

Recalling Eq. (15), it emerges how the gain L plays a central role in minimizing the estimation error on the system state-
space vector q at two different levels: (i) adjusting the second-order observer to wipe out the disturbances and (ii) tuning the
balance between the unknown inputs and the measurement noise. This complex functional dependence of the error on the
gain matrix L is likely to provide optimal solutions that correspond only to local minima and consequently there is no guar-
antee that an absolute minimum is determined. To avoid this limitation, an alternate approach based on the Proportional
Observer concept is hereafter introduced.

3.1. Single-resolution PO

The simplest form of the Proportional Observer can be formulated as follows:
4= Qy, (17)
where Q is a N x M matrix of constant coefficients. Substituting the previous definition (Eq. (17)) into the error definition (Eq.
(7)), one has:
e=(1-QS)q — Qv, (18)

or, equivalently, € = (I — QS)g — Qv in the frequency domain. Recalling that g = H(w) (f’ + W), after substitution in the latter
expression, it yields:

é=(1-QS)H(w) (f+w) — Qv, (19)

According to Eq. (19), the error is given by two contributions, one depending on the unknown inputs f and w and the other
on the measurement noise v, via different frequency response functions, respectively. Thus, the power spectral density of the
error ®..(w) is related to the power spectral density of the inputs as:

D (; Q) = (I — QS) H* () [@gr (@) + Py (W) H(0)" (1 = QS)" + QD (@) Q" (20)

From Eq. (20), it is evident that the optimum choice of Q must be a trade-off between reducing the effect of the unknown
inputs, so implying a low gain, and the effect of the measurement noise, requiring a high gain instead. It is worth noting that
the first term on the r.h.s. of Eq. (20) contains implicitly the PSD of the state-space vector q. Thus, introducing the PSD of the
state-space vector, i.e.,
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Dyq (@) = H (@) (Dre(@) + Dyns (@) H(), (21)
Eq. (20) is rewritten as:
Do (0;Q) = (I = QS) Dq() (1 - QS)" + QD () Q" (22)

From the previous equation, the error variance matrix [¢2] can be obtained as:
[02] = (1-Qs) |02 | (1 - Q5)" +Q[a2] Q" (23)

where {agq] is the covariance associated to the modal coordinates that is defined as:

[agq} - { [ :O q>qq(w)dm} (24)

The dependence on the gain matrix Q is now quadratic allowing for a straightforward convergence to a global optimal
observer. It is worth noting that a matching between the observer introduced in Eq. (17) and the one defined by Eq. (13)
can be achieved. Indeed, the zero-order observer can be obtained as the limit of the second-order observer presented in
the previous section when the coefficients of L become large. Assuming that in a certain frequency range ||LS|| > ||H™"|| holds

(see Eq. (12)), it yields:
Ho() ~ (LS)™'L (25)

which is no more dependent on the frequency w. Recalling Eq. (13) and taking into account Eq. (12), the proportional obser-

ver defined in Eq. (17) can be obtained as Q = (LS)'L. This implies that QS = (LS)"'LS = | and, thus, the error depends only
on the measurement noise, i.e.,

[0Z] =Q[ol]Q". (26)

What is interesting here is that assuming Q = (LS) 'L allows us to cancel the contribution of the unknown inputs to the
error and, consequently, a simple form of the error variance is obtained with Eq. (26). This may be an acceptable compromise
only if [62,] is low, and this result is shared also by a second-order observer. Additionally, one has to pay attention to the
condition that the square matrix (LS) must not be singular. As it will be clarified later, the latter relationship is exploited
to assign the initial values for the optimization procedure aimed at obtaining the gain matrix L of the MBO.

3.2. Multi-Resolution Proportional Observer

The effectiveness of the presented PO technique can be improved by expressing the observer as a combination of propor-
tional observers each one optimized for a specific element of a suitable signal decomposition of both the measurement and
state-space vectors. Among the possible choice of signal decomposition, the wavelet multi-resolution analysis (WMRA) has
been adopted (refer to Appendix A for more details). Let us first consider the following decomposition of the measurement
vector into N; functions spanning different time-scale ranges according to the WMRA:

y(6) = y"(b), (27)
where the dependence on time is here highlighted for sake of clarity. By extending the PO definition in Eq. (23) for each time-
scale function of the signal decomposition, one has:

g™ (t) = Quy™(t). (28)

Thus, Egs. (27) and (28) provide the following estimation of the generalized coordinates (see Fig. 1):

Ns Ns
G=>6"=> Quy" (29)
n=1 n=1

Therefore, defining ™ as the n-th time-scale component of q obtained with the same signal decomposition (WMRA), it
yields for the estimation error:

Ns

A N Ns
e=q—q= Zq(n) _ Zq(n) — Z<q<n> _ fl(")) — Ze(m (30)
n=1 n=1 n=1 n=1

In Eq. (30) the global error e depends on the errors at the different orders ™, which have the following expression (see Eq.

(18)):
e™ = (1 = QuS)q™ — Quv™ (31)
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Fig. 1. MR-PO plant.

where the measurement noise is also decomposed into different contributions v corresponding to the selected time scales.
Next, using the properties of variance (Var) and covariance (Cov), one has:

Ny Ns Ns Ns N
= Var <Ze<">> = Cov (Ze("), Ze“")) ZZCOV m (32)
n=1 n=1 m=1 n=lm=

which can be further recast as:

Ns Ns Ns
=Y Var(e) +2) " " Cov(e™ ™). (33)
n=1

n=1m=n+1

In a more coincise form, setting { enm] = Cov(e™, eM), the previous equation can be expressed as:

[Gi] :NZ[ emm] +ZZS ZS { enm] (34)

n=1m=n+1

where, recalling Eq. (31), each matrix [ofmm} has the following expression:
(02 = (1= QuS) [02,] (1 = QuS)" + Qu [02,] @, (35)

provided that the state-space vector q and the noise v are statistically independent, with [ qnm] = Cov(q™,q™) and

[03 nm] = Cov(v(™,v(™). Though the covariance can be computed on the time-domain signals by definition, it is more efficient

to carry out its evaluation in the frequency domain due to the linearity of the observed system. Therefore, by introducing the
WMRA scalar transfer function ™ (w) associated to the n-th scale (see Appendix A), the Fourier transforms of the signals q
and v can be obtained as:

" (w) = 7" (w)a(w) (36)
V() = 7" ()¥(w). 37)

Indeed, once specific wavelet and scaling functions are assigned, the WMRA based on orthogonal wavelets provides the

related transfer functions 9. Therefore, the mixed-scale covariances associated to modal response and measurement noise,
respectively, are given by:

O] = [ Omdor = [ 550 do (38)
+oo
[ajnm]: / O, dev — / 5005 @, day (39)

00

where @, mn(®) and @, mn (@) are the cross-spectral densities relative to the components m and n of the considered signals,
which are related to the PSD matrices @,,(w) and ®,,(w), previously introduced for the PO (see Egs. (21) and (22)). Eq. (34),
along with Eq. (35) and the involved definitions by Eqs. (38) and (39), gives the objective function to be minimized for MR-
PO. Because of the larger number of gain matrices Q, with respect to the simpler PO approach, it is likely to improve the
search for the minimum. However, it is worth noting that MR-PO maintains a quadratic form of the error covariance (see
Egs. (34) and (35)), despite involving a larger number of gain matrices.
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4. Reference analytic case study

The above theory is applied to a slender beam with a two-side notch as shown in Fig. 2. The notch represents a feature
that is not included in the equations of the observed system, i.e., in Eq. (1). The Euler-Bernoulli equation of a beam lying on a
spring layer is:

> & ow
P2 {E’“‘)axz (V” My E)

where X, t and w are the dimensional abscissa, time and vertical displacement, respectively, EI(x) and u(X) are the piecewise
constant sectional stiffness and mass, respectively, 7, is the structural damping coefficient, k; and #, are the spring and
damping coefficients of the supporting elastic layer, respectively, and p is the external load expressed as force per unit
length. The spring layer is added to represent a real structure on elastic foundations, floating condition or constrained for
modal testing. The notch is represented with a reduction b; of the width b of the rectangular section of the beam, while
the height h is kept constant (see Fig. 2). Introducing a shape function r;s(X), defined as r; = b;/b along the notch, and equal
to 1 elsewhere, width, sectional mass and stiffness ratio variations along the beam can be expressed in concise form.

It is convenient to recast Eq. (40) in non-dimensional form to generalize the considered case. By introducing a character-
istic time t*, a reference length I equal to the beam length [, and the sectional mass 7 and stiffness EI of the uniform beam,
the following non-dimensional variables are defined:

o ow W
(w5 )+ 0 5 = peo (40)

T2
x=x/l w=w/l t=¢t/t Kb:Eltl4 (41)
i
kt? . . pt?
Ks = ﬁ Qb—nb/t Cs—ns/t p= ,al (42)

where t* is the oscillating period of the first elastic mode of the uniform free-free beam without spring layer (k; = 0 and
r5(X) = 1, the latter implying EI(X) = EI and u(x) = it in Eq. (40)). By substituting the above relationship into Eq. (40) and
recalling that EI(X)/EI = u(X)/[t = r5(X), one has:

Kb [Fs(X) (W + CpW)"]" + KW+ LW) + 15 (X)W = p(x) (43)

where the spatial derivative with respect to x is indicated with ’ and the time derivative with respect to t with the dot "

The Galerkin method is exploited to transform the partial differential equation above into a system of linear ordinary dif-
ferential equations by decomposing the displacement w(x, t) as a sum of modal contributions, i.e., w(x, t) ~ Zﬁlggd“qn(t)\//n (%),
where the functions , (x) are the analytical normal modes of the uniform undamped free-free beam without the spring layer
(rs(x) =1 and i = 0 in Eq. (43)), including the heave and pitch rigid-body modes (see Meirovitch, Ref. [25]). From the ‘true’
mass Ms;, (proportional) damping D; and stiffness matrices Ks = Kff’) +K®), by setting r5(x) = 1 the mass M, damping D and
stiffness K matrices which define the structural model in Eq. (1) can be obtained. In this case, despite the presence of spring
layer, the mass and stiffness matrices remain diagonal, and the rigid-body natural frequencies of the undamped system are
analytically obtained as w; = w; = /K.

Fig. 2. Reference beam model.
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An analytical expression of the process noise can be obtained as a mathematical model is available. By subtracting the
equation of the beam with the notch from the equation of the uniform beam, one has:

2 2

ny(x,t) = Kp % [r(;(x) — (W+ W)

X2 +Ts (X)W (44)

where, by definition, n,,(x, t) is the process noise accounting for the presence of the notch as feature not considered in Eq. (1).
By projection of Eq. (44) over the considered normal modes, one obtains the modal components w;(t) of the process noise
vector w = {wy, Wy,...,wy}'. Due to the linearity of the system, the process noise is likely to be described in the frequency
domain. Setting w and f for the Fourier transformed modal components of process noise and load, one can obtain:

W= (HH, - 1)f (45)

where H and H; are the FRF of the uniform and notched beams, respectively, with Hs;(w) = [-@*M; + iwD; + Ké}q.

5. Optimal gain computation

The numerical determination of the observer gain plays a central role in the estimation techniques presented in the pre-
vious sections. It implies finding the observer gain parameters depending on the considered technique (i.e., L matrix for the
MBO, Q matrix for the PO and several Q, matrices for the MR-PO) which minimize the error variance defined by Eqgs. (15),
(23) and (33), respectively. Thus, the present section explains how the observer gain is numerically computed according to
the different observer formulations (see Section 2 and 3). In Section 5.1 the definition of the corresponding optimization
problems is discussed, and then in Section 5.2 the user inputs needed to start the optimization procedure are considered,
namely, the power spectral densities of process and measurement noises as well as of external loads.

5.1. Optimization problem definition

Suitable optimization procedures are then employed for searching the optimum gain matrix and, consequently, different
optimization problems are defined in terms of objective function, design variables and constraints, as resumed in Table 1.

All the optimization problems share the same objective function, which is the variance matrix [¢%] of the estimation
error on the state-space vector q. The optimization problems for PO and MR-PO techniques are also similarly defined with
differences related only to the presence of multiple terms related to the wavelet decomposition for the latter method, which
requires a larger number of design variables (several Q, instead of a single Q). The user input, as reported in Table 1, consists
essentially in a statistical description of disturbances and noises, i.e., the covariance matrix of the measurement noise and the
PSD of process noise and external excitation. For both PO and MR-PO, a simple gradient-based algorithm as available in
MATLAB® is employed for a full convergence to a global minimum since the objective function is quadratically dependent
on the design variables. The optimizations are initialized with zero initial Q and Q, matrices, such that at first step
[02] = [a2,].

On the other hand, MBO provides an objective function nonlinearly dependent on the gain L. At each evaluation of the
objective function, it requires evaluating numerically the integral of ®.. over the frequency spectrum by suitable (un-
bounded) domain truncation. Indeed, the PSDs & (w), ®,.,(®) and ®,,(®w) must be provided in place of their covariance
matrices as user inputs. A constraint on the real part of the poles of H.(w) (that has to be negative) is employed to ensure
the stability of the observer. The nonlinear dependence on design variables (coefficients of the matrix L) makes the search of
an optimum gain a more complex task than in the case of the PO-based methods. In this framework, proper initial values and
a suitable optimization algorithm may positively affect the final values at the end of the optimization loop. In particular, in
this work, both Gradient and Pattern Search algorithms available in MATLAB© have been tested to this end. Concerning the
initial values for L, namely Ly, it is obtained by considering the similarity of the PO and MBO formulations for high values of L.

Table 1
Optimization statements for MBO, PO and MR-PO.
MBO PO MR-PO
Objective nonlinear [¢2,] (see Eq. (15)) quadratic [62,] (see Eq. (23)) quadratic [62,] (see Eq. (33))
Design Variables elements of L elements of Q elements of Q,
Constraints stability of He(w) none none
Inputs O (), Dy (W), Dy (@) [Ggq}, [02,] [Ug‘nm} [Ga,nm]
Algorithm Gradient/ Pattern Search Gradient Gradient

Initial values (LoS)"'Lo — Q = min 0 0
Lo
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Once the observer gain Q of the PO is obtained, the initial values L, of the MBO, are evaluated by solving the following min-
imization problem (see Eq. (25)):

(Los)71 LO — Q = HEin, (46)

thus providing an error covariance evaluation at the first step in line with that expressed in Eq. (26). To ensure that at the end
of the optimization process the minimum is locally ‘strong’, the solution for L is randomly perturbed and used as new initial
condition for the optimization loop. If the new solution does not converge back to the initial condition, or the minimum for
the objective function (in some metrics) is larger than the previous one, the gain L is perturbed again until the computed
solution does not satisfy all the previous conditions.

5.2. Noise modeling

As mentioned above, the additional information required to evaluate the objective functions consist of some statistics on
the measurement and process noises, as well as on the external forces, either directly provided by the covariance matrices or
by the PSDs.

As far as it concerns the external forces, their PSD matrix ®¢(w) is generally derived by means of suitable spectral load
models which depend on the statistical description of the environmental or operational excitation and on the transfer func-
tion from the excitation source (wind, waves, vibrations, etc) to the applied forces. In Section 6, PSDs of the external force are
simply assigned, from which, one possible time dependent load distribution is derived. It is worth remarking that the same
PSD assigned as input to build the observer is also used for modelling the response of mechanical system.

The measurement noise is modelled as white noise and featured by the signal-to-noise ratio (SNR) parameter, defined as
it follows:

tr(|a7,))
SNR = L 20/ (47)
tr([o])
The level of noise is equal for each virtual sensor and the PSD matrix is assumed diagonal, thus providing for a generic k-th
Sensor:

tr(|a5))
D,y () = ijysme — Omax/2 < O < Oax/2 (48)
where M is the number of sensors (later, the number of strain gages) and wpq is the sampling frequency of the time
histories.

Regarding the process noise accounting for structural imperfections, it has been already shown that Eq. (45) allows us to
define it once the external forcing terms are assigned. This remark points out that the hypothesis of uncorrelated noises and
forces is only approximately correct from a general point of view. On the other hand, in real-life applications using basic
assumptions is mandatory. Apart from the aforementioned statistical independence, assumptions about structural uncer-
tainties in terms of geometry or material properties are needed to set upper thresholds to unmodeled features. Thus, in this
work, it is proposed to consider a ‘white’ process noise over the considered frequency range associated only to the diagonal
terms of [62,] , such that:

i6*
£ ——true process noise
2 ——assigned process noise
g 10710% ]
Q
w
g
S 10-12 L
(2]
c
£
T 1071} 1
c
[}
o
10-16
0 50 100 150

non dimensional frequency

Fig. 3. Comparison between the modelled process noise and the one used to derive the observers. The blue line plots the process noise PSD for the first
bending mode. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2
(7%

(Dwkwk (CO) = Omax

— Omax/2 < O < DOpmax/2 (49)

Figure 3 compares the constant PSD (white noise) provided as input in the calculations with the PSD of the diagonal ele-
ment corresponding to the first vibration mode (k = 3), the latter provided by Eq. (45) once the PSD of the external forces has
been assigned (see Section 6). The criterion here assumed for choosing the noise level is based on the equivalence in terms of
signal power in the considered frequency range.

6. Numerical results

As stated in the previous sections, the present application aims at estimating the full field response based on pointwise
measurements provided by strain gages in presence of an unknown excitation. In Section 6.1, the beam test-case outlined in
Section 4 is further specified by assigning numerical values to the system parameters and the excitation function. In Sec-
tion 6.2, the quantities related to the virtual measurement set-up (sensors and noise sources) are then characterized and
the considered error metrics is defined as well. Finally, in Section 6.3 the analysis of the performance in estimating the sys-
tem response is dealt with for the considered methods.

6.1. System parameters

The system parameters referring to the beam equation in non-dimensional form (see Eq. (43)) are reported in Table 2.
With reference to Table 2, the non-dimensional modal frequencies of the uniform beam are computed and shown in Table 3,
where five bending modes (N,,q4es = 5) are considered.

The load per unit length p(x, t) is given by the sum of two terms, each one given by the product of a spatial shape function
/j(x) and a time dependent amplitude p;(t), ie.,

p(x,t) = p;, ()4 (X) + D, () 22(%) (50)

where ;(x) = e~** and /,(x) = e**~1 are considered in this case study in order to have a distributed load with non-null
projection over all the beam (bending) modes. The above functions /;(x) are plotted in Fig. 4 for the values oy = o, = 15 used
in the calculations. The modal forces can be obtained by projecting the function p(x,t) on the eigenfunctions (x), thus
expressing p, = Cy1p;, (t) + Ciap;, (t), with the coefficients Cy, given as:

Jo lWex)dx

To excite uniformly the system over a finite frequency interval, the time functions p, (t) and p,, (t) are stochastic func-

(51)

n

tions, whose power spectral densities @, () (Fig. 5) follow a Gaussian distribution around a peak value w](.p), ie.,

2 2
U)*(l)gp) ('I+’U(vp)
j j

A T A T2
(I)pj(w):éj\/fﬁe j +6'j\/]2—7re i (52)

with g; the standard deviation of the Gaussian distribution and A; = afzj the variance of the random force components, shown

in Table 4. A realization of the Gaussian process is shown in Fig. 6 where the load field along the beam is plotted with respect
to time, which in turn determines the vertical displacement response of the uniform beam plotted in Fig. 7.

Table 2

Beam non-dimensional structural parameters.
Beam non-dimensional stiffness Kp 0.079
Spring non-dimensional stiffness Ks 1.579
Beam damping coefficient & 0.002
Spring damping coefficient s 0.2
Beam thickness h 0.001

Table 3
Non-dimensional bending natural frequency of the uniform beam (5 = 0).

rigid heave pitch bending modes 2-nodes 3-nodes 4-nodes 5-nodes 6-nodes

f=ft 0.20 0.20 1.02 2.77 5.41 8.94 13.35
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Fig. 4. Load shape functions 2;(x) and Z»(x).
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Fig. 5. Load spectra of the random functions p, (t) and p,(t).

Table 4

Gaussian spectrum parameters.
@, (f) A= gflj wj(_p) f](p) T
@y, 0.002 18.84 3.00 3.00
D, 0.002 94.20 15.00 3.00

The analyses are carried out by using MATLAB ©. The simulations have a non-dimensional sampling frequency equal to
60. The wavelet multi-resolution analysis is performed within the embedded wavelet toolbox using Daubechies dB12
orthogonal wavelets (Ref. [26]). Specifically, Ny = 4 time scales are considered for the present analyses. The corresponding
WMRA scalar transfer functions y,(w) are illustrated in Fig. 8 highlighting their frequency content.

6.2. Displacement field estimation

In the present application, the measurement set consists of noisy data relative to the strains on the top face of the beam at
equidistant positions. The reconstruction of the elastic displacement field is done via the estimation of the modal coordinates
g; according to the following decomposition of the response:

Ninodes

W(X, t) = Z Qk(t)lpk(x)v (53)

k=3

with y, (x) the vertical bending modes of the uniform structure, since the rigid-body modes (heave and pitch) do not gen-
erate strain response. For the sake of clarity, in the following we will refer only to the bending modes by renumbering
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Fig. 7. Displacement response of the beam under load history depicted in Fig. 6.
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Fig. 8. WMRA scalar transfer functions for the considered test case.

the bending modes or the corresponding modal coordinates from n = 1 to n = 5. To assess the accuracy of each technique,
different estimations of the modal coordinate g;(t) are compared to each other and to the true solution g;(t). In the following,
this comparison is carried out mainly in terms of a frequency representation of the error relative to the estimation of the
modal coordinates as provided by their analytical form in Eq. (15). As the predictions are affected by modelling and measure-
ment uncertainties as well as by the number M = N, of experimental dofs at sensor locations, the corresponding values are
set in Table 5 where a reference case is defined. In the considered reference case, the number of strain sensors N, is equal to
4. Since M = Ng; # Npodes = N, most of the involved matrices are rectangular as it is likely to occur in real-life applications.
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Table 5

Baseline non-dimensional parameters.
Number of strain gages Nig 4
Signal-to-Noise Ratio SNR 20
Position of damage X" 0.7
Length of notch 25 0.1
Percentage reduction of transverse section Ts 95%

Moreover, setting Ny, < Nmodes Makes the estimation process more challenging than assuming Ng; > Npoqes. Each strain-gage

is supposed to be glued on the top side of the beam at the generic position x,(fg) providing the virtual measurement of the
strain &y, along the x direction. The strain of the k-th sensor will be referred as ¢, for the sake of conciseness. Thus, the
N, elements y, of the measurement output are provided by strains as:

Yi(t) = & + vi(0), (54)

where the functions z,(t) indicating the measurement noise differ only for the phase but not for their statistical content.
Considering the relation between the strain and the vertical beam displacement in the linear case (small displacements),
it follows:

_how(x,t)

yk(t) 2 OX2 + vk(t)v (55)

(sg)

X:Xk

being h/2 the distance between the strain sensor and the neutral axis.

The sensitivity analysis of the estimations will concern the variation of one or two of these parameters at the same time as
it will be clear later. Corresponding to the reference case in Table 5, the variance matrices of the measurement and process
noises used in the error evaluation are reported below:

[02,] = diag((0.375 0.375 0375 0.375])
[62,] = 10 7diag([0.911 0321 0.021 0.040 0.081])

These matrices, whose dimensions depend on the number of sensors (Ny; = 4) and on the number of modes involved
(Nmodes = 5), respectively, will change as long as noise levels are varied. The effect of the notch depth on the beam response
accounted by r; can be quantitatively evaluated by considering the modal displacement response with respect to the load
input p(x,t) = p;, (t)Z1(x) with zero initial conditions. For this purpose, the following ratios are defined for each component
of the state-space vector:

_ Qk(w)
p/-l ((l)) '
where the functions Ry(w) are computed and plotted in Fig. 9 for k = 1, ..., 4. It is worth noting that the modulus of the fre-
quency response for the generic p mode is altered at the resonant frequencies corresponding to the k < p modes.
The fidelity level of the observation process is addressed by means of the so called Time Response Assurance Criterium

(TRAC) (see Ref. [4]). By taking into account the generalized coordinate vector q(t) and its estimation ¢(t), the TRAC is defined
as below:

Ri() (56)

TRAC(t) — Tuq(tfq(r)\\z . (57)

The function above represents the similarity of the signals vectors q and q in time domain and can assume values between
0 (when orthogonal) and 1 (when parallel). This property makes the TRAC a good candidate for being considered as a quality
indicator of the estimation process. Its time-averaged value TRAC is therefore assumed as a global indicator for the quality of
the estimation.

6.3. Results

The first analysis considers an ideal case, i.e., the beam without the notch with negligible noise on the measurements
(SNR = 100), virtually equipped with as many strain-gages as the number of modes, i.e., Ngg = Npodes- This case considers
no modelling errors and faultless measurements for displacement field reconstruction and, consequently, the order of mag-
nitude of the error keeps globally rather small as shown via TRAC in Fig. 10(f) (orange bars). The PO (yellow line) and MBO
(blue line) show very close results for the low-order modes (see Figs. 10(b)). For n > 3, the PO is less accurate around the
natural frequency of the considered mode (recall that the first bending mode now corresponds to n = 1 and so on). However,
it tends to perform better than the MBO elsewhere. The MR-PO gives in general better results than PO and MBO in all the
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Fig. 9. Absolute value of frequency response functions R () to load 1 for different value of notch depth.

frequency range, making errors to reduce further far from the mode natural frequency thanks to the signal decomposition.
The ability of finding an optimal gain matrix affects all the results but becomes critical for the MBO technique, where iter-
ations may stop once a local minimum is identified. In Figs. 10(e) a curve representing the error done at first iteration by
MBO using the initial guess of the gain matrix according to Eq. (46) is shown as a red line labelled as MBO-i (MBO single
iteration). At first iteration, a sharp error peak appears at low frequency for most modes corresponding to the excitation fre-
quency spectrum. This peak is then strongly reduced as the optimization iterations proceed up to the final value, indicating
that the optimization procedure is effective. Also in terms of global error, the red bar in Fig. 10(f) indicates that the TRAC at
first iteration gives poor results with respect to the full-developed MBO computation.

If the signal-to-noise ratio is decreased to 20 (see Fig. 11), errors grow for all the considered techniques (see TRAC in
Fig. 11(f)). Some differences among the involved techniques, already present in the case of low-noise, are amplified, like
the error increase around resonances for the PO technique as shown in Figs. 10(e). Nonetheless, for n > 3 MBO seems to suf-
fer more the higher measurement noise. It is worth noting that MR-PO keeps the modal error at the same level of the case
with SNR = 100 far from the natural frequencies of each mode.

Next, the number of sensors is decreased to 4 and the corresponding results are shown in Fig. 12 and 13. Whatsoever the
value of the SNR, errors again decrease as the mode order is increased. At SNR = 100, the various techniques perform in a
similar way to the case with Ny =5 at least for n = 1,2, 4, keeping approximately the same accuracy. For the odd modes
(n = 3,5) the error distribution in frequency, especially for the MBO, exhibits greater variations with an overall significant
decrease in its accuracy. Similar considerations about the comparison between using 4 or 5 sensors apply also if SNR is
set to 20 as shown in Fig. 13.
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In the following, the so-called reference case of Table 5 is analyzed; the beam geometry is modified by adding a stiffness
reduction (refer to Fig. 2) representing a structural detail that is not a priori known due to its relatively small extension. In
this case, the error distribution among all the techniques and modes remains substantially the same (see Fig. 14) For this
baseline configuration, the estimation of structural responses in time domain is shown in Figs. 15(a) and 15(e) in terms
of modal response and vertical displacement of the point coinciding with the notch position (centred around x = 0.7) in
Fig. 15(f), each compared with the true solution. It is noted that the estimate of MR-PO is substantially close to the true solu-
tion and is less sensitive to the presence of noise as compared to MBO and PO.

However, though less reasonable in real applications, it is interesting to understand in which way the notch dimensions
will affect the accuracy of results. A sensitivity analysis with respect to the relative width reduction as described by the
parameter (b — bs)/b =1 —r; is first carried out. Later, the sensitivity analysis is extended to cope also with the measure-
ment noise, given by the signal-to-noise ratio SNR, and the number of strain gages Ns,. The parameters are then varied start-

ing from the reference case (Table 5). The trace of the error covariance matrix Tr {aiq] and the TRAC indexes are assumed as

key performance indicators for the comparison. For the sake of completeness, also the results relative to the Kalman filter
(KF) and Modal filter (MF) (see Meirovitch (1985), Ref. [6]) have been added. It is worth highlighting that KF benefits from
requiring, as input, the time-dependent loads acting on the beam. On the other hand MF is performed by projecting the
vibration modes over deflection field obtained by integrating piece-wise linear function of w” between sensors and beam
edges (equivalent to natural spline approximation). The error (left) and the accuracy (right) sensitivity to different values
of the SNR are plotted in Figs. 16(a) and 16(b), respectively. For all the techniques, there is a general monotonic increase
of the error as the SNR grows. As expected, less information. i.e., a smaller number of sensors, affects the quality of the
results. It is also worth to note that for Ny; = 2 the PO makes an error larger than MBO. Indeed, it is likely to occur that
the MBO takes advantage of using more knowledge about the system model than the PO in the definition of the observer.
Anyway, the MR-PO still provides the best results among all the considered techniques. Varying the notch depth, i.e., the pro-
cess noise, the nonlinearity of the optimization search of the best gain becomes evident for the MBO technique. For PO and
MR-PO the sensitivity with respect to the process noise is less evident; this is related to the fact that these techniques rely to
a minor extent on the knowledge of the system model.

7. Conclusions

In this paper, the problem of reconstructing the vertical displacement field over a beam using point-wise measurements
has been addressed as a specific but meaningful example of virtual sensing for building a digital twin based on experimental
data. The so-called Multi-Resolution Proportional Observer has been proposed as a generalization of the Proportional Obser-
ver, introduced in the paper as well, to follow closely the different components of the tracked signals according to the signal
decomposition given by wavelet multi-resolution analysis. A detailed mathematical derivation of both the techniques (PO
and MR-PO) highlights similarity and differences with the MBO approach which shares the same objective to be a ‘natural’
observer. The displacement field reconstruction is then based on a modal superposition, where the mode shapes are obtained
from the numerical model of the mechanical system (mass, damping and stiffness matrices) and the time coordinates are
estimated by the observer.

Though the final goal is developing numerical techniques for processing real experimental data, i.e., sensor signals, in the
present paper the focus has been on providing a comprehensive error analysis with reference to a ‘virtual’ experiment, which
allows for achieving a deeper insight into the performances of the proposed methods. Thus, all the noise sources like mea-
surement noise, unknown excitation, and process noise, have been taken into account by their statistical behavior (power
spectral densities), properly specified for the considered application. The capability of accurately reconstructing the whole
displacement field relies on choosing the global observer gain, in the form of a set of gain matrices, which minimizes the
variance matrix of the error between the true and the estimated state-space vector. This minimization process is carried
out directly on the analytic expression of the error variance matrix which depends on the observer parameters. From a gen-
eral point of view, it would be possible to avoid the evaluation analytical expressions of the error variance matrix as provided
in the paper. Indeed, in real cases one may divide the set of sensors into measurement and control sensors, the latter not
providing any information as input but just the reference values which the predicted values are compared with. Though
recalling that the error estimation based on its analytic expression depends on the model uncertainties as well, the present
procedure has some advantages: (i) it highlights clearly the type of error dependence from the observer gain matrix, that is
found to be quadratic for the PO observers at the considered time-scales so facilitating the search for an absolute minimum,
and (ii) it is numerically more efficient in terms of the error computation at each iteration of the optimization process.

Remaining on the field of highlighting the applicability of these methods to real cases, theoretical or empirical statistical
models for the unknown load and noise sources are required. For instance, if environmental loads due to stochastic gust on
wing airplanes, or random waves on ship hulls are considered, the parameters characterizing the correspondent spectral
models can be identified by means of local forecast or inferred from on-board measurement. Then, a linear transfer function
from the excitation source (e.g., flow velocity for wings or wave elevation for ships) to the applied forces is needed as well as
to obtain the final input load spectra. A similar user expertise applies to the modelling of structural uncertainties. If
structural damage or degradation is the reason of an unmodeled feature, it is reasonable to assume that the severity of
the stiffness reduction should be below a certain detection threshold, depending on the considered problem. It is reasonable
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indeed to assume that evident structural modifications would be included by the user when addressing the virtual sensing
problem.

The error sensitivity has been carried out with respect to increasing levels of both the measurement and process noise, as
well as with respect to the number of virtual strain-gages so highlighting the best performances in all the conditions for the
MR-PO. This is in general true considering both the global error, evaluated with the average of TRAC function, or its fre-
quency spectrum. The displacement error, evaluated in specific points along the beam, is then the results of the error in esti-
mating the modal time coordinates, the error in computing the mode shapes, and the interpolation error directly related to
the modal truncation. The results appear rather encouraging on extending this method to the case of experimental measure-
ments on more complex structures for which the development of these approaches finds its ultimate motivation.
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Appendix A. Wavelet multi-resolution analysis

The aim of this appendix is to provide the basic elements to understand the wavelet multi-resolution analysis as applied
to the definition of the proposed observer (for further details, the reader is addressed to Ref. [26,27]). The wavelet multi-
resolution analysis (WMRA) expresses a signal s(t) into different contributions, each one related to different time scales,
by performing a cascade of dicothomic decompostions, which at the generic n-level generate a detail d,(t) and an approx-
imation signal a,(t). While the detail d,(t) is kept as a component of the signal s(t), the approximation a,(t) is further decom-
posed at the (n + 1)-level into a new approximation a,,1(t) and a new detail d,,(t). After N decompositions, this cascade
process yields:

s(£) = an(t) + ) _da(t), (A1)

where ay(t) is the (residual) approximation at N-th level and the summation includes N details d,(t). In the framework of
WMRA, the approximation a,(t) can be generally expressed as:

0= (2t~ k) (A2)
k=—o0

where ¢(27"t — k) is the so called k-th scaling function, with k € Z, forming a set of orthogonal functions spanning the sub-
space ¥~ _,. The scaling function satisfies the following relationship (the so-called refinement equation):

(2 g ) I;h 27"t — k) (A3)

which guarantees that the subspace ¥"_,_; is completely spanned by the basis functions ¢ (27"t — k) of ¥"_,, implying
YV n1 CYV _n C V¥ _n1....Consequently, a proper subspace ¥ can be introduced to represent the difference between con-
secutive spaces, e.g., ¥ _,_1 and ¥ _y:

V n1 =10 ®W _n. (A4)

In the same way, recalling Eq. (A.2), the approximation function a, € ¥"_,_1 can be expressed in terms of the approximation
at higher order a,.; € ¥"_, plus a correction term lying in the subspace #"_,, i.e.,

n(t) = Apos (¢ Z Btk (2 g 1<) (A5)

where y(t) is the so called mother wavelet function that in the wavelet multi-resolution framework satisfies an equation
similar to that one which holds for the scaling equation (cfr. Eq. (A.3)):

(2 n-1 ) ng 27 — k). (A.6)

k=—o0
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The discrete wavelet transform (DTW) coefficients o, and , are then defined as the components of the signal s(t) over the
scaling and mother wavelet functions, respectively:

00

Ok = /0 Tst)gr (27— K)de, oy — /O SO * (27t — K)dt, (A7)

where * denotes complex conjugate. The coefficients h(k) and g(k) represent a conjugate pair of a mirror filter based on the
scaling and mother wavelet functions:

hik) / S0 (2t — kyde, gk / V(D¢ (2t — k)dt (A8)

which implies g(k) = (=1)*h(—k + 1 + 2n). The decomposition in Eq. (A.1) is computationally achieved by means of the Mal-
lat algorithm that employs the conjugate filter pair defined in Eq. (A.8) (Ref. [27]) alternate with the down-sampling of the
coefficients in Eq. (A.7). Fig. A.17(a) illustrates graphically a decomposition tree over 3 levels. The sampled signal s(t;) is first
decomposed by means of the digital filter pair in the approximation a, (t) and detail d;(t) functions (first level), and then
down-sampled (with decimation factor equal to 2). This procedure is recursively applied to the approximations until the
desired N-level is reached, thus providing a cost-effective strategy to compute the discrete wavelet coefficients. The obtained
DTW coefficients are then used to compute the approximation ay and details d, as represented in Fig. A.17(b). The bottom
side of the figure highlights the frequency-range overlapping of each detail and approximation components.

In the development of the multi-resolution proportional observer (MR-PO) the previous definitions and analysis tools are
employed using problem-oriented notations. Given the number of scales Ny for the WMRA in Section 3.2, the generic com-

ponent q,(t) of the state-space vector is decomposed into a set of functions qgl) . q(]Ns’”, which represent the details func-

tion, and the function qu” that is the ‘approximation’. This applies for all the other variables as well. Several transfer
functions 7™ (w) relating the decomposition sub-signals 5™ (t) to the target signal 5(t) in frequency domain are also intro-
duced. These transfer functions ™ (w) are obtained a posteriori with respect to the wavelet analysis and depend on the kind
of orthogonal wavelet used for the decomposition. In this work, the use of these functions represent an effective method for
the evaluation of the cross time-scales covariances employed to compute the optimal Q, (see Eq. (38)).

S(tk). ‘ DWT coefficients ‘

@ ( ) O @
0 © h(k) g(k) g9(k) g(k)
a @ @ @)

| [r

& o a3 dy dy d,

S
ask  Psk Bk B,k |
‘ DWT coeff|C|ents ‘ \ Jf
(a) Decomposition. (b) Reconstruction.

Fig. A.17. 3-level WMRA decomposition and reconstruction diagrams.
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